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Preface

changes in the content and process of graphics instruc-
tion. Although many graphics concepts remain the same,
the fields of engineering and technical graphics are in a
transition phase from hand tools to the computer, and the
emphasis of instruction is changing from drafter to 3-D
geometric modeler, using computers instead of paper
and pencil. We realize that hand sketching will con-
tinue to be an important part of engineering and techni-
cal graphics for some time to come. Therefore, the text
contains an appropriate mix of hand sketching and CAD
instruction.

Goals of the Text
The primary goal of this text is to help the engineering and
technology student learn the techniques and standard
practices of technical graphics, so that design ideas can be
adequately communicated and produced. The text concen-
trates on the concepts and skills necessary for sketching,
2-D, and 3-D CAD. The primary goals of the text are to
show how to:

1. Clearly represent and control mental images.

2. Graphically represent technical designs, using ac-
cepted standard practices.

3. Use plane and solid geometric forms to create and
communicate design solutions.

4. Analyze graphics models, using descriptive and
spatial geometry.

5. Solve technical design problems, using traditional
tools or CAD.

6. Communicate graphically, using sketches, tradi-
tional tools, and CAD.

7. Apply technical graphics principles to many engi-
neering disciplines.

Engineering and technical graphics have gone through
significant changes in the last decade, due to the use of
computers and CAD software. It seems as if some new
hardware or software development that impacts technical
graphics is occurring every year. Although these changes
are important to the subject of technical graphics, there is
much about the curriculum that has not changed. Engi-
neers and technologists still find it necessary to communi-
cate and interpret designs, using graphics methods such as
drawings or computer models. As powerful as today’s
computers and CAD software have become, they are of
little use to engineers and technologists who do not fully
understand fundamental graphics principles and 3-D mod-
eling strategies or do not possess a high-level visualization
ability.

To the authors of this text, teaching graphics is not a
job; it is a “life mission.” We feel that teaching is an im-
portant profession, and that the education of our engineers
is critical to the future of our country. Further, we believe
that technical graphics is an essential, fundamental part of
a technologist’s education. We also believe that many top-
ics in graphics and the visualization process can be very
difficult for some students to understand and learn. For
these and other reasons, we have developed this text,
which addresses both traditional and modern elements of
technical graphics, using what we believe to be an inter-
esting and straightforward approach.

In Chapter 1, you will learn about the “team” concept
for solving design problems. The authors of this text used
this concept, putting together a team of authors, reviewers,
industry representatives, focus group, and illustrators, and
combining that team with the publishing expertise at
McGraw-Hill to develop a modern approach to the teach-
ing of technical graphics.

This new-generation graphics text therefore is based
on the premise that there must be some fundamental
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What Is Different and Why
Much thought has gone into designing a complete instruc-
tional approach to the teaching and learning of engineer-
ing and technical graphics. The instructor is provided with
a number of tools to assist in the instruction aspects, and
the student is provided with tools to assist in the learning
process.

This text was written specifically using techniques that
will prepare students to use engineering and technical
graphics concepts, practices, and modern tools, to solve
design problems and communicate graphically. One goal
was to provide a textbook that was clear, interesting, rele-
vant, and contemporary.

Some of the distinguishing features of this text include
the following:

1. Modern topics—The book is filled with modern
examples, illustrations, and industry examples so
students can relate to the material being presented.

2. Emphasis on visualization—Integrated throughout
the text are visualization topics, explanations, and
assignments to constantly reinforce and improve
the student’s visualization skills. 

3. 3-D modeling chapter—This unique chapter is de-
voted exclusively to the theory and practice of 3-D
modeling.

4. Modern parts used for problem assignments—
Most end-of-chapter problems are parts or assem-
blies of modern devices and products. 

5. Integration of CAD—CAD concepts and practices
have been integrated through all the chapters when
they are relevant to the topic. They are not simply
“tacked onto” the end of a chapter.

6. Integration of design—Design concepts are inte-
grated through the text to give relevance and
understanding of the relationship of design to tech-
nical graphics.

Coverage of Modern Topics

One of the primary reasons we wrote the text is that many
modern topics either are not found or not covered in suffi-
cient detail in traditional texts. Examples of contemporary
topics covered in this book include:

Computer simulation
Mechanism analysis
Human factors
Product data management (PDM)

Design for manufacturability (DFM)
Knowledge-based engineering (KBE)
Virtual reality (VR)
Visualization
3-D modeling problems, concepts, and practices
Coordinate space
Product Lifecycle Management (PLM)
Multiviews from 3-D CAD models
Right-hand rule
Polar, cylindrical, spherical, absolute, relative, world, 

and local coordinate systems
Freeform curves
Spline curves
Bezier curves
Geometric surfaces
Double-curved surfaces
NURBS
Fractals
IGES
PDES
Missing lines
Concurrent engineering
Collaborative engineering
Designer’s notebook
Contour sketching
Upside-down sketching
Negative space sketching

Extensive Coverage of Traditional Topics

Even though we firmly believe our coverage results in the
most modern text available, we have been very careful to
include all the traditional topics normally found in a tech-
nical drawing textbook. Students must learn the funda-
mentals whether using hand tools or CAD to communicate
graphically. Therefore, coverage of traditional topics is
comprehensive and in many cases includes step-by-step
procedures and enhanced color illustrations to facilitate
teaching and learning. The text includes the latest ANSI
standard practices used in industry. Following are some of
the major traditional topics covered in detail in this text. 

Orthographic projection
Descriptive geometry
Intersections and developments
Geometry and construction
Isometric drawings
Oblique drawings
Auxiliary views
Section views

xviii PREFACE
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pictorial illustrations so the user can better visualize the
three-dimensional form of the object (Figure 5.43). This is
especially important for most students who are being
asked to use their visual mode to think and create. Color
shading highlights important features, more clearly shows
different sides of objects, and adds more realism to the
object being viewed.

Some texts use two colors, which are adequate for
some illustrations, but our research with students clearly
demonstrates that having the ability to display objects and

Multiview drawings
Dimensioning
Geometric dimensioning and tolerancing (GDT)
Working drawings
Gears, cams, and bearings
Welding drawings

Chapter Features
Every chapter has been planned carefully and written with
a consistent writing, illustration, and design style and ped-
agogy. Students and instructors will learn quickly where
to find information within chapters. The book was written
as a part of a more global instructional approach to engi-
neering and technical graphics and will serve as a starting
point for instructor and student. 

Here is a sampling of the features inside Fundamentals:

Objectives Each chapter has a list of measurable objec-
tives that can be used as a guide when studying the material
presented in the text. Instructors also can use the objectives
as a guide when writing tests and quizzes. The tests and
quizzes included in the Online Learning Center (OLC) for
the text include questions for each objective in every chap-
ter. This feature allows instructors to make sure that stu-
dents learn and are tested based on the listed objectives.

Color as a Learning Tool This textbook uses four-color
illustrations throughout to better present the material and
improve learning. The selection and use of color in the text
are consistent to enhance learning and teaching. Many of the
color illustrations also are available to the instructor in the
image library found in the Online Learning Center to sup-
plement lectures, as explained in detail later in this Preface.

The use of color in the text was used specifically to en-
hance teaching, learning, and visualization. Workplanes
are represented as a light pink (Figure 4.10). Projection
and picture planes are a light purple color (Figure 5.10).

Important information in a figure is shown in red
to highlight the feature and draw the attention of the
reader (Figure 3.6). Color shading is often used on
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Practice Problems This feature gives students drawing
practice as they learn new concepts. Through immediate
hands-on practice, students more readily can grasp the
chapter material. To illustrate, in Chapter 9, “Dimensioning
and Tolerancing Practices,” Practice Problem 9.1 provides
a grid for students to sketch dimensions in a multiview
drawing.

Practice Exercises A unique feature of the text is the use
of practice exercises, which cause the student to pause and
actively engage in some activity that immediately rein-
forces their learning. For example, Practice Exercise 7.2
in Chapter 7, “Pictorial Projections,” asks the student to
find a few familiar objects and begin making isometric

xx PREFACE

High-resolution rendered image of a CAD model
(Courtesy of Simon Floyd Design Group.)

Figure 1.42

▼ Practice Problem 9.1
Sketch dimensions in decimal inches for the object
shown in the multiview drawing.

Practice Exercise 7.2
Using isometric grid paper, sketch common, everyday
objects. Some examples are given in Figure 7.22. Sketch
objects with a variety of features. Some should require
sketching isometric ellipses, while others should have
angled surfaces that require nonisometric lines. Start with
simpler forms that only contain isometric lines and work
toward more complex forms. Another approach is simply
to leave out some of the details. You can capture the
essence of the form by representing just its primary fea-
tures. This is a common approach in creating ideation
sketches.

The cost and availability of isometric grid paper can be a
discouraging factor in using it to create lots of sketches. You
can minimize the expense by using roll tracing paper over a
sheet of grid paper. The two sheets can be held together
with low-tack tape or put in a clipboard. With practice, you
will find that grid paper is not needed and you can create
sketches on the tracing paper alone.

text illustrations in many different colors is a huge advan-
tage when teaching engineering and technical graphics.

Photographs and grabs of computer screens are much
more interesting and show much more detail when in color
(Figure 1.42). Many texts use four-color inserts to supple-
ment the lack of color in the text. This forces students to
search the color insert section or look at the insert out of con-
text of the readings. In some aspects of engineering design,
such as finite element analysis, color is the method used to
communicate or highlight areas of stress or temperature.

Design in Industry Every chapter opens with a special
feature covering some aspect of design as practiced in
industry. This Design in Industry feature covers design in
many types of industries so that students with varied engi-
neering interests can see how design is used to solve
problems. Many feature quotes from engineers working in
industry explaining how they solved problems or used
CAD tools to enhance the design process. All the Design
in Industry items include figures to supplement the infor-
mation presented. Through the Design in Industry boxes,
students will learn how design is done in industry from in-
teresting stories presented by practicing engineers and
technologists. For example, Chapter 12, “Geometric
Dimensioning and Tolerancing (GDT),” includes a Design
in Industry application that features an accelerated design
process used by designers at Stryker Medical to create the
Trio Mobile Surgery Platform, a tool that provides a safe
and efficient means of trasfer for heavier, elderly, or
sedated hospital patients. In this example, the student
learns how the effective use of CAD tools enabled the
design team to see the immediate impact of their design
variations and construct four prototypes in a two-year
span, enabling the final product to be put on the market
more quickly. This feature also will give students an
increased awareness and appreciation for the role of
graphics in engineering design.
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sketches. This exercise allows a student to experience and
try making isometric sketches without the pressure of
graded assignments. Students have the opportunity to try
to sketch isometric features, such as ellipses, and practice
before having a formal assignment. They also are working
with known objects that they can pick up and move, which
is important in the visualization process. Being able to
pick up objects is especially important for that segment of
the population who are haptic learners and learn best when
able to manipulate objects to be visualized.

Step-by-Step Illustrated Procedures Most chapters include
many drawing examples that use step-by-step procedures
with illustrations to demonstrate how to create graphics
elements or to solve problems. These step-by-step proce-
dures show the student in simple terms how a drawing is
produced. Most of the illustrations accompanying the step-
by-step procedures are in multiple parts so the student can
see how the drawing is created. In many cases, the color
red is used in each step of the illustration to show what is
being added or created. This effective use of color draws
the attention of the student so there is less chance for con-
fusion or making errors when they reference the illustra-
tion and steps, or when given drawing assignments.

Integration of CAD Every chapter includes specific refer-
ences to CAD rather than simply adding them to the end of
the chapter. By integrating the references in the text, the
student learns how CAD is used in the context of the topic
being explained. Students begin to understand that CAD is
another tool used by the engineer and technologist to
communicate. Traditional topics and CAD topics are inte-
grated seamlessly because the text was written that way in
its first edition. CAD is not an add-on or afterthought. It is
integrated fully and embraced as a means of creating
graphics for engineers and technologists (Figure 5.35).

Dream High Tech Jobs This feature is included in many
chapters and explains how engineers and technologists
have found interesting jobs after completing their educa-
tion. You will read about how they are using their knowl-
edge and skills to design precuts, devices, and systems. 

Historical Highlights This chapter feature includes infor-
mation about important events and people in the history of
graphics. Historical Highlights are presented as a special
boxed feature that contains an overview of the person or
event along with photographs and drawings. They are used
as a means of giving the student an historical context to
graphics. Students will gain an understanding of the slow
evolution of the “science” of graphics as it was painstak-
ingly developed throughout the history of humankind. 

Questions for Review Each chapter includes an extensive
list of questions for review. Included are questions meant
to measure whether students learned the objective listed at
the start of each chapter. Other questions are used to rein-
force the most important information presented in the
chapter. The types of questions used require students to
answer through writing or through sketching and drawing.
Answers to all questions are included in the instructor
material included with the text. 

Further Reading Many of the chapters include a list of
books or articles from periodicals relevant to the content
covered in the text. The Further Reading list can be useful
for the instructor seeking additional information about a
topic. Students will also find it useful to supplement their
reading, studying, and learning. 

Tear-Out Worksheets To give students extra drawing and
sketching practice, this edition includes 64 perforated
worksheets. The questions and directions for the work-
sheets are found under “Workbook Problems” at the end
of each corresponding chapter. For instance, in Chapter 3,
“Engineering Geometry,” the workbook problems have
students sketch a ridge gasket and centering plate (on
the given rectangular grid), plot coordinates, and cut out
the patterns in 3-D cubes and prisms.

Problems Every chapter in the text includes an extensive
number and variety of problem assignments. Most chap-
ters include text-based problems that describe a problem
to solve or drawing to create. The figure-based problems
are very extensive and range from the very simple to com-
plex. This arrangement allows the instructor to carefully
increase the complexity of the problems as students learn

Preface xxi

Predefined multiviews on a CAD systemFigure 5.35
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and progress. The most complex drawings can be used to
supplement assignments given to the most talented stu-
dents or for group-based projects. 

Most of the problems are of real parts made of plastic or
light metals, materials commonly found in industry today.

The wide range and number of problems allow the in-
structor to frequently change assignments so that fresh
problems are used from semester to semester. Additional
problems are available on the website and through our
workbooks. All problems’ solutions are provided to the in-
structor. Instructors may receive access to these password-
protected solutions by contacting their local McGraw-Hill
sales representative.

Classic Problems Many chapters include Classic Prob-
lems, which are additional problems that can be assigned.
They have been taken from the seminal technical graphics
textbooks by Thomas E. French, published by McGraw-
Hill. Many of the problems are castings with machined
surfaces, giving the student experience with additional
materials and machining processes. 

Glossary, Workbook Sheets, Appendixes,
and Index
At the end of the text is an extensive glossary containing
the definitions of all key terms shown in bold in the text.
This glossary contains over 600 terms related to engineer-
ing and technical drawing, engineering design, CAD, and
manufacturing.

Fundamentals of Graphics Communication, 5th edi-
tion contains supplementary information in the Appen-
dixes useful to students, such as metric equivalents,
trigonometry functions, ANSI standard tables, welding
symbols, and more.

An extensive index is included at the end of the text to
assist the reader in finding topics quickly. This index is
carefully cross-referenced so related terms easily can be
found by the user. 

The perforated drawing workbook sheets, described
earlier in the “Tear-Out Worksheets” section, are found
after the index.

Online Learning Center (OLC)
The OLC Website follows the textbook chapter by chap-
ter. As students study, they can refer to the OLC for learn-
ing objectives, chapter summaries, video, a glossary, and
more. They require no building or maintenance on your

xxii PREFACE

part. In fact, they are ready to go the moment you and your
students type in www.mhhe.com/bertoline. Before taking
an exam, students will know if they’re ready thanks to
interactive exercises and self-grading quizzes.

A secured Instructor Center stores your essential course
materials to save you prep time before class. The Instruc-
tor’s Manual, Solutions Manual, and presentation materi-
als are now just a couple of clicks away. You will also find
additional problem material and exercises.

OLC Features

Many supplements for each chapter are found on the book’s
OLC site, including the following:

Learning Objectives A listing of all learning objectives for
each chapter in the text.

Chapter Outline An extensive outline of each chapter.

Multiple-Choice Quiz An interactive online quiz covering
important topics in the chapter. Answers are submitted for
automatic and immediate grading for review by the student.

Questions for Review The questions include a hint button
if a student cannot answer the question. The hint button
refers the student to the chapter page where the material
relevant to answering the question can be found.

True or False Questions An interactive online true and
false test covering important topics in the chapter. An-
swers are submitted for automatic and immediate grading
for review by the student.

Key Terms Key terms from each chapter are listed with
their definition and page reference from the text.

Flashcards Interactive exercises to assist students in learn-
ing important terms from each chapter of the text.

Website Links Many chapters include numerous website
links that can be used by students and faculty to supple-
ment the textbook material.

Animations Many chapters include animations that can
be downloaded and played on a computer showing how to
visualize and understand concepts.

■ 2-D coordinates—animation showing 2-D coordinate
concepts such as origin, X and Y axes, and ordered pairs.
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process by redesigning the stapler given some parameters or
by receiving an engineering change order. Virtually every
major topic covered in the text can be related to the stapler
project, such as dimensioning, section views, multiviews,
sketching, 3-D modeling, design, working drawings, geom-
etry, tolerancing, surface modeling, assemblies, pictorial
views, simulation, and renderings. The culmination of the
project could be a presentation of their stapler project
redesign and the documentation produced throughout
the semester or term by each student or the group. This
project can be a powerful tool to motivate and enhance
learning by all students. It can serve as an excellent resource
for the instructor to supplement lectures and laboratory as-
signments and can result in better learning and retention by
students.

Case Studies Interesting case studies for each chapter
describing how CAD is used in the real world.
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■ 3-D coordinates—animation showing 3-D coordinate
concepts such as origin, X and Y and Z axes.

■ Right-hand rule—animation showing “finger” relation-
ship to axes and positive rotation concepts.

■ Glass box—animation showing the glass box projec-
tion concept.

■ World and local coordinates—world and local coordi-
nate concepts

■ Section views—animations showing the concept of
section views.

Related Readings A listing of additional books that can be
used as references or further reading on topics covered in
the chapter.

Image Library The image library contains all the images
in each chapter that can be viewed, printed, or saved to
disk.

AutoCAD Exercises Some chapters contain additional me-
chanical, civil, and architectural AutoCAD problems in
PDF format for viewing and printing hard copies. These
problems include step-by-step procedures useful in draw-
ing the problem using AutoCAD software.

Career Opportunities An extensive list of links to websites
containing job opportunities.

Visualization Exercises Some chapters include links to
additional visualization exercises that students can use to
improve their understanding and ability.

Stapler 3-D Modeling Project 3-D modeling projects are
included in the Online Learning Center. The purpose of
the integrated 3-D modeling project is to further assist and
motivate students to learn engineering and technical
graphics concepts through a real project. The 3-D model-
ing project uses a real product, a stapler made by Swing-
line. The instructor and student are given information in
Chapter 1 on the exact type of stapler to purchase, which
will be reverse engineered. The stapler is a fairly simple
device with some challenging surfaces. The range of com-
plexity allows students to begin with simple parts and
move on to increasingly sophisticated graphics and mod-
els as they become more knowledgeable and experienced
in using computer graphics. 

The stapler project can be assigned to each student or to
small teams. Students can begin to experience the design
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Design in Industry
Going Virtual

and General Motors Corp. (Detroit) offering EAI’s
VisConcept, a software suite providing a true 1:1, or
human-scale, immersive visualization environment. In
addition, projection and display technologies have im-
proved to the point where it’s possible to easily create
high-resolution stereoscopic images—seeing an image in
each eye with depth and volume just as in the real world.

Collaborative visualization may represent a new op-
portunity to manufacturers, particularly in the automotive
industry where many major auto manufacturers are trying
to persuade their top suppliers to adopt visualization tech-
nology. Large-scale displays like the WorkWall enable
manufacturing teams to collaborate in much the same way
they used to work around drafting tables, but with realis-
tic, full-scale 3-D models.

This article (or excerpts thereof) appears with permission from Manufacturing
Engineering®, the official publication of the Society of Manufacturing Engineers
(SME). The SME provides its members with the world’s most comprehensive
library of information related to manufacturing technology and new manufacturing
methods. To learn more about SME and what it can do for you, please call
(800) 733-4763 (USA), or visit the SME web site at www.sme.org.

xxvi

Virtual reality and simulation software tools hold the
promise of drastically slashing product development costs
through the elimination of expensive physical prototypes.
With costs for the latest virtual reality (VR) tools and sim-
ulation systems coming down, automotive and aerospace
manufacturers increasingly are seeking to deploy sophisti-
cated, collaborative visualization systems throughout their
product development planning organizations, as well as
using virtual simulations for designing overall plant
layouts and within manufacturing cells.

Although VR tools historically have been the domain of
researchers, commercial applications in automotive, aero-
space, and medical device manufacturing are becoming
much more common. Using VR systems like the CAVE
(Computer Automated Visualization Environment), devel-
oped in the early 1990s by the Electronic Visualization
Laboratory at the University of Illinois at Chicago (EVL,
UIC), automakers and aircraft manufacturers can review
realistic virtual model prototypes, avoiding the expense of
$200,000 for a fiberglass auto prototype to upwards of
$3 million for an aircraft prototype.

Over the past few years, the addition of more realistic
visualization software also has furthered VR’s acceptance,
with efforts like the partnership between software devel-
oper Engineering Animation Inc. (Ames, IA), workstation
supplier Silicon Graphics Inc. (Mountain View, CA),

With Fakespace Systems’ WorkWall, teams can view realis-
tic stereoscopic images during product development team
design reviews.
(Image courtesy of Fakespace Systems Inc.)

Users of the Fakespace wall can review styling and compo-
nent changes on virtual models before committing to final
product designs.
(Image courtesy of Fakespace Systems, Inc.)
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1

1
Introduction
to Graphics
Communication

A drawing is the reflection of the visible mind. On its
surface we can probe, test, and develop the workings
of our peculiar vision.

—Edward Hill

Objectives and Overview
After completing this chapter, you will be able to:

1. Describe why the use of graphics is an effective
means of communicating when designing.

2. Define standards and conventions as applied to tech-
nical drawings.

3. Describe traditional and modern design processes.

4. Read and use mechanical and metric scales.

5. Identify the types and thicknesses of the various
lines in the alphabet of lines.

6. Identify traditional tools used for sketching.

Chapter 1 is an introduction to the graphics language and
tools of the engineer and technologist. The chapter ex-
plains why technical drawing is an effective way to com-
municate engineering concepts, relating past develop-
ments to modern practices, and it examines current
industry trends, showing why engineers and technologists
today have an even greater need to master graphics com-
munication. Concepts and terms important to understand-
ing technical drawing are explained and defined, and an
overview of the tools, underlying principles, standards,
and conventions of engineering graphics is included.

CHAPTER
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Technical drawings are created using a variety of
instruments, ranging from traditional tools, such as pen-
cils, compass, and triangles, to the computer. This chap-
ter is an introduction to computer-aided design (CAD)
systems, including the related hardware, software, and
peripheral devices; and the traditional equipment used
by engineers and technologists to create sketches and
models.

1.1 Introduction
What is graphics communication? For one thing, it is an
effective means of communicating technical ideas and
problem solutions.

Look at what happens in engineering design. The
process starts with the ability to visualize, to see the prob-
lem and the possible solutions. Then, sketches are made to
record initial ideas. Next, geometric models are created
from those sketches and are used for analysis. Finally,
detail drawings or 3-D models are made to record the pre-
cise data needed for the production process. Visualizing,
sketching, modeling, and detailing are how engineers and
technologists communicate as they design new products
and structures for our technological world.

Actually, graphics communication using engineering
drawings and models is a language, a clear, precise lan-
guage with definite rules that must be mastered if you are
to be successful in engineering design. Once you know the
language of graphics communication, it will influence the
way you think, the way you approach problems. Why?
Because humans tend to think using the languages they
know. Thinking in the language of graphics, you will
visualize problems more clearly and will use graphic
images to find solutions with greater ease.

In engineering, 92 percent of the design process is
graphically based. The other 8 percent is divided between
mathematics and written and verbal communications.
Why? Because graphics serve as the primary means of
communication for the design process. Figure 1.1 shows a
breakdown of how engineers spend their time. 3-D model-
ing and documentation, along with design modeling, com-
prise over 50 percent of the engineer’s time and are purely
visual and graphical activities. Engineering analysis de-
pends largely on reading technical graphics, and manufac-
turing engineering and functional design also require the
production and reading of graphics.

Why do graphics come into every phase of the
engineer’s job? To illustrate, look at the jet aircraft in
Figure 1.2. Like any new product, it was designed for a

specific task and within specified parameters; however,
before it could be manufactured, a three-dimensional
(3-D) model and engineering drawings like those shown
in Figure 1.3 had to be produced. Just imagine trying to
communicate all the necessary details verbally or in writ-
ing. It would be impossible!

2 CHAPTER 1

3-D Modeling and Documentation
Manufacturing Engineering
Functional Design
Engineering Analysis
Other

25%
19%
25%
15%
16%

A total view of engineering divided into its
major activities
Graphics plays a very important role in all areas of engineering,
for documentation, communications, design, analysis, and mod-
eling. Each of the activities listed is so heavily slanted toward
graphics communication that engineering is 92 percent graphi-
cally based.
(Information from Dataquest, Inc. CAD/CAM/CAE/GIS Industry Service.)

Figure 1.1

This jet aircraft would be impossible to create without com-
puter graphics models and drawings. Drawings are the road
maps that show how to manufacture or build products and
structures.
(© The Boeing Company.)

Figure 1.2
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Adesigner has to think about the many features of an ob-
ject that cannot be communicated with verbal descriptions
(Figure 1.4 on the next page). These thoughts are dealt with
in the mind of the designer using a visual, nonverbal
process. This “visual image in the mind” can be reviewed
and modified to test different solutions before it is ever
communicated to someone else. As the designer draws a
line on paper or creates a solid cylinder image with a com-
puter, he or she is translating the mental picture into a draw-
ing or model that will produce a similar picture in the mind
of anyone who sees the drawing. This drawing or graphic

representation is the medium through which visual images
in the mind of the designer are converted into the real object.

Technical graphics can also communicate solutions to
technical problems. Such technical graphics are produced
according to certain standards and conventions so they can
be read and accurately interpreted by anyone who has
learned those standards and conventions.

The precision of technical graphics is aided by tools;
some are thousands of years old and still in use today, and
others are as new and rapidly changing as computer-aided
design/drafting (CAD). This book will introduce you to
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Engineering drawings and computer models such as these were needed to produce the hangar assembly shown. The 3-D model is
used to design and visualize the hangar. The engineering drawings are used to communicate and document the design process.

Figure 1.3
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the standards, conventions, techniques, and tools of tech-
nical graphics and will help you develop your technical
skills so that your design ideas become a reality.

Engineers are creative people who use technical
means to solve problems. They design products, systems,
devices, and structures to improve our living conditions.
Although problem solutions begin with thoughts or im-
ages in the mind of the designer, presentation devices
and computer graphics hardware and software are pow-
erful tools for communicating those images to others.
They also can aid the visualization process in the mind
of the designer. As computer graphics have a greater im-
pact in the field of engineering, engineers will need an
ever-growing understanding of and facility in graphics
communications.

Technologists work with engineers and are concerned
with the practical aspects of engineering in planning and
production. Technologists must be able to communicate
quickly and accurately using graphics, by sketching de-
sign problems and solutions, analyzing design solutions,
and specifying production procedures.

Both engineers and technologists are finding that shar-
ing technical information through graphical means is be-
coming more important as more nontechnical people
become involved in the design/manufacturing process. As
Figure 1.5 illustrates, the circle of people requiring techni-
cal information is widening rapidly, and engineering and
technical information must be communicated effectively to
many other people who are not engineers or technologists,
such as marketing, sales, and service personnel. Computer
graphics can assist in the process. It can be the tool used to
draw together many individuals with a wide range of visual
needs and abilities.

4 CHAPTER 1

Technical drawings used for communications
Technical drawings are a nonverbal method of communicating
information. Descriptions of complex products or structures
must be communicated with drawings. A designer uses a visual,
nonverbal process. A visual image is formed in the mind, re-
viewed, modified, and ultimately communicated to someone
else, all using visual and graphics processes.
(© Charles Thatcher/Stone/Getty Images.)

Figure 1.4

Practice Exercise 1.1
1. Try to describe the part shown in Figure 1.47 using

written instructions. The instructions must be of such
detail that another person can make a sketch of the
part.

2. Now try verbally describing the part to another per-
son. Have the person make a sketch from your
instructions.

These two examples will help you appreciate the difficulty
in trying to use written or verbal means to describe even
simple mechanical parts. Refer to Figure 1.6 and others in
this text to get an idea of how complicated some parts are
compared to this example. It is also important to note that
air and water craft have thousands of parts. For example,
the nuclear-powered Sea Wolf class submarine has over
two million parts. Try using verbal or written instructions to
describe that!

1.2 The Importance of Graphics
in the Design Process
Technical graphics is a real and complete language used in
the design process for:

1. Visualization

2. Communication

3. Documentation

A drawing is a graphical representation of objects
and structures and is done using freehand, mechanical, or
computer methods. A drawing serves as a graphic model or
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representation of a real object or idea. Drawings may be ab-
stract, such as the multiview drawings shown in Figure 1.6
on page 6, or more concrete, such as the very sophisticated
computer model shown in Figure 1.7 on page 6. Even
though drawings may take many forms, the graphics method
of communication is universal and timeless.

It may seem to be a very simple task to pick up a pen-
cil and start drawing three-dimensional images on two-
dimensional paper. However, it takes special knowledge
and skill to be able to represent complex technical ideas with
sufficient precision for the product to be mass-produced and
the parts easily interchanged (Figure 1.8 on page 7). This
special knowledge is called technical drawing.

The projection techniques used to represent 3-D
images on 2-D paper or flat computer screens took many
years to develop. Actually, it has taken millennia for the
techniques needed for graphics communication to evolve

into the complex and orderly systems we have today.
The volumes of standards developed by the American
National Standards Institute (ANSI) will quickly con-
vince you that technical drawing is a precise, formal
language.

1.2.1 Visualization

A powerful tool for design engineers is the ability to see in
their minds the solution to problems. Visualization is the
ability to mentally picture things that do not exist. Design
engineers with good visualization ability not only are able
to picture things in their minds, but also are able to control
that mental image, allowing them to move around the
image, change the form, look inside, and make other
movements as if they were holding the object in their

Introduction to Graphics Communication 5

Engineers Designers Service

Users of graphics
The circle of people requiring technical information is growing rapidly.

Figure 1.5
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Multiview drawing of a journal bearing 
Only experienced users of technical drawings can interpret the various lines, arcs, and circles sufficiently to get a clear mental
picture of what this part looks like three-dimensionally.

Figure 1.6

hands. Some of the greatest engineers and scientists
throughout history have had powerful visualization ability,
such as Albert Einstein, James Clerk Maxwell, Leonardo
daVinci, and Thomas Edison.

In his book titled Engineering and the Mind’s Eye,
Eugene Ferguson summarizes the importance of visual-
ization to the design process. “It has been nonverbal think-
ing, by and large, that has fixed the outlines and filled in
the details of our material surroundings for, in their innu-
merable choices and decisions, technologists have deter-
mined the kind of world we live in, in a physical sense.
Pyramids, cathedrals, and rockets exist not because of
geometry, theory of structures, or thermodynamics, but
because they were first a picture—literally a vision—in
the minds of those who built them.”

Most designers will initially capture their mental images
by sketching them on paper. Sometimes these sketches
are very rough and quickly done to capture some fleeting
detail in the mind of the designer. When communicating

3-D computer model of the interior of an
automobile
This computer rendering of a 3-D computer model is more eas-
ily understood because more detail is given through the use of
colors, lights, and shades and shadows. 
(Image courtesy of Burrows, rendered on RenderDrive.)

Figure 1.7
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without ambiguity. In other words, you must be able to
improve the clarity of your graphics to such an extent that
others are able to visualize your design. This is done by
adding more detail to your sketches, then creating a 3-D
model using CAD software (Figure 1.10 on page 8). The
3-D model is modified and changed as the design is
refined. In the past, real models of the design were created;
however, many industries now use rendered 3-D computer
models to replace real models. Sometimes it is necessary
to have real models, which easily can be produced from
the 3-D model through a process called rapid prototyping,
which will be explained later.

1.2.3 Documentation

After the design solution is finalized, graphics is the most
effective way to permanently record that solution. Before

Introduction to Graphics Communication 7

one’s sketch to others, the sketches must be refined (Fig-
ure 1.9 on page 8).

Your ability to visualize should improve as you solve
the problems located at the end of every chapter in this
book. Visualization and the resulting sketch is the first
phase in the whole process of graphics being used in the
design process. You will find that as a professional engi-
neer, the ability to visualize problem solutions and com-
municate them through your sketches will be one of your
most important skills.

1.2.2 Communication

The second phase in the graphics produced to support the
design process is communication drawings and models.
In this phase your goal is to refine your initial sketches
so your design solution can be communicated to others

Technical drawings are used to communicate complex technical information. 
(Courtesy of Priority Designs (www.prioritydesigns.com).)

Figure 1.8
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3-D modeling, documentation drawings were 2-D de-
tail drawings that were copied through a process called
blueprinting. These blueprints then were used to produce
the design. Although many companies still use this
process, the trend is for companies to refine the 3-D
model, which then is used directly by machine tools to
create the design. 2-D detail drawings still may be cre-
ated, but their primary purpose is for legal and archival
purposes (Figure 1.11). Two-dimensional documentation
drawings follow very strict standard practices so every-
one in the engineering field can “read” the drawings.
These standards are the “language” used to communicate
graphically.

1.3 The Traditional Design Process
The design process involves organizing the creative and
analytical processes used to satisfy a need or solve a prob-
lem. Sketches, drawings, computer models, and presenta-
tion graphics are all linked to the design and production
processes.

Traditionally, the design process is a linear activity
consisting of six major phases, as shown in Figure 1.12. In
the design process, the problem is identified in Stage 1,
and concepts and ideas are collected in Stage 2. These
original thoughts are recorded as rough sketches, on paper
or on the computer, using graphics. Such sketches record

fleeting images in the mind and communicate initial ideas
to others. This phase of engineering design sometimes is
called ideation, and the communications medium is com-
puter models or sketches.

In Stage 3, Design Refinement, a compromise solu-
tion(s) is selected from the collection of rough sketches. In
this phase, as a solution to the problem becomes
more clear, the initial design sketches or models are
refined. The results are refined sketches or computer
models that can be analyzed. The finite element model
shown in Figure 1.13 on page 12 is such a model. Stage 4,
Analysis, and Stage 5, Optimization, are interactive steps
that may be repeated many times before the final design is
chosen.

8 CHAPTER 1

Design sketch of a hand digitizing system
These sketches allowed the designers to quickly explore and
communicate design ideas.
(Courtesy of Priority Designs (www.prioritydesigns.com).)

Figure 1.9

A refined 3-D model of the digitizing system
used to communicate the design without ambiguity
With a CAD model, it is possible to test fit parts, analyze toler-
ances and check interferences before making the actual compo-
nents. It is also possible to locate the center of gravity and dis-
tribute the internal components to achieve perfect ergonomic
weight and balance.
(Courtesy of Priority Designs (www.prioritydesigns.com).)

Figure 1.10
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After the final design solution is chosen, it must be doc-
umented or recorded (Stage 6) in sufficient detail for the
product to be manufactured or constructed. The design so-
lution is then archived for referencing or changes (Fig-
ure 1.11). Rough sketches cannot be used in this stage of
engineering design if the product is to be mass produced.
Mass production requires precise drawings or computer
models that follow a standard communication format.
Again, from the rough sketches of Stage 1 to the precise
models of Stage 6, an engineer or technologist cannot be
effective without being fluent in the language of graphics
communications.

Introduction to Graphics Communication 9

A detail drawing used in the documentation process
(Courtesy of Simon Floyd Design Group.)

Figure 1.11
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Traditional engineering design sequence
The traditional design process is a sequential process that can
be grouped into six major activities, beginning with identifica-
tion of the problem and ending with documentation of the
design. Technical graphics is used throughout this process to
document design solutions.

Figure 1.12
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DREAM HIGH TECH JOB
Designing Robots to Explore Planets in Our Solar System

T he engineering design process is used in many types of
jobs—from the design of consumer product packaging

to the design of robots used to explore planets in our solar
system. An understanding of the design process along with
strong skills in a field of engineering can lead to exciting job
opportunities, such as the one described here of a young
engineer working at NASA.

NASA’s twin Mars rovers, Spirit and Opportunity, have
already rewritten the book on the Red Planet’s history, their

amazing discoveries transmitted to an audience of millions.
But Ayanna Howard is not content to let NASA rest on its lau-
rels. She’s designing future generations of robotic explorers
to bring back even more science for the buck. Her goal: a
robot that can be dropped off on a planet and wander around
on its own, eliminating the kind of intense supervision from
Earth that Spirit and Opportunity require—their every move
must be meticulously choreographed in advance and on a
daily basis.

Mars on Earth
Ayanna Howard cradles a Sony AIBO robot used to test new software approaches in JPL’s Mars Yard. Here, prototype Mars
rover designs are put through their paces in a simulated Martian landscape.

© Henry Blackham

1.4 The Design Process Using
Concurrent Engineering
Modern design, analysis, and communications techniques
are changing the traditional role of engineers. The design
process in U.S. industry is shifting from a linear, seg-
mented activity to a team activity, involving all areas of
business and using computers as the prominent tool. This
new way of designing, with its integrated team approach,

is called concurrent engineering. Concurrent engineer-
ing (Figure 1.14) involves coordination of the technical
and nontechnical functions of design and manufacturing
within a business. This design shift has resulted in a major
change in the way engineers do their jobs.

Engineers and technologists must be able to work in
teams. They must be able to design, analyze, and com-
municate using powerful CAD systems, and they must

10
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“I want to polp a rover on Mars and have it call back when
it finds interesting science,” Howard says. “Like a geologist, it
should wander around until it sees something that might be
interesting. Then it should be able to investigate further and
decide if it’s really interesting or just another rock.”

Howard works as a senior robotics engineer at NASA’s Jet
Propulsion Laboratory in Pasadena, Calif. The laboratory has
dominated the robotic exploration of the solar system since
the earliest days of the Space Age.

Space exploration, however, is only a test bed for
Howard’s ultimate technical objective: making robots better
at helping people. “It’s bigger than space exploration—it’s
robots assisting people,” she says. “But space exploration is
definitely one of the prime ways that robots assist people.”

The 1970s TV show The Bionic Woman sparked Howard’s
interest in human-robot interaction and inspired her to
become an engineer. The TV series depicted a severely injured
woman who was given superhuman powers, courtesy of bion-
ics; artificial replacements for human parts. “But around the
10th grade, I took biology—and I hated it!” Howard says.

She was stuck, because she knew she’d need medical
training if she were going to attach limbs to people. Then
someone suggested she check out robots. “I could still build
limbs and figure out how to make them move, and as long as
I didn’t work on people, I didn’t have to go to med school,”
Howard remembers thinking.

So she studied computer engineering—at Brown Univer-
sity in Providence, R.I., because her parents insisted she leave
her native California for her undergraduate education. “They
felt California was too laid back!” she says, laughing. She
returned to the West Coast for her school-break vacations,
and she was accepted to JPL’s summer program for students.

“When I first got here, I was designing a database. I didn’t
even really know that JPL had robotics until I started talking to
people. Then I realized all these spacecraft, like the Voyager
probes, were robots,” she recalls. Howard kept working at the

laboratory during summers, nurturing her growing interest in
artificial intelligence. After graduating from Brown, she earned
a master’s degree and then a doctorate in electrical engineer-
ing from the University of Southern California, in Los Angeles,
while working at JPL.

What Howard likes best about her job is integrating
diverse hardware and software elements into a working robot.
“Problem shooting with a device that you have to touch and
interact with is the hardest part of developing a robot, but it’s
the most fulfilling,” she says.

Ayanna Howard (SM)

Age: 33
What she does: Develops autonomous robots
For whom: NASA’s Jet Propulsion Laboratory
Where she does it: Pasadena, Calif.
Fun factors: Her robots could end up exploring Mars and

beyond

Howard also mentors disadvantaged girls and frequently
addresses elementary and high school students, often in poor
neighborhoods. Although a lack of computers and other re-
sources can be a big problem, she finds that simply showing
up and explaining that you can make a good living as an
engineer can widen a child’s horizons. “They haven’t talked
to somebody who’s a professional, except for teachers,”
Howard says. “They look at TV, and it’s all acting and sports,
so that’s what they want to be. But when you meet children,
it’s surprisingly easy to get them excited about engineering.”

“My hobby is my job,” she adds. And if the first mission to
use technology she invented departs for Mars early next
decade, as planned, Howard will be among the select few
who count exploring planets as one of their hobbies.

—Stephen Cass

Portions reprinted with permission, from Cass, S., “Dream Jobs 2005,” IEEE Spec-
trum, February 2005 pp. 21–22, IEEE Spectrum, February 2005. © 2005 IEEE.

possess a well-developed ability to visualize, as well as
the ability to communicate those visions to nontechnical
personnel. Typically, design engineers in many industries
today work in teams to create conceptual designs, with
rapid-fire communication back and forth at every stage of
the design process.

Moreover, the trend in U.S. industry now is for engineers
to be expert geometric modelers using computers. Geomet-
ric modeling is the process of creating computer graphics

to communicate, document, analyze, and visualize the
design process. Engineers use sketches and computer mod-
els for visualization, and then do minimal documentation
for production. Documentation may be in the form of 3-D
computer models sent directly to production to generate the
computer numerical control (CNC) code for machining.
Two-dimensional drawings are extracted from the 3-D
model, with critical dimensions added for coordinate mea-
suring machine (CMM) checking for quality control.

11
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With the shift in design to concurrent engineering,
widely diverse groups of people—engineers, scientists,
managers, and technologists—all share a pressing need
for a better understanding of the principles of visual
communication. More than ever before, they all need to be
able to read and interpret graphics representations of tech-
nical information quickly, efficiently, and accurately.

Actually, the credit goes to computer graphics, with its
ability to communicate many kinds of quantitative, verbal,
and visual information. Figure 1.15 shows some of the
applications for a CAD database in the production of a prod-
uct, using concurrent engineering practices. All of these ac-
tivities, from analysis and simulation to publications and
training, depend on the graphical display of information.
Figure 1.15 shows how many different groups, technical and
nontechnical, share information in a graphic format. It also
shows how the technologist or engineer working with CAD
must understand the graphics display needs of marketing,
sales, and training, as well as design and manufacturing.

Thus, computer graphics draws together many individ-
uals with a range of visual needs and abilities, allowing
large, diverse groups to communicate faster and more
efficiently. In other words, the numerous new devices,
methods, and media are driving the need for broader
visual communications skills that were seldom necessary
for the engineers and technologists of the past.

12 CHAPTER 1

Practice Exercise 1.2
1. Look at the engineering drawing shown in Figure 1.17.

2. From the drawing, mentally visualize the 3-D form of
the object.

3. Try to sketch your mental image of the 3-D object.

Are you having difficulty making the transition from the
2-D drawing to the 3-D object? Being able to make the
mental transition from 2-D to 3-D is part of what you will
learn. Visualization is a very important part of technical
graphics, because engineers and technologists must be
able to make the transition quickly from 2-D to 3-D and from
3-D to 2-D.

Design refinement
This finite-element model is used in the analysis of a new de-
sign for an automotive wheel and shock assembly to determine
where maximum stress and strain occur when a part is put
under varying load conditions. This three-dimensional graphics
model is used typically in Stage 4 of the design process. 
(Courtesy of Algor, Inc.)

Figure 1.13
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Concurrent design process
An alternative approach to the linear design process is called
concurrent engineering. Concurrent engineering gets everyone
involved in the design process, including the customer. The
overlapping circles indicate that designing concurrently is an
integrated activity involving many people.

Figure 1.14
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CAD database applications
The CAD database, which is represented as graphics, provides
technical information not only to the engineers on the design
team, but also to the manufacturing, marketing and sales, and
training departments.

Figure 1.15
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1.5 Standards and Conventions
The language of graphics has been used for thousands of
years; however, its effectiveness in modern times is due to
the establishment of standards. There is no effective com-
munication without an agreed-upon standard of signs or
symbols. The letters of the alphabet are the signs used for
writing, and grammar forms the science which underlies
word language. Standards and conventions are the “alpha-
bet” of technical drawings, and plane, solid, and descrip-
tive geometry are the science which underlies the graphics
language.

The English language has many similarities to the
graphics language. Following the standard rules of English
makes the communication of thoughts between people
easier. If the words in a sentence were presented in a
random order, it would be very difficult for anyone to
understand what was being said.

The graphics language must also follow a set of
standards and conventions in order to make communica-
tion using technical graphics effective. However, these
standards and conventions are not timeless, unchanging
truths. Just as English gradually changes and we no longer
speak in the manner of sixteenth-century Shakespeare, the
standards and conventions of the graphics language have
evolved over the years and are still changing as new tech-
nologies affect how technical drawings are produced.

Conventions commonly are accepted practices, rules,
or methods. In technical drawing, an example of a con-
vention is the use of dashed lines on multiview drawings
to designate a feature hidden from the current viewpoint
(Figure 1.16).

Standards are sets of rules that govern how technical
drawings are represented. For example, mechanical draw-
ings are dimensioned using an accepted set of standards,
such as placing the dimension text such that it is read from
the bottom of the sheet (Figure 1.17 on the next page).
Standards allow for the clear communication of technical
ideas. In the United States, the American National Stan-
dards Institute (ANSI) is the governing body that sets the
standards used for engineering and technical drawings.
Professional organizations also assist ANSI in developing
standards used for engineering and technical drawings,
such as the American Society for Mechanical Engineers
(ASME). ANSI standards are periodically revised to
reflect the changing needs of industry and technology. The
Y series of ANSI standards are the ones most important
for technical drawing. Some important ANSI standards
used in technical drawings are:

ANSI Y14.1–1980(R1987), Drawing Sheet Size and
Format.

ANSI Y14.2M–1979(R1987), Line Conventions and
Lettering.

ANSI Y 14.3–1975(R1987), Multiview and Sectional
View Drawings.

ANSI Y14.5M–1994, Dimensioning and Tolerancing.
ANSI Y14.6–1978(R1987), Screw Thread Representation.
ANSI Y14.6aM–1981(R1987), Screw Thread Represen-

tation (Metric Supplement).
ANSI Y14.7.1–1971(R1988), Gear Drawing Standards,

Part 1.
ANSI Y14.7.2–1978(R1989), Gear Drawing Standards,

Part 2.

Other standards are: International Standards Organization
(ISO), Japanese Standards (JIS), Department of Defense
(DOD), and the U.S. Military (MIL). 

Standards are used so that drawings convey the same
meaning to everyone who reads them. For example, Fig-
ure 1.17 on the next page is a detail drawing which reflects
many of the ANSI standards for dimensioning mechanical
drawings. It is quite common in American industry to have

Introduction to Graphics Communication 13

Dashed lines are an
example of a drawing
convention

Drawing conventions
Dashed lines used to represent hidden features on an engineering
drawing are an example of a drawing convention. In this case
the drawing convention, hidden lines, is used to represent the
location of the drilled hole’s diameter, in a view where the hole
cannot be seen directly. Following such conventions means that
your technical drawing can be accurately interpreted by anyone
who reads it.

Figure 1.16
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parts of an assembly produced in many different locations.
Having a standard graphics language is the only way this
can be accomplished effectively.

1.5.1 CAD Database Standards

Computers virtually have eliminated the use of traditional
drawings using hand drawing tools. Drawings are no longer
being shared as a means of communication. Instead,
computer models and drawings must be shared. This
change has resulted in a new set of standards for working
with computer drawings and models. GKS (Graphics
Kernel System), PHIGS (Programmers’ Hierarchical
Interactive Graphics System), and HOOPS (Hierarchical
Object-Oriented Picture System) are software programs
that can generate, display, and transfer computer graphics
data in a compatible format. The software can run on multi-
ple hardware platforms and operating systems.

1.6 Alphabet of Lines
The alphabet of lines is a set of standard linetypes estab-
lished by the American Society of Mechanical Engineers
(ASME) for technical drawing. Figure 1.18 shows the
alphabet of lines, and the approximate dimensions used to
create different linetypes, which are referred to as
linestyles when used with CAD. ASME Y14.2M–1992 has
established these linetypes as the standard for technical

14 CHAPTER 1

Dimensioned mechanical drawing using ASME Y14.5M–1994 standards
The dimension type, placement, size, and other factors are examples of standard drawing conventions. For example, one ANSI
standard dimensioning rule states that all diametral dimensions should be preceded by a phi (Ø) symbol. 
(Reprinted from ASME Y14.5M–1994, Dimensioning and Tolerancing, by permission of The American Society of Mechanical Engineers.)

Figure 1.17

to answer the following questions:

1. What do the thin, short-dashed lines represent?

2. What do the areas with closely spaced thin lines
drawn at a 45-degree angle represent?

3. What do the numbers and symbols located inside the
long, horizontal rectangles represent?

4. What do the thin alternating long- and short-dashed
lines represent?

Standards and conventions provide the design detail neces-
sary to manufacture a product to precision. A person with a
technical drawing background should be able to easily
answer all of the questions listed here. Can you?

Practice Exercise 1.3
Figure 1.17 is a typical technical drawing used in industry to
document the design of a product and to aid in manufactur-
ing the product. Carefully read the technical drawing and try
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The alphabet of lines
The alphabet of lines is a set of ASME standard linetypes used on technical drawings. The approximate dimensions shown on some
linetypes are used as guides for drawing them with traditional tools. The technical drawing at the top shows how different linetypes
are used in a drawing.

Figure 1.18
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drawings. Two line weights are sufficient to follow the
standards, a 0.6 mm and a 0.3 mm. These approximate
widths are intended to differentiate between thin and
thick lines and are not for control of acceptance or rejec-
tion of drawings. Thick lines are drawn using soft lead,
such as F or HB. Thin lines are drawn using a harder
lead, such as H or 2H. Construction lines are very light
and are drawn using 4H or 6H lead. A good rule of thumb
for creating construction lines is to draw them so that
they are difficult to see if your drawing is held at arm’s
length.

Listed below are the standard linetypes and their appli-
cations in technical drawings:

Center lines are used to represent symmetry and paths of
motion and to mark the centers of circles and the axes
of symmetrical parts, such as cylinders and bolts.

Break lines come in two forms: a freehand thick line and a
long, ruled thin line with zigzags. Break lines are used to
show where an object is broken to save drawing space or
reveal interior features.

Dimension and extension lines are used to indicate the
sizes of features on a drawing.

Section lines are used in section views to represent sur-
faces of an object cut by a cutting plane.

Cutting plane lines are used in section drawings to show
the locations of cutting planes.

Visible lines are used to represent features that can be seen
in the current view.

Hidden lines are used to represent features that cannot be
seen in the current view.

Phantom lines are used to represent a movable feature in
its different positions.

Stitch lines are used to indicate a sewing or stitching
process.

Chain lines are used to indicate that a surface is to receive
additional treatment.

Symmetry lines are used as an axis of symmetry for a par-
ticular view.

It is important that you understand and remember these differ-
ent linetypes and their definitions and uses because they are
referred to routinely throughout the rest of this book.

CAD software provides different linestyles for creat-
ing standard technical drawings. Figure 1.19 shows the
linestyle menu for a typical CAD system. The thick-
nesses of lines on a CAD drawing are controlled by two
different means: (1) controlling the thickness of the lines
drawn on the display screen and (2) controlling the plot-
ted output of lines on pen plotters by using different pen

numbers for different linestyles, where different pen
numbers have different thicknesses, such as a 0.6 mm and
0.3 mm.

1.7 Specialists and Technical Drawings
Drawings are used throughout the design process to
develop and document the design solution. Over the years
specialized fields of engineering design have developed
to meet the needs of industry. For example, military and
civil engineering were the first types of engineering spe-
cialties. From these two areas others developed, such as
mechanical, electrical, chemical, aerospace, industrial,
and many others. Special types of technical drawings,
such as gears and cams, welding, riveting, electrical com-
ponents and circuits, piping, structures, and mapping and
topography also evolved to support the specialized fields
of engineering.

1.8 Technical Drawing Tools
Just as the graphics language has evolved over the years
into a sophisticated set of standards and conventions, so
have the tools used to graphically communicate technical
ideas. Tools are used to produce three basic types of draw-
ings: freehand sketches, instrument drawings, and com-
puter drawings and models. The tools have evolved from
pencils, triangles, scales, and compasses to computer-
aided design/drafting (CAD) systems. CAD is computer
software and related computer hardware that supplements
or replaces traditional hand tools in creating models and
technical drawings (Figure 1.20).

16 CHAPTER 1

AutoCAD’s linestyle menu showing some of
the linetypes available

Figure 1.19
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of the other devices. CPUs generally are classified by the
type of microprocessor chip upon which they are based. For
example, IBM, Apple, Dell, Hewlett-Packard, and Sun are
well-known manufacturers of computer systems.

Introduction to Graphics Communication 17

CAD workstations
Typical CAD workstations used in industry have large color
monitors. The CPU itself is housed in the rectangular box
located below or next to the monitor, or on the floor. 
(Courtesy of Core Microsystems.)

Figure 1.20
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CPU

Schematic representation of CAD hardware
Components of a CAD system include input, output, and stor-
age devices attached to a CPU, as well as the CAD software.

Figure 1.21

Main computer circuit board
The main circuit board, called a motherboard, contains elec-
tronic circuits and components, such as the CPU, RAM
memory slots, and expansion slots. 
(Courtesy of Sun Microsystems Computer Corporation.)

Figure 1.22

1.9 Computer-Aided Drawing Tools
Traditional tools will continue to be useful for sketching
and rough layout work; however, CAD software can
create virtually any type of technical drawing. Circle com-
mands replace the compass, line commands replace the
T-square and triangles, and editing commands replace the
dividers and erasing shield. CAD is used for computer-
aided drafting, creating 2-D drawings, and for three-
dimensional modeling, creating wireframe, surface, or
solid 3-D models. Chapter 4 describes in detail the use of
CAD for 3-D modeling.

A CAD system consists of hardware devices used in
combination with specific software, as shown schemati-
cally in Figure 1.21. The hardware for a CAD system
consists of the physical devices used to support the CAD
software. There are many different hardware manufacturers
and types of hardware devices, all of which are used to cre-
ate, store, or output technical drawings and models.

1.9.1 The Central Processing Unit (CPU)

The central processing unit (CPU) is the hardware device
that runs the computer programs and controls the various
attached input and output devices. Figure 1.22 shows a CPU
circuit board, called a motherboard, which is housed in a rec-
tangular box to protect the circuitry and facilitate connection
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The power of a CPU is based on its clock speed, which
is the rate at which it performs functions. The clock speed
is expressed in megahertz (MHz); the higher the clock
speed, the more capable the CPU. Other measurements
used to rate CPUs include millions of instructions per
second (MIPS) and system performance evaluation coop-
erative (SPEC) marks. For graphics workstations, the
efficiency of displaying graphics on screen is measured in
the number of lines drawn per second and the number of
smoothly shaded polygons displayed per second.

1.9.2 Computer Operating System

Every computer uses an operating system, which is a
software program that controls the internal operations of
the computer, such as the memory, storage drives, input
and output devices, and data transmission circuitry. Soft-
ware comprises the written and coded instructions that
govern the operation of the computer and the functions it
performs. Both CAD and the operating system are exam-
ples of software.

The operating system is the software interface between
the user and the CPU. Many operating systems employ
graphics, such as icons, to represent various functions. For
example, a trash can might be used to delete files. Com-
mon operating systems used with CAD are Microsoft
Windows, UNIX, and LINUX. Figure 1.23 is the screen
display of a computer using the Windows operating
system.

1.9.3 Display Devices

There is a wide range of display devices, or monitors,
available for computers. A display device is a type of out-
put device, that is, a device through which information
flows from the computer “out” to the user.

Display devices are classified by their type, resolution,
size, and color capabilities. Monitor sizes range from 9 to
25 inches, measured diagonally. There are two types: vector
and raster. A vector device locates the endpoints of a line
and then draws the line by electronically charging a contin-
uous stream of phosphors on the screen. A raster device,
which is the most common, creates an image by electroni-
cally charging individual points called pixels, which are
arranged in horizontal rows. The resolution is expressed in
terms of the number of pixels horizontally by the number of
pixels vertically, such as 640 � 480, or 1280 � 1024. The
more pixels there are on the screen, the higher the resolution,
and the higher the resolution, the greater the expense, mem-
ory, and processing power required. As for color capabili-
ties, more advanced monitors can display millions of colors.

In a CAD system, the display device can be thought of
as the drawing paper or medium upon which technical
drawings and models are produced. Figure 1.24 shows a
screen from a CAD program. The CAD software com-
mands are located on the left side of the screen. Movement
of a screen cursor is controlled by an input device, such as
a keyboard, tablet, or a mouse, through which information
flows from the user “in” to the computer. The cursor is
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CAD display
The screen display of a CAD program has a menu area and an
area for drawing.
(Courtesy of Autodesk.)

Figure 1.24
The display screen of a computer running

the Windows operating system
This type of computer interface is called a graphical user interface
(GUI). Notice how icons are used. For example, to delete a file,
place it in the “recycle bin” located on the left side of the screen.

Figure 1.23
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used to select a command by moving the cursor to that
command on the screen and highlighting it.

1.9.4 Input Devices

Input devices are used to interact with software pro-
grams, including CAD. The computer keyboard is one
type of input device and is used to enter alphanumeric
data. Other input devices include the mouse, tablet, and
scanner. These devices and their application to CAD
systems are described in the following sections, as are
some very specialized devices developed specifically for
CAD use.

Tablets A tablet is an input device used to control cursor
movement and select menu items (Figure 1.25). For a
CAD program, the tablet is covered with a thin plastic
overlay that contains the menu options. 

Scanners A scanner is an input device used for convert-
ing a paper drawing created with traditional tools to a
CAD drawing. 

Keyboard The keyboard is a device used to input al-
phanumeric data and to make CAD menu selections.

Mouse The mouse is an input device used to control cur-
sor movement and to make menu selections. A mouse can
be mechanical, optical, or infrared (Figure 1.26).

Other Input Devices There are many other, less com-
mon input devices that are available for CAD, including
joysticks, trackballs, mice for 3-D cursor movement (Fig-
ure 1.27 on the next page), voice recognition devices,
dials, and others. Many of these are only used by a partic-
ular CAD program to perform some specialized function.

1.9.5 Output Devices

The output devices used to make hard copies of the draw-
ings created on screen are categorized as printers, plotters,
or film recorders. These devices can be used to make
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Tablets
Tablets are input devices used to interact with the CAD software.
(Courtesy of Wacom.)

Figure 1.25
Infrared mouse

An infrared mouse uses an electronic signal to locate its posi-
tion on the screen.
(Courtesy of Logitech.) 

Figure 1.26

Step by Step: Drawing a Line Using a Mouse
Step 1. To draw a line using a mouse, select the appropri-

ate command, such as LINE, from the on-screen menu
by using the mouse to move the screen cursor over the
command to highlight it.

Step 2. While the command is highlighted, press the
button located on the top left of the mouse to select the
LINE command.

Step 3. With the mouse, move the cursor to the starting point
on the screen and then press the same mouse button.

Step 4. With the mouse, move the cursor to the location for
the endpoint of the line and then press the same mouse
button.

The mouse can be thought of as the replacement for the
pencil when creating technical drawings and models. 
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quick, rough check plots, production plots, presentation
plots, or a combination of these.

Printers/Plotters A printer is an output device that
creates characters, numbers, and graphics on paper. Print-
ers are used with CAD to create check prints. A check
print is a low-quality hard copy made at high speed.
Examples of printers include inkjet, thermal, and laser
printers (Figure 1.28).

Inkjet Printers/Plotters Inkjet printers use narrow noz-
zles to spray ink onto the paper (Figure 1.28). The tech-
nology uses special paper and ink cartridges to produce
color output. Inkjet printers are fast and can be used for
color shading, renderings, and solid filled output. Desktop
inkjet printers are measured by the pages per minute
(ppm) that can be printed, and the resolution, expressed as
dots per inch (dpi). A typical color inkjet printer will print
8 ppm with a resolution of 1200 dpi.

Laser Printers Laser printers use a laser beam to record
an image in the form of tiny dots on a light-sensitive
drum. The image then is transferred to paper using a spe-
cial toner (Figure 1.29). Laser printers are measured by
speed in ppm and resolution in dpi. Laser printers today
can produce images at the rate of 8 ppm or more, black
and white or color, with a resolution of 600 dpi or more.

1.9.6 Storage Devices and Media

A storage device is used to store information on a specific
medium and retrieve that information as needed. After
a CAD drawing is created, it must be stored electroni-
cally on some type of storage medium. Storage media
commonly used for CAD drawings are removable disks,
hard disks, and streaming tape. Storage devices are
combination input/output (I/O) devices and are grouped
into five categories:

1. Disk drives, which use removable disks, such as
31⁄2-inch diskette, zip, and jazz disks.

2. Fixed hard disk drives, which contain hard discs.
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Laser jet printers
Laser jet printers are small-format output devices used for text
and graphics. 
(Courtesy of Hewlett-Packard.)

Figure 1.29

Design jet printer
D- and E-size design jet printers spray ink onto paper, using
narrow nozzles, to create colored plots of CAD drawings. 
(Courtesy of Hewlett-Packard.)

Figure 1.28

3-D cursor control
This type of mouse is used to control 3-D cursor movements. 
(Courtesy of 3Dconnexion.)

Figure 1.27
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3. Tape drives, which use tape cartridges.

4. Optical storage drives, which use compact discs.

5. Removable hard disk drives, which contain hard
disks.

The 31⁄2-inch removable disks have data storage capaci-
ties up to 250 MB (Figure 1.30). Fixed hard disk drives are
peripheral devices that usually are installed in the com-
puter cabinet and have much higher storage capacities
than removable disks. Storage in hard disks is measured in
gigabytes (GB). A gigabyte is 1000 megabytes (MB).
Large removable storage devices have a removable car-
tridge, which can be changed to add new capacity, or can
be transported to another computer (Figure 1.31). Fixed
and removable drives are measured by storage capacity;
access speed or seek time, measured in milliseconds (ms);
and data transfer rates, measured in millions of bits per
second (MBPS).

Optical storage drives use a high-density medium
based on compact disc (CD) technology similar to audio
CDs (Figure 1.32). A single 4.7-inch CD can hold up to
660 MB of information. Some CD drives are read-only
memory (ROM), which means the information on the CDs
can be read, but no information can be written onto them
by the users. There are two types of CDs where informa-
tion can be written: CD-R and CD-RW. A CD-R disc
can be written to once and the data cannot be erased. A
CD-RW allows data to be written and erased many times.

Another optical storage medium is DVD, which can
store more than 9 GB of data.

Tape storage is the oldest storage medium. Tape drives
come in many sizes and are relatively slow, but compared
with the other storage media, they are an inexpensive
medium for archiving CAD data.

1.10 Traditional Tools
The traditional tools used to create technical drawings
have evolved over time. Many tools originally were used
in ancient Greece to study and develop geometry. Al-
though computers may someday replace the need for some
traditional tools, they still are useful today for drawing,
and more importantly, for sketching. Traditional tools are
devices used to assist the human hand in making technical
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Zip disk drive
(Courtesy of Iomega Corporation.)

Figure 1.30

Removable storage device
This storage device can store up to 2 GB on a removable
cartridge.
(Courtesy of Iomega Corporation.)

Figure 1.31

CD ROM drive 
(Courtesy of Iomega Corporation.)

Figure 1.32
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drawings and sketches. The assistance includes drawing
lines straighter, making circles more circular, and increas-
ing the speed with which drawings are made. The tools
typically used to create mechanical drawings or sketches
(Figure 1.33) consist of the following:

1. Wood and mechanical pencils.

2. Instrument set, including compass and dividers.

3. 45- and 30/60-degree triangles.

4. Scales.

5. Irregular curves.

6. Protractors.

7. Erasers and erasing shields.

8. Drawing paper.

9. Circle templates.

10. Isometric templates.

1.10.1 Pencils

Mechanical pencils are used more commonly in drawing
than are wood pencils (Figure 1.34). Mechanical pencils
use either drafting leads or thin leads. Drafting leads are
thicker and must be sharpened using lead pointers or abra-
sive paper. Thin-lead pencils use leads of specific diame-
ters that do not need to be sharpened. These lead diameters
loosely correspond to ANSI standard line thicknesses,
such as 0.6 mm or 0.3 mm. A thin-lead pencil can be used
only for a single lead diameter; therefore, several thin-
lead pencils are required for technical drawings, one for
each of the different line thicknesses required.

Wood pencils need to be sharpened, using pencil pointers
or abrasive paper, to create the various line thicknesses used
in technical drawings. (NOTE: Never sharpen a pencil over
a drawing, and always keep the pencil point conical in shape
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Traditional tools used for sketching
These are some of the many traditional mechanical drawing
tools used for sketching.

Figure 1.33
Mechanical pencils

Mechanical pencils used for technical drawing come in different
lead sizes for drawing the different thicknesses of lines required. 
(Courtesy of Staedtler, Inc.)

Figure 1.34

.3 MM GOOD TECHNIQUE

.3 MM POOR – LINE THICKNESS VARIES

.3 MM POOR – DARKNESS VARIES

.6 MM GOOD TECHNIQUE

Line weight
Uniform lines do not vary in thickness or darkness.

Figure 1.35

to get good-quality lines.) Hand-drawn lines must be of uni-
form weight and thickness and must be spaced correctly so
they can be reproduced legibly, such as for blueprinting.

Line weight refers to the relative darkness of the line.
For example, the line drawn to represent the center of a
circle is drawn black using a soft lead. The thickness of
the center line is approximately 0.3 mm. Uniform thick-
ness means that the line should not vary (Figure 1.35).
Thin-lead pencils are the easiest tool for drawing lines of
uniform weight and thickness.

Mechanical and wood pencil leads are graded to distin-
guish their hardness. Hard grades range from 4H to 9H: the
higher the number, the harder the lead. Hard leads are used
for construction lines, with 4H being the one used most
often. Medium-grade leads are 3H, 2H, H, F, HB, and B.
These leads are used for general-purpose work, such as vis-
ible lines, dimensions, sections, and center lines. The softer
grades, such as HB and B, are commonly used for sketch-
ing. Soft leads range from 2B to 7B, with the larger num-
ber representing a softer grade. This type of lead is not
commonly used in engineering or technical drawing but
rather for artwork and architectural renderings.
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1.10.2 Drawing Paper

Media are the surfaces upon which an engineer or tech-
nologist communicates graphical information. The media
used for technical drawings are different types or grades
of paper, such as tracing paper, vellum, and polyester film.
Tracing paper is a thin, translucent paper used for detail
drawings. Vellum is a tracing paper chemically treated to
improve translucency. Polyester film, or its trade name
Mylar, is transparent, waterproof, and difficult to tear.
Mylar can be used for lead pencil, plastic-lead pencil, or
ink drawings. Mylar is an excellent drawing surface that
leaves no trace of erasure.

Special papers also have been developed for CAD plot-
ters. For example, plotter paper used for fiber-tipped pens
has a smooth or glossy surface to enhance line definition
and minimize skipping. Often, the paper comes with a
preprinted border, title block, and parts list (Figure 1.36).

ANSI has established standard sheet sizes and title
blocks for the media used for technical drawings. Each
paper size is designated by a letter, as shown in Figure 1.37.

Keeping Drawings Clean
Keeping your drawing surface clean is an important part of
technical drawing. Drawings become dirty primarily from the
graphite from the pencils. To keep a drawing clean, follow
these guidelines:

■ Never sharpen pencils over your drawing.
■ Clean your pencil point with a soft cloth after sharpening.
■ Keep your drawing instruments clean.

■ Rest your hands on the drawing instruments as much as
possible, to avoid smearing the graphite on the drawing.

■ When darkening lines, try to work from the top of the
drawing to the bottom, and from left to right across the
drawing. Work from right to left across the drawing if you
are left-handed.

■ Use a brush to remove erasure particles. Never use your
hands.

1.10.3 Scales

Scales are used to measure distances on technical draw-
ings. Scales are usually 6 or 12 inches long and are made
of wood, plastic, or metal. Triangular scales commonly
are used in technical drawing because they offer the user a
combination of several scales on each side (Figure 1.38 on
the next page). The most common types of scales used in
technical drawing are mechanical engineer’s, civil engi-
neer’s, metric, and architectural scales. A combination
scale is one that has engineering, metric, and architectural
components on a single scale.
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Preprinted title blocks
Preprinted standard borders and title blocks on drafting paper are commonly used in industry. 
(Courtesy of Alvin & Company.)

Figure 1.36

Metric (mm) U.S. Standard Architectural

A4 210 � 297 A-Size 8.5� � 11� 9� � 12�

A3 297 � 420 B-Size 11� � 17� 12� � 18�

A2 420 � 594 C-Size 17� � 22� 18� � 24�

A1 594 � 841 D-Size 22� � 34� 24� � 36�

A0 841 � 1189 E-Size 34� � 44� 36� � 48�

ANSI Standard Sheet Sizes Figure 1.37



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

1. Introduction to Graphics 
Communication

Text36 © The McGraw−Hill 
Companies, 2007

1.10.4 Mechanical Engineer’s Scale

The mechanical engineer’s scale is used to draw mechan-
ical parts and is divided either fractionally into 1⁄16 or 1⁄32, or
divided decimally into 0.1 or 0.02 (Figure 1.38). Typically,
the other sides of the scale are half size (1⁄2� � 1�), quarter
size (1⁄4� � 1�), and eighth size (1⁄8� � 1�) (Figure 1.38). For
scales smaller than 1⁄8, use the architect’s scale.

24 CHAPTER 1

Step by Step: Reading a Mechanical Engineer’s Scale
Full-size 16 scale

The 16 scale represents an inch divided into 16 equal parts;
therefore, each mark is 1⁄16�, every other mark is 2⁄16� or 1⁄8�,
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The combination mechanical engineer’s scaleFigure 1.38

every fourth mark is 4⁄16� or 1⁄4�, and every eighth mark is 8⁄16� or
1⁄2� (Figure 1.39).
Step 1. To measure a line, align the zero mark with the left

end of the line.
Step 2. Determine which point on the scale is closest to the

right end of the line. For this example, assume a line for
which the right end is aligned exactly with the ninth mark
past 1�. The length of this line is read as 19⁄16�.

1.10.5 Metric Scale

The international organization that established the metric
standard is the International Standards Organization
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(ISO). The system is called the International System of
Units, or Systeme Internationale, abbreviated SI. The
metric scale is used to create scaled technical drawings
using SI units (Figure 1.40), for which the millimeter
(mm), meter (m), and kilometer (km) are the most com-
mon units of measure. The meter is the base unit, with the
millimeter equal to 1⁄1000 of a meter and the kilometer
equal to 1000 meters. The conversion factor between mil-
limeters and inches is the ratio 1� � 25.4 mm. For exam-
ple, to change 68 mm to inches, divide 68 by 25.4 to get
2.68�. To change 3.75� to millimeters, multiply 3.75 by
25.4 to get 95.25 mm. Conversion tables are found on the
inside front cover of this text.

Figure 1.40 on the next page shows the different sides
of a triangular metric scale and includes examples of how

they are read. Each side of the triangular scale has a dif-
ferent metric scale, as follows:

1:1 Full size
1:2 Half size
1:5 Fifth size
1:10 Tenth size
1:20 Twentieth size
1:50 Fiftieth size

These ratios can be reduced or enlarged by multi-
plying or dividing by a factor of 10. For example, the
1:20 scale can be reduced to a 1:200 scale by multiplying
by 10.
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Step by Step: Reading a Metric Scale
Full-size 1:1 ratio

On the 1:1 metric scale, each mark represents 1 mm and
every tenth mark represents 10 mm, or 1 cm (Figure 1.41).
Step 1. To measure a line, align the zero mark with the left

end of the line and read the mark on the scale aligned
closest to the right end of the line. For this example,
assume a line for which the right end is closest to the
sixth mark past the number 20. The length of this line
would be read as 26 mm, or 2.6 cm.
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▼ Practice Problem 1.1
Using a full-size fractional-inch scale, measure each
of the lettered lines in the figure. Record the length

of each in its corresponding space at the right.
Measure all lines to the nearest sixteenth of an inch.
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1.11 What You Will Learn
In this text, you will learn the six important areas in tech-
nical graphics:

Visualization—the ability to mentally control visual
information.

Graphics theory—geometry and projection techniques.
Standards—sets of rules that govern how parts are made

and technical drawings are represented.
Conventions—commonly accepted practices and meth-

ods used for technical drawings.
Tools—devices used to create engineering drawings and

models, including both handheld and computer tools.
Applications—the various uses for technical graphics in

engineering design, such as mechanical, electrical, and
architectural.

Each chapter in the text will explain the graphics the-
ory important for a topic, integrate the visualization prac-
tices, explain the relevant standards and conventions,
demonstrate the tools used to create drawings, and apply
the topic to engineering design.

Learning to communicate with drawings is very similar
to learning to write or speak in a language. For someone
inexperienced in technical drawing, the learning process is
very similar to learning a new language. There is a set of
rules that must be learned in order to communicate graph-
ically or when learning a new language. You soon will find

out that graphics is a very effective method of supporting
the design process.

1.12 Future Trends
The convergence of technology, knowledge, and com-
puter hardware and software is resulting in a number of
nontraditional processes that can be used in the engineer-
ing design process. These new processes and technologies
can extend the circle of people in an organization that are
involved in design. Many of these future trends are begin-
ning to combine the design and manufacturing processes
into a whole. A few trends even take a more global ap-
proach of attempting to control the entire enterprise.

1.12.1 Visualization Tools

The sharing of design ideas always has been important for
the engineer. Today, however, the importance of sharing
design ideas with others is even more important. One tech-
nique that is becoming popular is the sharing of design
ideas through various computer graphics techniques. The
following is a list in order of realism and interactivity that
can be produced with computer graphics tools.

■ High-resolution rendered images are a static means of
showing initial design ideas (Figure 1.42).
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High-resolution rendered image of a CAD model
(Courtesy of Simon Floyd Design Group.)

Figure 1.42
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■ Computer animations or simulation also can be used
very effectively to share design ideas with others.

■ 3-D stereo graphics can be used to enhance the viewing
of static and animated 3-D computer images on the
computer screen (Figure 1.43).

■ Holographic and volumetric displays of 3-D computer
images are being developed that allow designers to lit-
erally walk around and through the design as it is being
created (Figure 1.44).

■ Virtual reality tools can be employed to get an even
higher level of realism by immersing the user in a 3-D
world (Figure 1.45).

■ Rapid prototyping systems are used to create real proto-
type models directly from CAD models (Figure 1.46).
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3-D stereo glasses used to enhance the
viewing of CAD models
(Courtesy of StereoGraphics Corporation.)

Figure 1.43

Volumetric display device
(© Lou Jones.)

Figure 1.44

Stereoscopic imagery displayed on a large
screen
(Courtesy of Fakespace Systems, Inc.)

Figure 1.45

Rapid prototyping system
(Courtesy of 3D Systems.)

Figure 1.46
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1.13 Summary
As a student of technical graphics, you will study and
learn to apply the tools used to create engineering draw-
ings and models. Even more important, you will learn the
underlying principles and concepts of technical graphics,
such as descriptive geometry. You also will learn the stan-
dards and conventions that will enable you to create draw-
ings and models that can be read and accurately inter-
preted by engineers or technologists anywhere.

Traditional tools are used to make technical drawings
by hand, and it takes practice and repetition to become
proficient in their use. Although with CAD there is less
emphasis on developing good technique, it still requires
practice and repetition to attain proficiency. 

The ability to draw is a powerful skill. It gives a per-
son’s thoughts visible form. Engineering drawings can
communicate complex ideas both efficiently and effec-
tively, and it takes special training to be able to produce
these complex images. If drawings are “windows to our
imaginations,” then engineering drawings are specialized
windows that give expression to the most complex, tech-
nical visions our minds can imagine.

Engineering drawing does more than communicate.
Like any language, it actually can influence how we think.
Knowing how to draw allows you to think of and deal with
many problems that others may not. A knowledge of tech-
nical graphics helps you to more easily envision technical
problems, as well as their solutions. In short, technical
graphics is a necessity for every engineer and technologist.
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Goals Review
Now that you have completed this chapter, you should be able to accomplish the goals that follow. If you need further re-
view, you can refer to the chapter section numbers shown with each goal.

1. Describe why the use of graphics is an effective
means of communicating when designing. Section 1.2

2. Define standards and conventions as applied to tech-
nical drawings. Section 1.5

3. Describe traditional and modern design processes.
Sections 1.3 and 1.4

4. Read and use scales. Section 1.10.3

5. Identify the types and thicknesses of the various lines
in the alphabet of lines. Section 1.6

6. Identify traditional tools used to create sketches.
Section 1.10

Questions for Review

1. Define the following terms: drawing, engineering draw-
ing, and technical drawing. What are the distinctions
among these terms?

2. What are ideation drawings used for?

3. What is the purpose of document drawings?

4. Why are technical drawings an important form of
communication for engineers and technologists?

5. How might graphics be used in your area of study or
work?

6. Define standards.

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Key Terms
■ Flashcards
■ Website Links

■ Animations
■ Related Readings
■ Image Library
■ AutoCAD Exercises
■ Career Opportunities
■ Case Studies
■ Stapler Design Problem
■ Career Opportunities

Online Learning Center (OLC) Features

There are a number of Online Learning Center features listed below that you can use to supplement your text reading to
improve your understanding and retention of the material presented in this chapter.
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7. Define conventions.

8. List three examples of how graphics are used in engi-
neering design.

9. Sketch and label the concurrent engineering model in
Figure 1.14.

10. Define CAD.

11. List the typical hand tools used to create a sketch.

12. Describe one technical area of interest of Leonardo
da Vinci.

Historical Highlight
Leonardo da Vinci

For example, he designed a motor that fired explosive shells,
a many-barreled machine-gun-like gun, and a vehicle resem-
bling a tank. He even designed a fortress similar to World
War II fortifications.

Because Leonardo was motivated by his desire to know
how things worked, it is not surprising that he was also
knowledgeable about mechanics. As in his other areas of
interest, Leonardo made many drawings of mechanical tools.
Some of his drawings were from the ideas of other people,
and some were his own, but they were all very detailed and
easy to understand. They were so well done that it is relatively
easy to reproduce the machines that they represent.

We know about many of the machines, tools, and ideas of
the Renaissance because of the curiosity of Leonardo da Vinci
and his habit of accurately drawing and writing things down.
Leonardo supplemented many of his writings with sketches
to better describe his thoughts. Today, sketching still is an
important method of communicating our thoughts and de-
signs and is used quite often by engineers and technologists.

Leonardo da Vinci (1452–1519) was a true Renaissance man.
He had a strong curiosity about how things worked. Although
he is best known as a painter, his interests and talents were
far-reaching. He studied everything from botany to mechan-
ics, using his creative mind to innovate and expand almost
every field that captured his attention.

Leonardo developed an interest in nature and the arts while
still quite young and received encouragement from his Uncle
Francesco. His interest continued to flourish even after he
moved away to Florence with his father. It was there that he was
apprenticed to an artist named Verrocchio. In Verrocchio’s
workshop, Leonardo learned painting techniques and how to
use artists’ tools. One such technique was the making of pre-
liminary sketches and drawings, a skill that Leonardo already
had been developing and continued to use throughout his life.
It is because of Leonardo’s drawings that we know of many ma-
chines of the time and of many of Leonardo’s studies and ideas.

Some Renaissance artists studied human anatomy and
botany to help them create more realistic works of art, and
Leonardo was no exception. He took his studies further than
most artists did, though, because he not only had an artistic
interest, but also a scientific one. He knew enough about
plants to be a botanist and made important studies and draw-
ings of different muscle groups in the human body and of the
fetus in the mother’s womb.

Leonardo also studied various methods of transportation.
He was the inventor of the lock (the kind used in canals), and
he also studied birds in flight, which led to him designing a fly-
ing machine much like the modern hang glider. We even know
from his drawings that he anticipated both the parachute and
the helicopter.

Yet another one of Leonardo’s areas of interest was
machines of war. In this area Leonardo was ahead of his time.
His designs were too impractical to be built during the Re-
naissance, but many of them resembled modern machines.

© Art Resource.
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Workbook Problems

Workbook Problems are additional exercises to help you
learn the material presented in this chapter. The problems
are located at the back of the textbook and can be removed
from the book along the perforated edge.

1.1 Alphabet of Lines. Identify each line type in the
space provided. 

1.2 Scales. Measure the object and print the dimen-
sions in the space provided.

1.3 SI Scales. Measure the object and print the dimen-
sions in the space provided.

Problems

1.1 Research and report on an important historical fig-
ure in engineering design, such as Henry Ford,
Thomas Edison, the Wright brothers, or Alexander
Graham Bell.

1.2 Identify at least five other individuals who worked
as engineers and had an impact on society.

1.3 Research and report on an important historical
engineering achievement, such as airplanes, space
flight, computers, or television.

1.4 Identify three new products that have appeared on
the market in the last five years.

1.5 Research and report on an important historical fig-
ure in graphics, such as Gaspard Monge, M.C.
Escher, Thomas Alva Edison, Leonardo da Vinci,
Albrecht Durer, or Frank Lloyd Wright.

1.6 To demonstrate the effectiveness of graphics com-
munications, write a description of the object
shown in Figure 1.47. Test your written description
by having someone attempt to make a sketch from
your description.

1.7 Interview a practicing engineer or technologist and
ask how graphics is used in his or her daily work.

1.8 Ask the practicing engineer or technologist what
changes are taking place in his or her profession.

1.9 Determine the measurements shown on the metric
scale (Figure 1.48).

1.10 Determine the measurements shown on the me-
chanical scale (Figure 1.49).

Bearing block to be described verballyFigure 1.47
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Design in Industry
Arc Second

locate the center of gravity and distribute the internal com-
ponents to achieve a perfect ergonomic weight balance.

Engineering
Our designers and engineers collaborated to streamline the
engineering process. Whenever possible, “off the shelf”
parts were utilized to reduce time to market. An accurate
and fully detailed computer model was crucial for this
project to come together on schedule.

Knowing that changes would likely be made, the Pro-E
models carefully were constructed to best facilitate down-
stream modifications. This database allowed us to check
clearance and interference, leave room for cables and fas-
teners, and give accurate, functional assembly drawings to
the client.

Production Parts
Pleased with our work thus far. Arc Second was anxious to
field test these units. Our prototype staff was contracted to
create functional prototypes before committing to costly
hard tooling. Utilizing our engineer’s Pro-E data, we
created RTV silicone molds from SLA masters. With these
molds, we produced copies using two-part polyurethane.
The units were then sprayed with a soft polyurethane coat-
ing which looked, felt, and performed like production in-
jection molded parts. The coating also sealed the original
material and protected it from UV rays. In addition, we
cast the soft rubber “boots” that protected the hand held
computer interface. All parts were test fit in our shop be-
fore shipping to Arc Second for final assembly.

Ultimately, Priority Designs was contracted to produce
90 fully functioning Beta production units, which have
been, and continue to be used and evaluated by consumers.

36

This case study describes the design of a 3-D digitizing
system. In this case study, you will see examples of how
sketching is used and the importance of sketching in the
design process to create this new product.

What Vulcan Does
The digitizing system consists of two laser transmitters
and a wand receiver. The transmitters emit overlapping
signals which create a digital grid and the wand receiver
picks up the signal and triangulates the position of the tip
relative to the transmitters. In plain English, it means a
person can walk around—free from wires—and simply
click off precise measurements or navigate to a predeter-
mined coordinate with ease.

The data is collected and saved to the CE box, and it
can be downloaded directly into a CAD system via propri-
etary software. This allows for inspection, navigation, and
modeling directly in CAD.

Brainstorm Sketching
To achieve our goals, we first pooled all of our internal de-
sign staff together and created fast, rough brainstorm
sketches. These sketches allow us to quickly explore and
communicate our ideas with each other and the client.
During the first week, work began in earnest to create a
platform which would incorporate all of the features and
functionality that Arc Second needed. It also was impor-
tant to establish a language of aesthetics that would differ-
entiate Arc Second from it’s competitors.

Presentation Model
After a final direction was chosen by the client, the design
was transformed into a three-dimensional model, which
allowed all team members on the project to see and touch
it. This ensures that everybody involved is on the same
page. At this point, the final aesthetic direction can be
evaluated, as well as sizing and component packaging. Al-
though many details will change, the overall look was
locked in. Molded in solid foam, it was realistic enough to
be shown at trade shows to gage consumer acceptance.

CAD Modeling
After the final design and graphics were chosen by the
client, the foam model was digitized. This allowed our en-
gineers to electronically model all of the components using
Pro-Engineer. We were now able to test-fit parts, analyze
tolerances, and check interfaces before making the actual
components. Additionally, our engineers were able to (Courtesy of Priority Designs (www.prioritydesigns.com).)
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2
Sketching and Text

It adds a precious seeing to the eye.

—William Shakespeare

Objectives and Overview
After completing this chapter, you will be able to:

1. Define technical sketching.

2. Describe how sketching integrates into the design
process.

3. Identify and define two types of sketches.

4. Create a design sketch using pencil or computer.

5. Identify and use sketching tools.

6. Use grid paper to create sketches.

7. Lay out a sketch using proportions.

8. Follow good hand-lettering practice to add text to a
drawing.

9. Identify important practices when using CAD to add
text to drawings.

10. Use sketching to draw lines, circles, arcs, and curves.

11. Use various sketching techniques, such as contour
and negative space sketching, to improve your
sketching technique.

12. Describe how sketching is used for parametric
modeling.

Sketching is an important method of quickly communicat-
ing design ideas; therefore, learning to sketch is necessary
for any person working in a technical field. Sketching is as
much a way of thinking as it is a method of recording
ideas and communicating to others. Most new designs are
first recorded using design sketches.

This chapter introduces you to sketching techniques.
Later chapters show you how to take your sketched design
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ideas and formalize them in models or drawings that can
be used in analysis and manufacturing.

Lettering is part of sketching and drawing. Before
CAD, lettering had much more emphasis in engineering
and technical graphics. Now it is no longer necessary to
spend hours working on lettering technique. CAD systems
offer the user many different typestyles that can be varied
in a number of ways.

2.1 Technical Sketching
There are three methods of creating technical drawings:
freehand, mechanical, and digital, as shown in Figure 2.1.
Technical sketching is the process of producing a rough
preliminary drawing representing the main features of a
product or structure. Such sketches traditionally have been
done freehand; today, CAD systems also can be used. A
technical sketch generally is less finished, less structured or
restricted, and it takes less time than other types of freehand
illustrations (Figure 2.2).Also, a technical sketch may com-
municate only selected details of an object, using lines;
whole parts of an object may be ignored, or shown with less
emphasis, while other features may be shown in great detail.

Technical sketches can take many different forms, de-
pending on the clarity needed and the purpose of the sketch,
both of which depend on the audience for which the sketch
is intended. For example, a sketch made quickly to record a
fleeting design idea may be very rough (Figure 2.3). This
type of sketch is for personal use and is not meant to be un-
derstood by anyone but the individual who produced it. A
sketch also may use the format of a more formal, multiview
drawing intended to be used by someone who understands
technical drawings (Figure 2.4). However, this type of
sketch would not be appropriate for a nontechnical person.
Pictorial sketches would be used to further clarify the design
idea and to communicate that idea to nontechnical individu-
als (Figure 2.5). Shading can be used to further enhance and
clarify a technical sketch (Figure 2.6 on page 40).

The most common types of projection used in sketch-
ing are multiview, isometric (one type of axonometric),
oblique, and perspective, as shown in Figure 2.7 on
page 40. (See also Figure 5.1 in Chapter 5, Multiviews and
Visualization.) These four types of projection can be placed
in two major categories: multiview sketches and pictorial
sketches. Multiview sketches present the object in a series
of projections, each one showing only two of the object’s
three dimensions. The other three types of projection,
grouped as pictorial sketches, present the object in a single
pictorial view, with all three dimensions represented. There
are always trade-offs when using any type of projection;

some are more realistic, some are easier to draw, and some
are easier to interpret by nontechnical people.

Technical sketches are used extensively in the first
(ideation) stage of the design process and are an informal
tool used by everyone involved in the design and manu-
facture of a product (Figure 2.8 on page 40). For example,
an industrial technologist might make several sketches of
a layout for a factory floor.

Many designers find that sketching becomes part of
their creative thinking process. Through the process of
ideation, as explained in Chapter 11, the Engineering De-
sign Process, sketching can be used to explore and solid-
ify design ideas that form in the mind’s eye, ideas that are
often graphic in nature. Sketching helps capture these
mental images in a permanent form. Each sketch is used as
a steppingstone to the next sketch or drawing, where ideas
are refined, detail is added, and new ideas are formed.

On a large project, hundreds of sketches are created,
detailing both the successful and the unsuccessful ap-
proaches considered for solving the design problem. Since
all but the smallest of design projects are a collaborative
effort, sketches become an important tool for communi-
cating with other members of the design team.

At the early stages of the design process, highly
refined, detailed drawings can actually impede the

38 CHAPTER 2

DIGITAL

Technical drawings are created using freehand, mechanical, or
digital means. Freehand drawings are known as sketches and
are an important communication tool that engineers use
frequently when designing.

Figure 2.1

Less Detail,
Less Structure,
Fewer Restrictions

More Detail,
More Structure,

More Restrictions

Freehand drawings are grouped by the level of detail, structure,
and restrictions used to create the sketch.

Figure 2.2



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

2. Sketching and Text Text 51© The McGraw−Hill 
Companies, 2007

Sketching and Text 39

Technical sketch
A rough technical sketch can be made to capture a design idea quickly. 
(Courtesy of Ziba Design.)

Figure 2.3

Multiview sketch of a mechanical part, used
by the engineer to communicate technical information
about the design to others

Figure 2.4 Pictorial sketch
Pictorial sketches are used to communicate technical informa-
tion in a form that is easy to visualize.

Figure 2.5
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exploration of alternative ideas. What is needed are infor-
mal, nonrestrictive sketches that can communicate both
geometric and nongeometric information and can be pro-
duced quickly and changed easily. Technical sketching,
being fast and less restrictive, can convey ideas at a level
of detail that communicates the design intent and, at the
same time, allows the viewers to imagine for themselves
how different solutions might further the design. Sketches
as a communications tool encourage collaborative contri-
butions from other members of the design team.

Traditionally, a sketch would be defined as a freehand
drawing; that is, a drawing produced without instruments.
A more modern definition of sketching would include
CAD-based tools (Figure 2.9). With some newer graphics
software employing flexible, unrestrictive tools, the user
can quickly rough out 2-D and 3-D designs. These draw-
ings later can be refined for use by more traditional CAD
software tools. Even though a computer can be used for
sketching, there still will be many times when it is prefer-
able to use paper and pencil because of convenience,
speed, and ease of use.

2.1.1 Freehand Sketching Tools

Normally, tools used for sketching should be readily avail-
able and usable anywhere: pencil, paper, and eraser.

40 CHAPTER 2

Shaded sketch
This rendered sketch is an example of the amount of detail
that can be used when creating sketches. This type of sketch is
more appropriate for technical illustrations than for design
communications.
(Tim Brummett, Purdue University.)

Figure 2.6

Sketching is used throughout the design process to communi-
cate information.

Figure 2.8

(A)  Multiview (B)  Axonometric

(C)  Oblique (D)  Perspective

Classification of sketches
Various projection techniques are used to create four basic
types of sketches: multiview, axonometric, oblique, and per-
spective. The sketches shown in B, C, and D are called pictorial
because they represent the object as a 3-D form. The multiview
sketch uses multiple flat views of the 3-D object to accurately
represent its form on 2-D paper.

Figure 2.7
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Though variations on these tools are numerous and so-
phisticated, the goal of technical sketching is simplifica-
tion. Just a couple of pencils, an eraser, and a few sheets of
paper should be all that is needed. Many a great design
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idea was born on the back of a napkin with a No. 2
wooden pencil! Though there may be a temptation to use
straightedges, such as T-squares and triangles, a minimum
amount of practice should allow you to draw lines good
enough for sketches without these aids. Mechanically
drawn lines can slow you down, add a level of accuracy
not needed in the early stages of a design, and restrict the
types of forms explored.

Pencils The lead used in pencils comes in many different
hardnesses; the harder the lead, the lighter and crisper the
line. For general-purpose sketching, leads in the H and HB
range will give you acceptable lines. If the lead is much
harder, the lines will be too light and hard to see. In addi-
tion, hard lead has a tendency to puncture and tear some of
the lighter-weight papers used in sketching. On the other
hand, if the lead is too soft, too much graphite is deposited
on the paper and can be smudged easily. Leads in the mid-
dle range allow for a dark, relatively crisp line.

With any weight of lead, you can vary the darkness of
the line to some degree. With wooden pencils, lighter lines
can be drawn by dulling the point of the lead. With a thin-
lead mechanical pencil, the lead essentially always is
sharp. Lighter lines can be drawn by easing the pressure
on the mechanical pencil as you draw.

Though traditional wooden pencils can be used for
sketching, it is more common to use mechanical pencils. If
only a single mechanical pencil is used, one with a 0.5-mm
lead size is probably the best. However, if you want to em-

phasize a group of lines by drawing them thicker, you may
want to work with a set of pencils, each with a different
lead thickness. The alternative is to draw over the lines a
number of times. This is less desirable since it is impossi-
ble to draw freehand exactly along the same path twice;
each time you draw over a line, you widen or slightly
change its path. Also, it is useful to have one pencil with a
somewhat harder lead, such as 2H or 4H, to produce a
slightly lighter line for preliminary construction lines.

Eraser Erasing should only be used to correct mistakes in
a line, not to make changes in a design. Such changes
should be recorded on a separate sketch, and the original
sketch should be preserved. Still, most people find that a
small amount of erasing is helpful. Usually, the eraser on
the end of the pencil is sufficient. However, if you are
going to do a lot of sketching, you may need a separate
eraser, and one of any size or shape will do. You might con-
sider a gum eraser, since it leaves less residue when used
and reduces smudging when you are handling the paper.

Paper There is a wide range of paper choices for sketch-
ing (including a napkin you could draw on during lunch).
The most accessible and easiest to use is notebook-size
(81⁄2� � 11�) paper. Because of the difficulty of drawing
long lines freehand, paper much larger than that is nor-
mally not useful for a single sketch. On the other hand,
larger paper is useful for drawing multiple sketches that
should be visually grouped together.

Sketching and Text 41

CAD sketch and painting tools
Sketches can be created using CAD software. This software allows you to model architectural structures quickly.
((a) Courtesy of Paradigm Productions, Memphis USA www.2dimes.com. (b) Courtesy of HLM Architects, UK.)

Figure 2.9
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Plain bond paper with no lines offers the highest degree
of flexibility; lined paper tends to lock you in visually to
drawing along the lines. However, when you want the
guidance of existing lines on the paper, it is most useful to
have the lines running along both dimensions, forming a
grid. Two of the most common grid papers used in sketch-
ing are square grid (Figure 2.10A) and isometric grid
(Figure 2.10B) for use in certain types of pictorial sketch.
Common grid densities run from 4 to 10 lines per inch.

Often, it would be useful to have grid lines for the
sketch, but not for the final drawing. One way this can be
achieved is to sketch on thin, plain, semitransparent trac-
ing paper laid over the grid paper and taped down so that
the grid lines show through. When the sketch is done, it is
untaped from the grid paper and viewed without the grid
lines behind it. This technique is also a money saver, be-
cause grid paper is more expensive than tracing paper
(often called trash paper), which can be bought in bulk on
rolls. The other advantage to tracing paper is that it can be
laid over other sketches, photos, or finished technical
drawings. A light table can be used to improve the tracing
process. Tracing is a fast, accurate method for refining a
design idea in progress, or for using an existing design as
the starting point for a new one.

2.1.2 CAD Sketching Tools

With a CAD system, a scanner can be used to scan an ex-
isting image into the computer. Scanned images enter the
computer as raster images; that is, a tight grid of dots of
varying color. This type of image is not directly usable in
most CAD systems and must be transformed to vector
(line) information. The scanned raster image, then, is used
by the CAD operator as the template for tracing to create a
vector image. This technique is comparable to the way
tracing paper is laid over an existing drawing.

Constraint-based 3-D modeling CAD systems also
have a sketch feature that is used to make a rough layout
of a feature using unconstrained lines. Constraints then
are placed on the features in the form of basic geometric
forms, such as parallel, perpendicular, horizontal, vertical,
concentric, and many others. Dimensional constraints also
are placed on the features.

2.2 Sketching Technique
It takes practice and patience to produce sketches that
both are legible and made quickly. The following sections
describe common techniques used to produce good
sketches quickly. The discussions cover the tools and the
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(A) (B)

Square (A) and isometric (B) grids used for sketching
The grid lines are used as an aid in proportioning the drawing and sketching straight lines freehand.

Figure 2.10
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techniques for creating straight lines, curves (such as cir-
cles and arcs), and proportioned views. With patience and
practice, it is possible for you to become good at making
quick, clear sketches, regardless of your experience and
natural drawing ability.

2.2.1 Seeing, Imaging, Representing

There are certain fundamental skills that must be learned in
order for sketching to be used as a tool for design. Over a
period of time and with practice you will be able to acquire
most of the skills and knowledge necessary to create de-
sign sketches. Sketching is based on seeing (perception)
and visual thinking through a process of seeing, imaging,
and representing (Figure 2.11). Seeing is our primary sen-
sory channel because so much information can be gathered
through our eyes. It is our best-developed sense and one we
take for granted every day as we easily move through our
environment. Seeing empowers us to sketch. 

Imaging is the process used by the mind that takes the
visual data received by our eyes to form some structure
and meaning. The mind’s eye initially creates the images
whether real or imagined, and these are the images used to
create sketches. Representing is the process of creating
sketches of what our minds see. 

Seeing and imaging is a pattern-seeking process where
the mind’s eye actively seeks those features that fit within
our interests, knowledge, and experiences. Figures 2.12
and 2.13 on the next page are examples of sketches that
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SKETCHING

REPRESENTING

SEEING IMAGING

The sketching process
Sketching is based on the interactive process of seeing,
imaging, and representing.

Figure 2.11

Pattern-seeking process of the human mind
In the illusion at the top, created by psychologist E. G. Boring
in 1930, you can see either the head of an older woman or the
profile of a younger woman. The illustration on the bottom can
be viewed as either a vase or two profiles of the same person
facing each other.

Figure 2.12
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Different interpretations of the same object
In this example a cubelike illustration can be interpreted as a
cube viewed from above, a cube viewed from below, or a cube
with transparent sides, which also can look like a flat hexagon-
like figure.

Figure 2.13

Practice Exercise 2.1
Our perception is not limited to what we can see. Images
often appear spontaneously in response to a memory recall.
In this exercise, read the words and see if visual images are
created in your mind’s eye.

1. Your bedroom where you grew up as a child, or the
street you lived on.

2. A close relative, a famous actor, or a close friend
from high school.

3. A basketball sitting at center court on your high
school gym floor. Try sketching the basketball on the
floor.

Your response to these written prompts is an example of
your visual memory. You are thinking visually, which is a very
powerful way of thinking when designing.

2.2.2 Contour Sketching

The most fundamental element to creating sketches is the
line or the outline of an object. The lines or outlines of an
object are used to represent the edges and contours of ob-
jects we see in the world. If we sketch the boundaries, an
object slowly takes shape and we begin to recognize it as
a familiar object. This technique of sketching the outline
of an object is called contour sketching and is an impor-
tant technique used by novice sketchers to gain confidence
in their sketching ability. Contours on objects can take the

Step by Step: Making a Contour Sketch
In this exercise, you are to create a sketch of the stapler
shown in Figure 2.15 using the contour sketching technique.
Step 1. Using a plain piece of white paper and a soft lead

pencil, place your drawing hand with the pencil near the
center of the paper.

Step 2. Orient the paper in a comfortable position for
sketching.

Step 3. Comfortably and in a relaxed manner, very slowly
begin to trace the outline of the object with your eyes.

Step 4. Slowly move your pencil across the paper as your
eye scans the outline of the object. Do not erase or
sketch over lines and do not look at your sketch. Sketch
very slowly and deliberately.

Step 5. Continue to draw each edge as you view it at a
slow and deliberate pace.

Step 6. Look at your sketch after you have completed
viewing the contours of the object.

form of edges of an object, lines that separate contrasting
light or color, changes in the surface of an object, and
overlapping parts. The primary reason for contour sketch-
ing is to develop your visual acuity and sensitivity to
important object features which are necessary to create
accurate sketched representations.

When first learning how to use contour sketching, begin
by slowly tracing the outline of an object with your eyes
while slowly sketching what you see. At first the sketch
may seem crude and out of proportion, but with practice
your sketches will be quite good. Figure 2.15 shows an ex-
ample of a contour sketch created by carefully looking at
the outline of the object and sketching what you see without
looking at the paper. Figure 2.16 is a sketch created by care-
fully looking at the outline of the object and looking at the
paper as you sketch. Both techniques are useful when learn-
ing how to observe and create sketches of what you see.can be interpreted in more than one way. It also is  possi-

ble to make sketches of objects that cannot exist in the real
world. M.C. Escher was a genius at creating sketches and
drawings of objects or environments that could not exist in
reality (Figure 2.14).

Contour sketch of a stapler made without
looking at the paper
A contour sketch is created by carefully observing the outline of
an object while sketching without looking at the paper. This
technique is used to improve your sketching ability.

Figure 2.15
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Optical illusion
Follow the path of the water in this illustration to see the optical illusion created by M. C. Escher. You can also see Escher’s early de-
sign sketches of the waterfall.
(M.C. Escher’s “Waterfall” © 2000 Cordon Art B.V. -Baarn-Holland. All rights reserved.)

Figure 2.14
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2.2.3 Negative Space Sketching

Some people have difficulty drawing objects, but that can
be overcome by trying various sketching and visualization
techniques, such as negative space sketching. Figure 2.17
shows an example of a positive space and negative space
sketch of a cut-block. The positive space sketch has the
positive space shaded, that is, the object itself is shaded
and the surrounding area is not (Figure 2.17A). The nega-
tive space sketch has the space outside of the object
shaded and not the object itself (Figure 2.17B).

For negative space sketching, you concentrate on the
spaces between or around the object and not the object
itself. In other words, you concentrate on the geometry of
the object, such as lines, curves, angles, tangencies, and
not the names of the object, such as handle, hole, base,
cube, leg.
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Contour sketch of a stapler made while
looking at the paper
This contour sketch was created by looking at the object, then
looking at the paper as the sketch was produced.

Figure 2.16

Shaded Object

Negative space sketching
Negative space sketching produces a sketch having only the
spaces between the object and not the object itself.

Figure 2.17

Step by Step: Making a Modified Contour Sketch
In this exercise, you are to create a contour sketch but you will
be able to look at your sketch as you are working (Figure 2.16).
Step 1. Using a plain piece of white paper and a soft lead

pencil, place your drawing hand with the pencil near the
center of the paper.

Step 2. Orient the paper in a comfortable position for
sketching.

Step 3. Comfortably and in a relaxed manner, very slowly
begin to trace the outline of the object with your eyes.

Step 4. Slowly move your pencil across the paper as your
eyes scan the outline of the object. Do not erase or
sketch over lines. Sketch very slowly and deliberately.

Step 5. Occasionally look at your sketch to match it with
the object being drawn.

Step 6. Continue to draw each edge and interior edges as
you view it at a slow and deliberate pace.

Step by Step: Making a Negative Space Sketch
For this exercise, you are to create a negative space sketch
of the object shown in Figure 2.17.
Step 1. Use a plain sheet of white paper and begin by

sketching the box surrounding the object.
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2.2.4 Upside-Down Sketching

Upside-down sketching is another method that can be
used to improve your sketching ability. In this technique,
you take a photograph of a recognizable object, such as
a chair, and turn it upside-down before sketching it. By
turning it upside-down, you can concentrate on the shape
and form of the object, allowing you to create a better
sketch. Figure 2.18 is a photograph of a table that is
upside-down. Carefully sketch the outline of the object
by concentrating on the geometry or form and not the
names of the parts, such as legs or feet. By doing so,
you will be able to create a more accurate sketch of the
object.

2.2.5 Straight Lines

All sketches are made up of series of lines. Lines created
for sketches differ from mechanically produced lines in
that they are not constrained or guided by instruments, such
as a T-square, template, or compass. Instead, the lines are
guided strictly by the eye and hand. Such lines have a dif-
ferent aesthetic quality than mechanical lines (Figure 2.19).
At a micro level, sketched straight lines are uneven; at a
macro level, they should appear to follow a straight path
without any interruptions (Figure 2.20).

One of the easiest guides to use for sketched lines is
grid paper. Lines drawn right on the grid are the easiest to
produce, and even those lines that are offset but parallel to
a grid line are fairly easy to produce. The idea is to keep
your sketched line a uniform (but not necessarily equal)
distance between two existing grid lines.

Curved lines, straight lines not parallel to a grid line,
and lines drawn without the aid of a grid are more difficult.
In all of these cases, the lines are drawn as interpolations
between two or more points. The points typically are
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Step 2. Sketch over the top of the negative spaces in the
figure to reinforce that you are going to be sketching the
negative spaces and not the object itself.

Step 3. Focus on one of the outlined negative spaces just
created in Step 2 until you can visualize the negative
space.

Step 4. Now begin sketching the negative space form on
your sheet of paper. Concentrate on drawing lines and
curves by determining the angles, lengths, tangencies,
and other geometric characteristics.

Step 5. Repeat Steps 3 and 4 until all the negative space
has been created.

Sketched

Mechanical

Yes

No!

No!

No!

Upside-down sketching
Sketching the outline of the object by concentrating on the geo-
metric forms.
(Courtesy of Lunar Design.)

Figure 2.18

A comparison of mechanically drawn and
sketched lines

Figure 2.19

Examples of good and bad straight-line
technique
Sketched lines should be straight and dark, and they should
have a consistent thickness.

Figure 2.20
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marked on an engineering drawing as two intersecting
lines, one horizontal and one vertical, and each approxi-
mately 3⁄16� long. Your eye should take a “global” view of
all the points to be connected and should guide your hand
as it goes from point to point.

Quite often, the sketched line is built up from a
sequence of two or three passes with the pencil (Fig-
ure 2.21). The first pass is drawn light, using a hard lead,
such as a 4H, sharpened to a point, and may not be as
straight as your final line will be; however, it should pro-
vide a path on top of which the final, even darker line is
drawn. For particularly long lines, the initial line may be
drawn in segments, coming from the two endpoints and
meeting in the middle; however, the final line should be
drawn in a single pass to avoid choppiness. If necessary,
another pass can be used to darken or thicken the line.

Long lines are difficult to control, even for someone with
a lot of experience. If you cannot choose a drawing scale
that reduces the size of the sketch, use grid paper as a guide,
drawing either directly on the grid paper or on tracing paper
placed on top of the grid paper. If the line is parallel and rel-
atively close to the edge of the paper, you can rest a finger or
a portion of your palm along the edge of the paper to stabi-
lize your drawing hand (Figure 2.22). If necessary, you can
use a ruler or a scrap of paper to mark a series of points on
the sketch, but this will slow you down a bit.

Another technique that helps when drawing lines of
any length is changing the orientation of the paper.
Sketching paper should not be fixed to your drawing sur-
face. Instead, you should be able to rotate the paper
freely, orienting it in the direction that is most comfort-
able. Practice will determine which orientation is best for
you. Many people find that drawing the lines by moving
away from or toward the body, rather than from left to
right, produces the quickest, straightest lines; others find
it most comfortable if the paper is angled slightly away
from the body. Again, the longer the line, the more
important it is that the paper be positioned comfortably
for you.

To sketch quickly, accurately, and without fatigue,
your hand and the rest of your body should be relaxed.
Paper orientation should allow your whole forearm to be
in a comfortable position. Your hand also must be relaxed
and comfortable. Students learning to sketch often be-
lieve that sketched lines must be as rigid as mechanically
drawn lines, and they assume that the tighter they grip the
pencil, the more control they will have over the line. In
fact, the opposite is true. A more relaxed grip (though not
relaxed enough to let the pencil float in your hand) will
allow the eye and mind to control the pencil more
directly, making almost subconscious corrections to keep
it on track.

With experience, although you will be conscious of
where you are drawing from and to, the actual drawing of
the line will be virtually automatic. The idea is to find the
right balance between relaxed, comfortable drawing and
sloppy, loose drawing. Though not drawn with instru-
ments, sketched lines should still be crisp, and straight
lines should be easily distinguishable from those that are
supposed to be curved.

The following summarizes the techniques used to
sketch straight lines:

■ Orient the paper to a comfortable position. Do not fix
the paper to the surface

■ Mark the endpoints of the lines to be sketched
■ Determine the most comfortable method of creating

lines, such as drawing from left to right, or drawing
either away from or toward your body

■ Relax your hand and the rest of your body
■ Use the edge of the paper as a guide for making straight

lines
■ Draw long lines by sketching a series of connected

short lines
■ If necessary, draw on grid paper or on tracing paper that

is overlaid on grid paper
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Sketching lines
The sequential drawing of a straight line is done by first draw-
ing a very light line, using short strokes. The light line is then
drawn over and darkened.

Figure 2.21

1st Pass

2nd Pass

Step by Step: Sketching Straight Lines
In this exercise, you are to create a series of 5� long parallel
lines equally spaced at 0.5�. Refer to Figures 2.20 and 2.21.
Step 1. Lightly mark the endpoints of the lines to be

sketched on 81⁄2� by 11� paper.
Step 2. Orient the paper in a comfortable position for

sketching.
Step 3. Comfortably and in a relaxed manner, position your

hand so that the pencil is close to one of the marked
endpoints of the first line to be sketched. Sketch the top
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2.2.6 Curved Lines

Curved lines need multiple guide points. The most com-
mon curve is a circle or circular arc. Though very small
circles and arcs can be drawn in one or two strokes and
with no guide points, larger circles need some preliminary
points. The minimum number of points for a circle is four,
marked on the perimeter at equal 90-degree intervals. For
an arc, use at least one guide point for every 90 degrees
and one at each end.

There are a number of ways to lay out the guide points
for circular curves quickly. One way is to draw a square
box whose sides are equal to the diameter of the circle
(Figure 2.23A). The midpoints on each side of the square
mark the points where the circle will touch the square.
These points are called points of tangency. More guide
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Finger rigid—
slide along edge

Keep this
distance from
edge

Strip of paper

Sketching long lines
Very long lines can sometimes be more difficult to sketch. One technique is to use the edge of the paper as a guide for your hand.
Another technique is to mark equal distances from the edge of the paper using a marked scrap of paper as a guide. The marks are
then used as a guide to produce the line.

Figure 2.22

line first, to avoid smearing newly sketched lines with
your hand.

Step 4. Quickly scan the two endpoints of the first line, to
determine the general direction in which you will be
sketching.

Step 5. Lightly sketch a short line, approximately 1� long,
by moving your hand and the pencil in the general direc-
tion of the other end of the line.

Step 6. Repeat Steps 4 and 5 until the other end of the line
is reached.

Step 7. Return to the starting point of the line and overdraw
the line segments with a slightly longer, heavier stroke, to
produce a thick, dark, more continuous straight line.

Step 8. Repeat Steps 3 through 7 to sketch the remaining
straight lines.

(A) (B) (C) (D)

ra
diu

s

2
3

4

2

3 1

Sketching a circle
Sketching a circle is easier using one of the techniques shown. For small circles, use a square or multiple center lines to guide the
construction process. For large circles, use a scrap of paper with the radius marked on it as a guide.

Figure 2.23
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points can be added by drawing the two diagonals across
the square. The center of the circle being sketched is the
point where the diagonals cross (Figure 2.23B). Mark the
guide points on each diagonal approximately two-thirds
the distance from the center of the circle to the corner of
the square. This distance is the approximate radius of the
circle (Figure 2.23C).

As with longer straight lines, large arcs and circles are
harder to draw and may need guide points marked at more
frequent intervals. To do this, it is handy to use a scrap of
paper with the radius marked on it (Figure 2.23D).

Circular arcs are drawn the same way as circles, adjust-
ing the number of points to suit the degree of curvature (i.e.,
the length) of the arc. Noncircular arcs, however, can be
more difficult. Since these lines are only to be sketched, cal-
culating the points that the curve should pass through is too
involved and is not recommended. Simply use the eye to es-
timate guide points and then gradually draw a curve to pass
through those points. (Ellipses and curves in multiview
drawings are two special cases treated later in this chapter.)

As with straight lines, positioning the paper and using
a relaxed grip are important for helping you create good
curves. Unlike straight lines, curves usually are drawn
best in a series of arcs of not more than 90 degrees. After
each arc is drawn, rotate the paper for the next segment of
arc. With practice, you may be able to eliminate rotating
the paper for smaller arcs, but you probably will have to
do so for larger ones.

A common pitfall when drawing circles is not estimat-
ing the degree of curvature properly. This leads to arcs that
are too flat, too curved, or both (Figure 2.24). Until you
get better, more points along the arc will help guide you.

50 CHAPTER 2

BothToo flat Too curved

Poorly drawn circles will have flat areas and
sharp curves

Figure 2.24

Step 6. Sketch the circle by creating eight short arcs, each
between two adjacent marks on the perimeter. Start at any
mark and sketch an arc to the next mark (on either side of
the first one, whichever is most comfortable for you).

Step 7. Rotate the paper and sketch the next arc from the
last mark you touched to the next mark on the perimeter.
Repeat this step until all eight arc segments have been
sketched. For smoother sketches, rotate the paper in the
opposite direction from the one you used to draw the arc.

Step 8. Overdraw the arcs with a thick, black, more contin-
uous line to complete the sketched circle.

Step by Step: Sketching a Circle or Arc
The following steps demonstrate how to sketch a circle or
arc. Refer to Figures 2.23 and 2.24 as a guide.
Step 1. Orient the paper in a comfortable position and relax

your grip on the pencil. Lightly mark the corners of a
square with sides equal in length to the diameter of the
circle or arc to be sketched.

Step 2. Lightly sketch the square, using short strokes to
create the straight lines.

Step 3. Mark the midpoints of the four sides of the square.
This gives you four marks on the perimeter of the circle.

Step 4. Sketch diagonals across the corners of the square.
Where the diagonals cross is the center of the circle.

Step 5. Mark the diagonals at two-thirds the distance from
the center of the circle to the corner of the square. This
gives you four more marks on the circle’s perimeter.

Step by Step: Sketching Ellipses for Multiview
Drawings
Lines, arcs, circles, and ellipses are common features
sketched in multiview drawings. Sketching lines, arcs, and
circles was explained earlier in this chapter. Occasionally, it
is necessary to sketch an ellipse on a multiview drawing.
Smaller ellipses can be sketched inside a rectangular
bounding box whose dimensions equal the major and minor
axes of the ellipse (Figure 2.25A).

For larger ellipses, the trammel method, explained below,
may be needed (Figure 2.25B).
Step 1. Mark half the length of the major axis of the ellipse

on a piece of scrap paper and label the endpoints A and
C, as shown in Figure 2.25B, Step 1. The scrap paper is
the trammel.

Step 2. Mark half the length of the minor axis of the ellipse
on the piece of scrap paper, starting from point A and
label the endpoint as B.

Step 3. Sketch the major and minor axes and use the tram-
mel to mark points along the ellipse. This is done by
placing point C anywhere on the minor axis and point B
on the major axis and then placing a mark at point A.
Repeat the process by moving the trammel, until you
have a series of points marked.

Step 4. Connect the points to complete the ellipse.
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2.3 Proportions and Construction Lines
Frequently, in the sketch of an object, the relative propor-
tions of its primary dimensions—width, height, and
depth—are more important than their actual physical
sizes. A proportion is the ratio between any two dimen-
sions of an object. These proportions are represented in
the sketch by a series of preliminary lines, which are
drawn light and fast, and which may or may not represent
the locations of the final lines in the sketch. Their purpose
is to form a backbone, a structure inside which the final
linework can be drawn.

The first step in a sketch involves drawing the con-
struction lines, which guide a sketch’s overall shape and
proportion. Construction lines are very light, thin lines
used to roughly lay out some of the details of sketches or
drawings. Do not try to draw the construction lines to
exact lengths, since lengths are marked later, by either in-
tersecting lines or short tick marks.

Construction lines have two primary features: the lines
themselves, and the intersections created where two lines
cross. For example, the construction lines become the
paths for the final straight lines. Points marked by the

intersections of construction lines guide the drawing of
circles. Usually, both of these features are used in creating
sketches. Since all the dimensions of a sketch are estimated,
groups of construction lines forming boxes and other shapes
are an important tool for preserving the shape and propor-
tion of the object and its features as the sketch is developed.

Grid paper can be used as a guide in creating construc-
tion lines, but should not be thought of as a substitute,
since the grid does not directly represent the proportions
of the object, and there are many more grid lines than
there are features on the object. The goal is to draw con-
struction lines on top of the grid to reveal the form of the
object. With experience, you may be able to make do with
fewer construction lines, but while you are learning how
to create properly proportioned sketches, you should use
more, rather than fewer, construction lines to guide you.

The level of detail in many objects can be daunting for
beginners. The best strategy—even if you are an experi-
enced artist—is to draw the object in stages. Before be-
ginning a sketch, look at the object carefully and identify
its various features. One feature could be the entire object.
Other features may be holes, notches, rounded corners, etc.
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Step 3

A

B
C

Step 4Step 1

1/2 Major Axis 1/2 Minor Axis 

A B C

Step 2

A B C

(A)

(B)

Major Axis 

Minor Axis 

Sketching ellipses
An ellipse is created by sketching the major and minor axes, then sketching a rectangle whose sides are equal to the axes. A scrap of
paper can be used to create an ellipse, using the trammel method.

Figure 2.25
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DREAM HIGH TECH JOB
Designing Recreational Vehicles

T he engineering design process is used in many types of
jobs from the design of consumer product packaging to

the design of land and watercraft recreational vehicles. An
understanding of the design process and sketching skills
along with formal education in a field of engineering can lead
to exciting job opportunities, such as the one described here
of an engineer working at Bombardier Recreational Products.

Whizzing along the muddy, leaf-strewn trail, Claude
Gagnon holds firmly to his Traxter 500 as he accelerates this
seriously powerful four-wheeler past logs and rocks. His fel-
low riders roar off close by in various other all-terrain vehicles,
or ATVs, which are popular in this picturesque trail network
just north of Montreal. It is nearly dusk on a crisp fall day
when Gagnon and his colleagues reach the camp where they

will spend the night, tired but looking forward to another day
of rough-riding adventure.

A weekend of high adrenaline with friends? Not exactly.
For Gagnon and the others, the fun was important, but that
trip was work as well. The group was out in the woods of
southeastern Canada to push some machines to the limit and
evaluate their performance, from the ergonomics of their
seats to their maneuverability across various terrains.

Tests like this have become routine for Gagnon, a design
project manager at Bombardier Recreational Products Inc.—
BRP, as it’s known—which last year had revenues of more
than $2 billion selling snowmobiles, watercraft, ATVs, and en-
gines for karts, motorcycles, and airplanes. At the company’s
headquarters in Valcourt, Que., Canada, Gagnon leads a team

Roughrider
Whenever he can, Claude Gagnon gets out of the office to test vehicles he helps design, like this DS650 sport ATV.

(Courtesy of Bernard Brault (www.bernardbrault.com).)
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of engineers and technicians whose job is to make sure BRP
has some of the coolest recreational machines in the world.

The team—the Advanced Concept group—works on two
fronts: improving existing vehicles and designing new, futuris-
tic ones. It is a competitive market, and to keep up with such
heavyweights as Honda, Kawasaki, Polaris, and Yamaha,
Gagnon and his crew spend long hours entrenched in their
cubicles before computer-aided design (CAD) screens or tin-
kering with prototypes in the machine shop.

But above all, Gagnon says, what’s most important is get-
ting out of the office and having a good time motoring around.
“It’s part of the job to ride—and it’s the nice part,” says this
amiable 46-year-old French Canadian.

Gagnon discovered his passion for machines—his
“mechanical blood,” as he puts it—at an early age. “I learned
to drive on trucks and tractors,” he says. “My father had an
orchard and we grew apples in the summer, and in the winter
we were opening the roads with a snowplow.” Young Claude
and his father would spend hours fixing, modifying, and trying
to improve the family’s vehicles.

Gagnon studied mechanical engineering at the University
of Sherbrooke, in Quebec, not far from his hometown,
Magog, and during his last year in school, he took a summer
job at BRP. His first assignment was to analyze the stress
distribution in the chassis of a ski-trail grooming machine, a
task he completed by running massive calculations on the
university’s mainframe.

Now he spends most of his time on the second floor of the
R&D building at BRP’s 87,000-square-meter industrial com-
plex in the small town of Valcourt, a 90-minute drive from
Montreal in the French-speaking province of Quebec.

It was here that, in the late 1920s, a young entrepreneur
named Joseph-Armand Bombardier began building snow-
mobiles by modifying old cars in his garage. His pursuit of a
machine that could conquer Quebec’s long and harsh winter
evolved into a successful business, which later diversified
and grew into today’s multibillion-dollar plane-and-train-
maker Bombardier Inc., based in Montreal.

Claude Gagnon (M)

Age: 46
What he does: Leads a team working to improve snow-

mobiles, watercraft, and all-terrain vehicles
For whom: Bombardier Recreational Products Inc.
Where he does it: Company facilities in Valcourt, Que.,

Canada, and Palm Bay, Fla.

Fun Factors: Gets to test one-of-a-kind prototype vehicles;
goes with co-workers on long rides on trails, lakes, and
rivers in Canada and the United States; travels to watch
snowmobile and ATV races, brings new vehicles home to
ride with his kids

“The best part of my day is to work with the guys,” Gagnon
says. The “guys” are his team of eight. “We sit down in front of
the CAD screen and discuss what we can do here or there,
brainstorm, see how we can make the thing happen.”

The group has the freedom to work to improve any part of
the company’s extensive line of vehicles. Gagnon says his
team’s ideas, which it submits to product steering commit-
tees, are not always approved as presented, but most of the
time “they go somewhere.”

One of the group’s most successful innovations is a spe-
cial ignition key developed for the Sea-Doo vehicles. The key
contains a microchip that can be programmed to limit the
vehicle’s top speed. Adults can give kids a key that keeps the
speed down to 55 kilometers per hour, helping them learn to
ride with more safety and control.

Gagnon, however, says the one thing they are most proud
of is their radical redesign of the chassis of the Ski-Doo
snowmobiles. Their changes made the chassis stronger yet
lighter, the vehicle more stable, and the rider’s position more
comfortable, especially for sporty, aggressive riding.

Gagnon’s routine also includes flying to Palm Bay, Fla.,
where BRP has an R&D facility, and attending ATV and snow-
mobile races. One of his favorites happens right in town: the
Grand Prix of Valcourt is a major event in the snowmobile world.

To Probe Further
The innovations in all-terrain vehicle technology made by
Claude Gagnon and others at Bombardier Recreational Prod-
ucts, ranging from enhanced suspensions to smart traction
systems, are described at http://www.bombardier-atv.com/
BRPHtml/AtvTechno/en/Index.html. You can see a selection
of snowmobiles that illustrate the technology innovation in the
industry at http://www.museebombardier.com/en/content/
motoneige/innovations.htm. For an overview of Sea-Doo
watercraft’s technology, see http://www.seadoo.com/en-US/
Watercrafts/2004/Technology.htm.

—Erico Guizzo

Portions reprinted with permission, from Guizzo, E., “Dream Jobs 2005,” IEEE
Spectrum, February 2005, pp. 28–29. © 2005 IEEE.
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On more complex objects, groups of features can be com-
bined to form larger features.

Each feature has a proportion that can be represented
by a series of construction lines. The following steps de-
scribe how to proportion a drawing by breaking it down
into its component features.

The goal is, if you hold the drawing at arm’s length, the
construction lines are hard to see, and the final linework is
clear and sharp. If there is not enough contrast between the
construction lines and the final linework, then the con-
struction lines become a distraction. Make the final lines
darker, or the construction lines lighter, or both; however,
do not erase your construction lines.

Some construction lines are not part of a bounding box.
These lines are used to create intersections to mark impor-
tant points. For example, diagonals inside a bounding box
can be used to mark its center (Figure 2.27). This holds
true whether the box is square or rectangular. This center
point could then mark either the center of the feature to be
drawn, or the corner for another, smaller bounding box
(Figure 2.28).
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Step by Step: Creating a Proportioned Sketch
Step 1. Refer to Figure 2.26. Determine the proportion of

the overall size of the object. For the first sketch, use two
overall dimensions of the object: width and height.
Lightly sketch a box that represents the ratio of these
two dimensions (Figure 2.26, Step 1). This box is called a
bounding box because it represents the outer dimen-
sional limits of the feature being drawn. If the object is
rectangular in shape, the final linework will follow the
perimeter of the bounding box. In most cases, however,
the final linework only will  touch on a portion of the box’s
edges.

Step 4

Final sketch

Width

Step 1

Step 2 Step 3

Height

Width

Object

Height

Creating a proportioned sketch
To create a well-proportioned sketch, use multiple steps to cre-
ate lightly sketched rectangles and squares that are then used as
guides for the final sketch.

Figure 2.26

W

.5 H

H

.5 W

Locating the center of squares and rectangles
Construction lines are used to draw diagonals marking the cen-
ter of a square or rectangle.

Figure 2.27

Step 2. Inside the first bounding box, draw other boxes to
represent the larger features of the object and within
those boxes draw still others to represent the smaller
features of the object. Often, a construction line can be
used for more than one box. The final boxes each show
the proportions of one feature of the object.

Step 3. Continue to draw bounding boxes until the small-
est features of the object have been represented. As you
gain experience, you may find that some of these smaller
features need not be boxed; instead, their final lines can
be sketched directly.

Step 4. When all of the features of the object have been
boxed, begin sketching the final linework, which is done
significantly darker than the construction lines.
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The proportioned square method especially is useful
when grid paper is not used and you need to create a larger
object out of a series of identically proportioned smaller
boxes. As shown in Figure 2.29, this method can be
adapted to squares of any size.

One of the most difficult sketching techniques to learn is
making a sketch look well proportioned. For example, Fig-
ure 2.30 on page 57 shows a well-proportioned and a poorly
proportioned sketch of a computer monitor. Proportioning
skills will improve with practice. A good rule of thumb is,
if the drawing does not look or feel right, it probably is not.
In the poorly proportioned monitor in Figure 2.30, the
ratio of the height to the width is incorrect.

Whether you are copying another drawing or sketching a
real object, the temptation is to accurately measure all the
features. This defeats the purpose of doing just a sketch. If
you are copying a drawing, the fastest approach is simply to
trace over it. If you must enlarge (or reduce) the sketch, use
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Constructing proportioned squares
Construction lines are used to draw diagonals that can be used
to construct new squares or rectangles.

Figure 2.28

ward one of the horizontal lines, starting from one corner
(marked A) and going through the midpoint of the adja-
cent perpendicular side (marked B).

Step 3. Where the diagonal line crosses the upper horizon-
tal line, mark the corner of the new box. Sketch a vertical
line from this point to complete the new square.

Sketching identically proportioned squares
An identically proportioned square is created by extending both top and bottom horizontal lines and constructing diagonals across
the existing box.

Figure 2.29

Step 3

Step 1 Step 2

A

B

Step by Step: Sketching Identically Proportioned
Squares
Figure 2.29 demonstrates how to create a series of identi-
cally proportioned squares.
Step 1. In the square that you want to duplicate, draw a

pair of diagonal lines to locate its center. Through this
center point, draw lines to the midpoints of each of its
sides (Figure 2.29, Step 1).

Step 2. Extend out to one side the top and bottom horizon-
tal lines of the bounding box. Draw a diagonal line to-
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▼ Practice Problem 2.1
Sketch the object on the grid.

135°

120°
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Well Proportioned Poorly Proportioned

Good and poor proportions
One well and one poorly proportioned sketch of a computer
monitor. The poorly proportioned monitor looks too wide.

Figure 2.30

Grid paper is used to scale an object
The scale can be changed by enlarging or reducing the values.
For example, to double the size of the sketch, multiply 8 and 6
by 2, and sketch the figure on a grid using 16 and 12 as the new
width and height.

Figure 2.31

grid paper and multiply (or divide) the number of grids
enclosed in a feature, or use a grid of a different size
(Figure 2.31). If you are sketching a real object, roughly
measure the overall dimensions with a scale, or mark the
measurements on any convenient material. If you are going
to sketch a larger object, stand at a distance from the object,
face it, and hold a pencil at arm’s length in front of you (Fig-
ure 2.32). Align the end of the pencil with one edge of a fea-
ture, as sighted along your outstretched arm. Make a mark
on the pencil to represent the opposite edge of that feature.
Translate this pencil length to the sketch and repeat the
process for other features and their dimensions. Be sure to
stand in the same place every time!

In all cases, a progressive refinement of the construc-
tion lines from the largest feature to the smallest will allow
you to compare your sketch regularly with the object and
the proportions being sketched.

Estimating dimensions of larger objects with
a pencil held at arm’s length

Figure 2.32

Step by Step: Sketching Objects
Step 1. Collect magazine photographs or clippings that

show 2-D images or patterns. These can range from pic-
tures of faces, to company logos, to fronts of buildings,
etc. Stick with images that look flat (that is, images that
don’t show a depth dimension).

Step 2. Lay tracing paper over the image and tape the
paper down.

Step 3. Lightly sketch an overall bounding box of the ob-
ject. Look at the image contained in the bounding box.
Mentally identify as many features on the object as you
can. The features may be small and self-contained or a
collection of several smaller features.

Step 4. Refine the drawing by sketching a series of pro-
gressively smaller bounding boxes. Start with the larger
features and work downward.

Step 5. If desired, you then can darken some of the lines
representing the image to highlight the most important
lines of a feature. What are the most important lines of a
feature? Experiment with different lines to see which are
more critical than others in representing the form of the
image.
HINT: Buy a roll of tracing paper from your local art sup-
ply store. It’s cheaper than individual sheets, and you
won’t run out as often.

2.4 Lettering
All engineering and technical drawings, including
sketches, contain some notes or dimensions. All text on a
drawing must be neat and legible so it can be read easily
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on both the original drawing and a reproduction, such as a
blueprint or photocopy. Although precise lettering is not
required, legibility is very important.

Until the invention of printing by Johannes Gutenberg
in the fifteenth century, all text was hand lettered, using a
very personalized style. With the invention of printing,
text styles became more standardized. Although some
early technical drawings were embellished with personal-
ized text, current ANSI standards suggest the use of
single-stroke Gothic characters for maximum readability
(Figure 2.33).

The tools used to add text to engineering and technical
drawings have evolved over the years from quill pens to
the computer. Pencils are still a common tool, but their use
is declining as more drawings are being produced with
CAD software. Mechanical lettering guides, such as the
lettering template in Figure 2.34, the lettering machine,
and press-on type, were developed in the years before
CAD.

In a modern engineering or technical graphics office, it
is more important to have good typing skills than it is to
have or practice hand-lettering skills. The keyboard has
all but eliminated the need to do hand lettering on final
drawings. One of the greatest productivity advantages
of CAD over traditional tools is the speed with which

text can be added to a drawing. The use of computers to
create engineering and technical drawings has resulted
in the choice of many different text styles and placement
options.

2.4.1 Lettering Standards

ANSI has developed a set of standard practices for adding
text to a drawing. In this book, other techniques have been
added to those standards to help you create legible text
using hand lettering or computer tools. These standards
and techniques are:

■ Use a Gothic text style, either inclined or vertical
■ Use all capital letters
■ Use 1⁄8� (3 mm) for most text height
■ Use 1⁄4� (6 mm) for the height of fractions
■ Determine the minimum space between lines of text by

taking the text height and dividing it by 3

Figure 2.35 shows examples of these standards.

2.4.2 Hand Lettering

Though hand lettering is used less and less, you still must
be able to produce clear, legible, hand-lettered words and
numbers that conform to a standard style. 

When lettering by hand, you should use guide lines.
Guide lines are very thin, very light construction lines
used as a guide to create uniform letters on engineering
and technical drawings. Guide lines are constructed using
a very sharp, hard pencil, such as a 4H, 5H, or 6H. One
method of creating guide lines is to measure the distances
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An example of hand-lettered Gothic text
style commonly used in engineering drawings

Figure 2.33

A mechanical lettering template used to
assist in the drawing of text on engineering drawings
(Courtesy of Chartpak, Inc.)

Figure 2.34

1/4"

1/16"

1/4"

1/8"

1/8"

Space

(3mm)

(3mm)

(6mm)

(6mm)

(2mm)

Recommended text heights
The recommended heights for text on technical drawings are 1⁄8�
or 3 mm high for letters and 1⁄4� or 6 mm for fractions.

Figure 2.35
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between them using a scale or a piece of scrap paper with
the distances marked on the edge (Figure 2.36). In addi-
tion to horizontal guide lines, beginners often find vertical
guide lines to be useful. Vertical guide lines are placed
every fourth or fifth letter to help keep the letters vertical
and aligned.

Within these guide lines, the individual letters are
drawn. There is a particular style to each letter. Fig-
ure 2.37 shows examples of each letter in its vertical
format. Notice that all of the letters are in capitals. In gen-
eral, lowercase letters are never used. In Figure 2.37, a
recommended stroke sequence is given. Each straight seg-
ment of a letter is drawn as a separate single stroke.
Curved strokes that are particularly long are broken up
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Marks spaced 1/16" apart

1"
4

Placing marks for guide lines
A ruler or scrap of paper can be used to place marks on techni-
cal drawings in order to draw guide lines that are spaced 1⁄16� or
1.5 mm apart. Vertical guide lines also can  be used to assist in
forming letters.

Figure 2.36
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Vertical Gothic letter and numeral design with suggested sequence of strokes that can be used as a guide for
hand lettering a technical drawing

Figure 2.37
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into multiple strokes. Even though there is the temptation
to draw an “O” in a single stroke, you will create a better
shape if you do it in two halves. Figure 2.38 shows the
Gothic design in the inclined format.

There are many pitfalls in hand lettering. Most of them
are correctable with a little bit of practice and attention to
your work. Whenever lettering a drawing by hand, follow
the format illustrated in the top line in Figure 2.39. Take
particular note of the uniformity of spacing between let-
ters. Do not have equal spacing between letters. Instead,
look at the volume of background area in and around each
letter. This volume is what should be uniform.

2.4.3 Alternate Text Styles

Until CAD became popular for creating engineering and
technical drawings, the text style was standardized by
ANSI as single-stroke Gothic. Although Gothic is still the
standard set by ANSI, the user of a CAD system has many
other choices. 

CAD text is classified and grouped by its characteris-
tics. The size and style of a type define its font.

Text also can be varied by using bold or italic versions.
Boldface is a heavyweight version of a typeface. An italic
typeface is slanted and generally is lighter in weight.
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hand lettering a technical drawing

Figure 2.38
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ular to the main character stroke. A sans serif typeface is
one without serifs. Gothic is a sans serif typeface.

2.4.4 CAD Lettering Technique

Text is added to a CAD drawing by selecting the TEXT
command, entering the letters and numerals with the key-
board, and then picking a point on the drawing where the
text is to be placed. Before adding text to a drawing, many
variables must be set. Some of the more common com-
puter text variables are height, font, alignment, aspect
ratio, slant, and rotation. Although some CAD software
makes it easy to use different fonts, technical drawings
that adhere to ANSI standards always should use the block
Gothic style, for maximum clarity when reproducing tech-
nical drawings.

Text Alignment Text alignment controls the justification
of a line of CAD text. Typical alignments are center, left,
and right.

Center justification centers the text about a selected
point, which is indicated by the X in Figure 2.41A. Left
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Letters not uniform in
style.

Letters not uniform in
height.

Letters not uniformly
vertical or inclined.

Letters not uniform in
thickness of stroke.

Areas between letters
not uniform.

Areas between words
not uniform.

Examples of poor hand-lettering techniqueFigure 2.39

(C)

(B)

(A)

Justifying text 
Most CAD systems allow text to be justified about a given
point.

Figure 2.41

Important terms associated with text
This information is useful when using CAD for lettering.

Figure 2.40

Serif Counter Ascender

Descender BaselineSerif

x-height
Cap

height
Point
size

Figure 2.40 is a guide to type characteristics. Type size
is measured in points, and there are 72 points per vertical
inch. So 36-point type is about 1⁄2� high, where the height
is measured from the top of the letter to a fixed depth
below the letter. The ascender is the portion of a lowercase
character that extends above the letter height. The descen-
der is the portion of a lowercase letter that extends below
the baseline. A serif is a small finishing stroke perpendic-
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▼ Practice Problem 2.2
In the space below each line of text, practice your
lettering technique by repeating the printed text.

MAKES PERFECT,  IT MUST BE

UNDERSTOOD THAT PRACTICE IS NOT

ENOUGH, BUT IT MUST BE ACCOMPANIED

BY A CONTINUOUS EFFORT TO IMPROVE.
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Examples of CAD text slant, incline, and
aspect ratios

Figure 2.42

that are equally wide and high. A text ratio of 0.5 pro-
duces characters that are twice as high as they are wide.
Ratios greater than 1 create extended letters; ratios less
than 1 create compressed letters. Some CAD systems
even allow text to be drawn upside down, backward, and
vertically.

2.5 Text on Drawings
Without text it would be nearly impossible to describe en-
gineering designs completely. Text on engineering and
technical drawings is used:

■ To communicate nongraphic information.
■ As a substitute for graphic information, in those in-

stances where text can communicate the needed infor-
mation more clearly and quickly. (Examples: the name
of a part or assembly, the number of parts needed, the
dimensions of a part.)

The use of text on drawings should be kept to a minimum,
and the text should be short and concise.

Although text can be placed anywhere on a drawing,
there are a few areas where text is found more commonly.
These areas are described in the following paragraphs
(Figure 2.43 on next page).

Title Block Text is used in title blocks to identify the
drawing name and its relationship to other drawings.
Other important information also found in a title block in-
cludes the scale, date drawn, company, name of the person
who made the drawing, name of the person who checked
the drawing, etc.

Revision Block A revision block is located adjacent to
the title block and lists the revisions made to a drawing.

Bill of Materials Text is used in a bill of materials to
identify part numbers and names, part materials, quanti-
ties needed for the assembly, dimensional sizes, and other
information.

General Notes Text can be used to provide general infor-
mation that cannot be effectively or quickly communi-
cated otherwise. Sometimes, part names and numbers are
placed near the orthographic views when more than one

justification places the text flush left with a margin and
results in a ragged right margin (Figure 2.41B). Right jus-
tification places the text flush right with a margin and
results in a ragged left margin (Figure 2.41C). Some CAD
systems provide even more precision in placing text, using
the following:

■ Top center
■ Top left
■ Top right
■ Middle center
■ Middle left
■ Middle right
■ Bottom center
■ Bottom left
■ Bottom right

Other CAD Text Variables Depending on the type of CAD
system, there are many other text variables that can be
controlled. Text slant is used to create individual text
characters at an angle away from vertical (Figure 2.42).
Text rotation is the angle, measured from horizontal,
used to create entire lines of text at an angle. Text aspect
ratio is the numerical ratio of the width versus the height
of individual characters. Text aspect ratio can be
controlled to create letters that range from narrow to
wide. For example, a text ratio of 1 produces characters
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part of an assembly is drawn on a single sheet. Special
manufacturing information also may  be noted.

Dimensions Text is used on dimensions to identify the
measurements necessary to make the product or struc-
ture. Most dimension text is numerals in a figure or 3 mm
high.

2.6 Sketching Using a Parametric Modeling
CAD Software Program
A fundamental technique within most parametric model-
ing programs is to sketch 2-D features then use a 3-D con-
struction operation, such as extrude, revolve, or sweep, to
create a 3-D model. Most parametric modeling CAD soft-
ware programs provide a number of tools to fully define a
sketch and capture design intent. When sketching, it is

important to make sure that the intent of the design is met
through the definition of the feature. Feature tools used to
capture design intent include:

■ Dimensions—the primary tool for capturing the intent
of a design through the description of the size and loca-
tion of entities.

■ Constraints—used to define the relationship of
sketched entities to other entities, such as defining two
lines as being parallel to each other or two lines of
equal length (Figure 2.44).

■ References—when constructing a feature, a sketch en-
tity can reference existing features of a part or assem-
bly, such as datums, edges, or axes.

■ Relations—relationships can be established between
two dimensions, such as using algebraic or trigonomet-
ric equations to create mathematical relationships be-
tween entities.
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Examples of a title block, a revision block, and bill of materials or parts list on a technical drawing
(Courtesy of Autodesk.)

Figure 2.43
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When using 2-D CAD programs, it is common to enter
precise values for geometric elements. For example, if
you are drawing a line that is one inch long, it must be
drawn precisely one inch. Most parametric modeling pro-
grams do not require precise sketches of geometric enti-
ties. Instead of creating geometry with precise dimen-
sions, geometry is sketched much like you would if you
were creating a pencil sketch. The following guidelines
are important when making a sketch with a parametric
modeling program:

■ The shape of the sketch is important, not the size.
■ The dimensions used to describe the features should

match the design intent.
■ Geometric constraints of the features should match the

design intent.

Some parametric software programs have an automatic
constraint feature that will assign constraints to entities as
they are being sketched. For example, if you are sketching
a square, as you sketch the opposite sides of the square,
the software will automatically assume that opposite sides
are parallel.

2.7 Summary
Sketching is an important tool for quickly and efficiently
communicating design ideas. It is a particularly useful
tool early in the design process when several ideas are
being explored. One of the appealing characteristics of
sketches is the minimal amount of equipment needed for
their creation. A pencil, eraser, and paper are the only
tools really necessary for creating a sketch. Increasingly,
software being developed to run on low-cost computer

systems has many of the same attributes as hand sketch-
ing. This new software has the potential of allowing
a more direct translation of sketched designs into final,
refined models that can be used in manufacturing and
construction.

Whether a sketch is created by hand or on the com-
puter, there is a basic set of techniques that should be used.
Sketches are meant to be quickly created approximations
of geometric forms. Therefore, exact measurements usu-
ally are not used in sketching. Instead, construction line
techniques are used to preserve the proportions of differ-
ent features of the object.

The process of transferring the features of a 3-D object
onto a 2-D sheet of paper is called projection. One way of
defining the projection relates to whether the lines project-
ing the features of the object are all parallel to each other.
The types of projection include isometric pictorial, oblique
pictorial, and multiview. These projections constitute the
most popular methods used in engineering and technical
graphics. Another type of projection, perspective, more
closely matches how you perceive objects in the real
world. This type of projection is used less commonly in
part because of the difficulty in laying out the sketch and
also because of the distortions it creates in the features of
the object drawn.

The graphical methods used in creating a sketch com-
municate considerable information. At times, however,
words are more effective for providing information on a
drawing. The use of a standard method of lettering en-
sures that text in a drawing will be clear and legible.
Computers are used extensively for generating text. This
is due in part to the flexibility with which text can be gen-
erated and modified to meet specialized needs. Later
chapters in this book will go into more detail as to the
proper use and placement of text in engineering and tech-
nical graphics.

The mind uses many visualization tools, working in
concert, to interpret the 3-D world. The mind engages
in constant problem solving in the interpretation process.
Part of this problem-solving process is automatic.
However, you can develop numerous sketching and mod-
eling techniques that will help. With a better understand-
ing of how the mind interprets what it receives, you can
use conscious mental power to assist in this process. You
also can learn to bring physical processes into play. For
example, you may be able to pick up an object and rotate
it to gain a better understanding of the object. More im-
portantly, you may be able to create a sketch which will
help you in the visual problem-solving process.
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Parametric modeling sketchFigure 2.44
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Goals Review
Now that you have completed this chapter, you should be able to accomplish the goals that follow. If you need further re-
view, you can refer to the chapter section numbers shown with each goal.

1. Define technical sketching. Section 2.1

2. Describe how sketching integrates into the design
process. Section 2.1

3. Identify and define two types of sketches. Section 2.1

4. Create a design sketch using pencil or computer.
Section 2.3

5. Identify and use sketching tools. Section 2.1.1

6. Use grid paper to create sketches. Section 2.1.1

7. Lay out a sketch using proportions. Section 2.3

8. Follow good hand-lettering practice to add text to a
drawing. Section 2.4.2

9. Identify important practices when using CAD to add
text to drawings. Section 2.4.3

10. Use sketching to draw lines, circles, arcs, and curves.
Sections 2.2.5 and 2.2.6

11. Use various sketching techniques, such as contour
and negative space sketching, to improve your
sketching technique. Section 2.2

12. Describe how sketching is used for parametric mod-
eling. Section 2.6

Questions for Review
1. Define and describe the uses for technical sketching.

2. Define an ideation sketch and explain how it differs
from a document sketch.

3. List the four types of sketches, grouped by projection
methods. Sketch an example of each type.

4. Describe the major differences between parallel and
perspective projection.

5. Define multiview drawing and make a sketch of one.

6. Define principal view.

7. Describe the precedence of lines.

8. List the two important uses for text on a drawing.

9. Define font.

10. Define text alignment and sketch an example.

11. Define text aspect ratio and give examples.

12. Describe Ivan Sutherland’s contribution to computer
graphics.

Online Learning Center (OLC) Features

There are a number of Online Learning Center features listed below that you can use to supplement your text reading to
improve your understanding and retention of the material presented in this chapter.

■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Key Terms
■ Flashcards
■ Website Links
■ Animations

■ Related Readings
■ Image Library
■ AutoCAD Exercises
■ Career Opportunities
■ Case Studies
■ Stapler Design Problem
■ Career Opportunities
■ Visualization Exercises
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Historical Highlight
Ivan Sutherland (1938–    )

ideas of his cofounder, Carver Mead, and concentrating on
the design of integrated circuits, the small group at Caltech
established integrated circuit design as an acceptable field
for academic study. 

Sutherland continues active work today in advanced hard-
ware systems at Sun Microsystems.

http://www.sun.com/960710/feature3/ivan-profile.htm

Many people call Ivan Sutherland a modern-day pioneer. This
engineer, professor, and entrepreneur has broken much new
intellectual ground in the field of computers and continues to
do so. His desire to know how things work and his love of
problem solving have taken him far.

Sutherland’s interest in computers started in high school
in the 1950s, when he learned to program a relay-based
computer. Computers of any kind were then rare; this was
long before high school students had access to them.
Sutherland went on to study electrical engineering at
Carnegie Tech, now Carnegie Mellon University; he received
an M.S. from the California Institute of Technology (Caltech),
and a Ph.D. from the Massachusetts Institute of Technology
(MIT). His 1963 Ph.D. thesis, entitled “Sketchpad, a Man
Machine Graphical Communication System,” made engi-
neering drawing on a computer screen possible for the first
time. For this work, Sutherland is often called the “father of
computer graphics.”

As a young associate professor at Harvard University,
Sutherland developed a Head-Mounted Display system. The
idea was simple: The computer shows the user exactly what
he or she would see when facing in any direction. Today we
call this idea “virtual reality.” To build the first such system,
Sutherland and his students had to invent everything from
equipment to measure head position to algorithms for elimi-
nating material outside the user’s field of view.

In 1968 Sutherland cofounded Evans and Sutherland
(E&S), now a major manufacturer of very high performance
displays. E&S supplies a majority of the displays used world-
wide to train airline pilots. Sutherland was concurrently a
part-time, tenured professor at the University of Utah. His
students from that period have become today’s major con-
tributors to the international field of computer graphics.

In 1976, Sutherland became a professor at Caltech to start
and head a computer science department. By following the

(Courtesy of Sun Microsystems, Inc.)
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SKETCH

Upside-down sketch of the word SKETCHFigure 2.45 Upside-down sketch of a tableFigure 2.46

Workbook Problems

Workbook Problems are additional exercises to help you
learn the material presented in this chapter. The problems
are located at the back of the textbook and can be removed
from the book along the perforated edge.

2.1 Vertical Gothic Lettering. Practice lettering tech-
nique by writing the letter in the gridded space.

2.2 Inclined Gothic Lettering. Practice lettering tech-
nique by writing the letter in the gridded space.

2.3 Sketching Lines. Sketch the given lines in each of
the spaces.

2.4 Sketching. Sketch eight different designs.

2.5 Sketching 2. Sketch the parts on the gridded space.

Problems

The following problems introduce you to the tools of
technical drawing. To solve these problems, you must ei-
ther sketch them or use a CAD system. By doing the prob-
lems, you will begin to learn how to sketch. If you are
solving the problems using CAD, you will learn how to
draw and erase lines, circles, arcs, and curves.

To convert the problems to metric, use 25.4 mm per
inch and round the value to the nearest whole millimeter.
Use capital letters (caps) for all text.

If you are sketching the problems, use either paper rec-
ommended by your instructor or the workbook that
accompanies this text.

2.1 Make contour, upside-down, and regular sketches
of a common device, such as a telephone, automo-
bile, computer mouse, or coffee cup.

2.2 Get a clear mental picture of a television, then
sketch what you see in your mind. Is this mental
image 2-D or 3-D? Try to put words to each feature
of the TV you are drawing. In this problem you will
experience the difficulty in trying to verbally de-
scribe an object with enough detail for it to be man-
ufactured.

2.3 Use upside-down sketching to create the word
SKETCH as shown in Figure 2.45.

2.4 Use upside-down sketching to create the table
shown in Figure 2.46.
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2.5 Use upside-down sketching to create the chair
shown in Figure 2.47.

2.6 Use contour sketching to create the series of cubes
and cylinders shown in Figure 2.48.

2.7 Use contour sketching to create the overlapping
shapes shown in Figure 2.49.

Upside-down sketch of a chairFigure 2.47

Contour sketching of cubes and cylindersFigure 2.48

Contour sketch of overlapping shapesFigure 2.49
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2.8 Use contour sketching to create the optical illusions
shown in Figure 2.50.

2.9 Create a negative space sketch of the paper clips
shown in Figure 2.51.

2.10 Using CAD, draw the border for an A-size
(81⁄2� � 11�) sheet, using the dimensions shown in

Figure 2.52. Divide the drawing area into six
equal parts and label each, beginning with the
letter A. Do not include the dimensions. Text is
1⁄8� high, all caps, and centered vertically in the
space, using light construction guidelines, if using
traditional tools.

Contour sketching of optical illusionsFigure 2.50

Negative space sketchingFigure 2.51

DATEYOUR NAME DRAWING NAME SCALE NO. GRADE

F.E.D.

C.B.A.

3.50 3.50
1.001.00

0.75
0.38

8.00

10.50

3.81

A-size drawing sheet Figure 2.52
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2.11 Using CAD, draw the border for an A4 metric
sheet, using the dimensions shown in Figure 2.53.
Divide the drawing area into six equal parts and
label each, beginning with the letter A. Text is
3 mm high, all caps, and centered vertically in the
space, using light construction guidelines, if using
traditional tools.

2.12 See Figure 2.54. Using either the A or A4 sheet cre-
ated in Problems 2.10 and 2.11, do the following in
the given space:

a. Sketch or use CAD to draw six equally spaced
horizontal lines.

b. Sketch or use CAD to draw six equally spaced
vertical lines.

c. Sketch or use CAD to draw eight equally
spaced 45-degree lines.

d. Sketch or use CAD to draw eight equally
spaced 30-degree lines.

e. Sketch or use CAD to draw eight equally
spaced 15-degree lines.

f. Sketch or use CAD to draw eight equally
spaced 75-degree lines.

2.13 See Figure 2.55. Draw the border lines and title
blocks for the standard ANSI and ISO drawing
sheets, using the dimensions shown. Add text as
shown, using 1⁄8� (3 mm) all caps text.

DATEYOUR NAME DRAWING NAME SCALE NO. GRADE

F.E.D.

C.B.A.

89 89
2525

19.5
10

204

267

97

A4 metric drawing sheetFigure 2.53

DATEYOUR NAME DRAWING NAME SCALE NO. GRADE

F.E.D.

C.B.A.

Line exerciseFigure 2.54
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Title Block for D and E

Continuation Sheet Title Block for A, B, C

Continuation Sheet Title Block
for D and E

Title Block for A, B, C

Size
Designation

Width
(Vertical)

Length
(Horizontal)

Margin

HorizontalVertical
A (Horiz)
A (Vert)

B
C
D
E

8.5
11.0
11.0
17.0
22.0
34.0

11.0
8.5
17.0
22.0
34.0
44.0

0.38
0.25
0.38
0.75
0.50
1.00

0.25
0.38
0.62
0.50
1.00
0.50

International
Designation

A4

A3
A2
A1
A0

Width

In.mm

210

297
420
594
841

8.27

11.69
16.54
23.39
33.11

Length

In.mm

297

420
594
841
1189

11.69

16.54
23.39
33.11
46.11

FSCM NO

SCALE

SIZE

SHEET

DWG NO REV

ISSUED

DRAWN

REV

SCALE

SIZE

SHEET

FSCM NO DWG NO

ISSUED

DRAWN

SIZE FSCM NO DWG NO REV

SHEETSCALE

SCALE SHEET

SIZE FSCM NO DWG NO REV

1.25.38

.25

1.00
.75

.25
5.12

2.38 1.75

.50

2.50

1.12

.38

1.751.50
4.252.00

.62

.25

.25

1.00

7.62

.38 1.25

.50

1.12 2.50

.25

5.12
2.38 1.75

.50

1.25.38

1.751.50
4.25

.38

.25

.62

6.25

1.75

.38

.38

ANSI standard title blocks and border linesFigure 2.55
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2.14 See Figure 2.56. Sketch or use CAD to draw the
problems assigned by your instructor, using the
appropriate-size drawing sheet. Do not dimension.

Whenever you see TYPICAL or TYP on the draw-
ings, it means that similar features are the same
size; Ø means diameter of the circle.

(A) (B) (C)

(D) (E)

(F)

2.50

.25
(TYPICAL)

4.25

.25
(TYPICAL)

2.50 2.50
5.25

.25
TYP

.25
TYP

ø3.00

ø2.50

ø2.00

ø1.50

6X ø.50

9X ø1.120 9X ø1.50

ø2.50

1.375

2.75 TYP 

1.375

5X ø2.50
5X ø2.00

45°

Equilateral Triangles
Equilateral Triangles

Shape construction Figure 2.56
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2.15 See Figure 2.57. Using a scale of 1⁄8� � 1�0�, draw
the truss shown in the figure. The rise (R) is one-
fourth the span of the truss.

2.16 See Figure 2.58. Construct the irregular polygon
shown in the figure, using the given dimensions, on
an A- or A4-size sheet. Do not dimension.

2.17 See Figure 2.59. Construct the irregular polygon
shown in the figure, using the given dimensions, on
an A- or A4-size sheet. Do not dimension.

2.18 See Figure 2.60. Construct the centering plate,
using the given dimensions. All of the angles
are proportional to angle A. Place the drawing on
an A- or A4-size sheet. Do not dimension.

2.19 See Figure 2.61. Construct the V-spacer shown in
the figure. The letter R in the dimensions means the
radius of the arc. Use an A-size sheet.

SPAN = 30'-0"

2/3 R
3/4 R

RISE = 1/4 SPAN

1/6 SPAN TYP.

TrussFigure 2.57

4"

2.25"

1.50"

135°

120°

Angle polygonFigure 2.58

E

A

B

C

D

F
G

H

I J

135°

120°

?

60°
90°

75°
105°

105°

90°
AB = .94

BC = .90

CD = .46

DE = .34

EF = .66

FG = .40

GH = 1.06

HI = .68

IJ = 1.30

JA = ?

Irregular polygonFigure 2.59

.66

3X
A/3

.625A

A

A

A/3

.35

4

5X ø .25

4X ø .375

ø 3.00

Centering plateFigure 2.60

2X R .88

2X R .63

R .88

2.75

5.75

2.20

4.70

.25 THICK 1.38

90°

V-spacerFigure 2.61
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2.20 See Figure 2.62. Construct the pump gasket shown
in the figure, using a B-size sheet.

2.21 See Figure 2.63. Construct the open support shown
in the figure, using an A-size sheet.

2.22 See Figure 2.64. Construct the angle bracket shown
in the figure, using a B-size sheet.

2.23 See Figure 2.65 A through I. Using the scale
assigned by your instructor, measure and then
construct the parts.

16°
26°

19°

37°

2X 29°

2X 21°

ø 6.00

R 3.54

R 3.88

ø 6.54

4X R .37

8X ø .340

FILLETS & ROUNDS R .13 U.O.S.
.0625 THICK

3.992

R 3.88

Pump gasket Figure 2.62

.60

1.12

1.50

2X R .22

4X R .15

R 3.00

R 2.70

R 1.88

R 1.58

.45

2X ø.60

30°

4X R .30

2X R .15

.30

Open supportFigure 2.63

3.25

5.00

7.13

5.63

6.75

R 1.13

1.75

2.63

45°

30°

1.75

2.63

45°

2X ø 1.25

R 1.75

1.25

Angle bracketFigure 2.64
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(B)

(D)

(F) (G )

(H)

(C)

(E)

(I)

(A)

Scaled drawingsFigure 2.65
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Design in Industry
PUMA Footwear’s The Fass

port. “The idea was that more support would be necessary
in the forefoot, given that a sprinter runs exclusively on
his forefoot and toes, and is where the shoe would endure
the most stress,” said Eggert. By using his initial design
sketches for reference, Eggert quickly generated 2-D line
art and technical illustrations on Adobe Illustrator® to
develop a prototype. 

After constructing the Adobe prototype, Eggert took
his concept to the product development team for review
and feedback. “One aspect of the shoe that proved to
be controversial was the forefoot strap,” stated Eggert.
“Many who saw the shoe in internal reviews felt that the
strap was too directional and would scare consumers.” A
second prototype without the forefoot strap was created
for comparison, but in the end the original design pre-
vailed. “It was decided by all that the unique look of the
shoe would be better received by the marketplace. The
chief discussions then moved to colors, and the team cre-
ated several color schemes to provide greater sale oppor-
tunities at various retail environments.”

78

This case study describes the design of footwear for pro-
fessional runners using CAD. In this case study you will
see examples of how geometry is used and the importance
of geometric modeling in the design process to create this
new product.

Computer-Aided Design
in the Footwear Industry
When the product management team at the PUMA foot-
wear corporation analyzed the needs of its consumers
and its roster of endorsed professional runners, it recog-
nized a demand for a shoe that track and field sprinters
could train and race in. Taking cues from the lateral side-
wall spike placement on a traditional track and field per-
formance shoe, lead designer Mark Eggert produced some
quick sketches for his blueprint of The Fass. Eggert’s pre-
liminary drawings incorporated a lateral wrap onto the
outsole for more lateral stability and an additional strap
across the forefoot area to provide runners with extra sup-

velcro

velcro
embroidery

lteral medial

metal eyelet

synthetic strap stitiched to lateral side, runs thru eyelet on medial side.



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

3. Engineering Geometry Text 91© The McGraw−Hill 
Companies, 2007

CHAPTER

79

3
Engineering
Geometry

The senses delight in what is truly proportional.

—Thomas Aquinas

Objectives and Overview
After completing this chapter, you will be able to:

1. Describe the importance of engineering geometry in
the design process.

2. Describe coordinate geometry and coordinate
systems and apply them to CAD.

3. Explain the right-hand rule.

4. List the major categories of geometric entities.

5. Explain and construct the geometric conditions that
occur between lines.

6. Explain and construct tangent conditions between
lines and curves.

7. List and describe surface geometric forms.

8. Describe engineering applications of geometry.

9. Describe wireframe and surface 3-D modeling.

Graphics are used to represent complex objects and struc-
tures that are created from simple geometric elements,
such as lines, circles, and planes. Current 3-D CAD pro-
grams use these simple geometric forms to create more
complex ones, through such processes as extrusion,
sweeping, and Boolean solid modeling operations. To
fully exploit the use of CAD, you must understand geom-
etry and be able to construct 2-D and 3-D geometric
forms.

This chapter introduces the geometric forms useful in
engineering design, from the simple to the complex. The
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chapter defines four engineering geometry categories, from
simple 2-D elements to complex 3-D forms. The geometric
elements and forms that are the basic components of engi-
neering geometry are defined and illustrated, along with the
application of these elements to engineering design. In
addition, geometric conditions are defined and illustrated,
and geometric construction techniques that are useful for
engineering design are described.

The chapter is divided into two major sections: geo-
metric construction and engineering geometry. Many of
the geometric construction techniques described apply
only to hand tools, because many CAD systems have com-
mands that perform some of the steps automatically. How-
ever, the construction techniques are still valuable because
the terminology and the descriptions of the various geo-
metric forms are applicable to CAD. CAD systems be-
come even more powerful in the hands of someone who
understands 2-D and 3-D geometric forms.

3.1 Engineering Geometry
Geometry provides the building blocks for the engineer-
ing design process. Engineering geometry is the basic
geometric elements and forms used in engineering design.

In this chapter, traditional and CAD-based geometric
construction techniques are introduced, along with the
primitive geometric forms that serve as the building blocks
for more complicated geometric shapes commonly found
in engineering design. Some of the more advanced surface
geometry topics covered in this chapter introduce geomet-
ric forms that can be created by 3-D surface modeling
CAD programs.

3.2 Shape Description
Engineering and technical graphics are concerned with the
descriptions of shape, size, and operation of engineered
products. The shape description of an object relates to the
positions of its component geometric elements in space.
To be able to describe the shape of an object, you must
understand all of the geometric forms, as well as how they
are produced graphically.

Shape description is based on the primitive forms,
points, lines, and planes, which are combined to create
more complex forms, such as that shown in Figure 3.1. A
shape description is developed through orthographic, pic-
torial, or other projection techniques.

3.3 Coordinate Space
In order to locate points, lines, planes, or other geometric
forms, their positions must first be referenced to some
known position, called a reference point or origin of mea-
surement. The Cartesian coordinate system, commonly
used in mathematics and graphics, locates the positions of
geometric forms in 2-D and 3-D space. This system first
was introduced in 1637 by the French mathematician
René Descartes (1596–1650). The coordinate geometry
based on this system theorizes that, for every point in
space, a set of real numbers can be assigned, and for each
set of real numbers, there is a unique point in space.

80 CHAPTER 3

Shape description
Complex engineering geometry is found in many engineered
products, structures, and systems.
(Courtesy of Kim Steele/Getty Images.)

Figure 3.1
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A 2-D coordinate system establishes an origin at the
intersection of two mutually perpendicular axes, labeled
X (horizontal) and Y (vertical) (Figure 3.2). The origin is
assigned the coordinate values of 0,0. Values to the right
of the origin are considered positive, and those to the left
are negative. Similarly, values above the origin are posi-
tive, and those below are negative. Using this convention,
you can locate any point in 2-D space by assigning a
unique set of numbers to that point. The numbers as-
signed to each point are called coordinates, where the
first number is the X coordinate and the second number is
the Y coordinate. For example, the coordinates 3,5 would
locate a point in the upper right quadrant of the 2-D coor-
dinate system, as shown in Figure 3.2. Coordinates of
–3,5 would locate a point in the upper left quadrant; coor-
dinates of –3,–5 would locate a point in the lower left
quadrant; and coordinates of 3,–5 would locate a point in
the lower right quadrant. By connecting these points with
lines, you create a rectangle in fixed coordinate space
(Figure 3.3).

In a 3-D coordinate system, the origin is established
at the point where three mutually perpendicular axes
(X, Y, and Z) meet (Figure 3.4). The origin is assigned
the coordinate values of 0,0,0. By convention, values
to the right of the origin are positive, and those to the left

Engineering Geometry 81

1

2

3

4

5

+Y

–1–2–3–4–5
–X

1 2 3 4 5
+X

–1

–2

–3

–4

–5

–Y

(3, 5)

(3, –5)(–3, –5)

(–3, 5) 

Origin (0, 0)

90°

2-D Cartesian coordinate system
The 2-D Cartesian coordinate system was developed by René
Descartes to locate the positions of geometric forms in space.

Figure 3.2

90°
1

2

3

4

5

+Y

–1–2–3–4–5
–X

1 2 3 4 5
+X

–1

–2

–3

–4

–5

–Y

(3, 5)

(3, –5)(–3, –5)

(–3, 5)

Origin (0, 0)

Locating points
A rectangle is created by using coordinate values for each cor-
ner and then drawing the connecting lines.

Figure 3.3

1
2

3
4

5+Z

–1
–2

–3
–4

–5

–Z

–1

–2

–3

–4

–5

–X

1
2

3
4

5 +X

1

2

3

4

5

–1

–2

–3

–4

–5

Origin(0, 0, 0)

90°

90°

+Y

–Y

(0, 4, 0)

(4, 0, 0)

(0, 0, –4)

3-D coordinate system
The 3-D coordinate axes consist of three mutually perpendicu-
lar axes. The red numbers in parentheses are example coordi-
nate values at the marked locations.

Figure 3.4
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1
2

3
4

5+Z

–1
–2

–3
–4

–5

–Z

–1

–2

–3

–4

–5

–X

1
2

3
4

5 +X

1

2

3

4

5

–1

–2

–3

–4

–5

+Y

–Y

(0, 3, 0)

(4, 0, 0)

(4, 3, 2)

(0, 3, 2)

(0, 0, 2)

(4, 0, 2)

(4, 3, 0)
2

Locating points
A rectangular prism is created using the 3-D coordinate system
by establishing coordinate values for each corner.

Figure 3.5

0,0,0

0,0,0

A = 3,3,–1 A

X=3

Z= –1

Z

X
Y

Z= –1

A

0,0,0

(3,3,–1)

0,0,0

Y=3 Y=3

RIGHT SIDE VIEWPORTFRONT VIEWPORT

TOP VIEWPORT

X=3
Z

X

Y

Z
X

Y

Z X

Y
A

Display of coordinate axes in a multiview CAD drawing
Only two of the three coordinates can be seen in each view.

Figure 3.6

are negative; values above the origin are positive, and
those below are negative; and values in front of the origin
are positive, and those behind are negative.

Using this convention, you can assign a unique triplet
of ordered numbers to any point in 3-D space. The first
number represents the X distance, the second number the
Y distance, and the third number the Z distance. Figure 3.5
shows a rectangular prism located in 3-D coordinate
space, with the values for the corners. Notice in Figure 3.5
the coordinate triplets in parentheses given for each of the
corners of the rectangular prism.

This coordinate system is used in multiview drawings
and 3-D modeling, using both traditional tools and CAD.
Figure 3.6 is a multiview drawing of an object, with co-
ordinate axes displayed in each viewport. The front
viewport shows the X and Y axes, with Z as a point; the
top viewport shows the X and Z axes, with Y as a point;
and the profile viewport shows the Y and Z axes, with X
as a point. By “placing” the lower left-front corner of the
block on the origin, you then can locate all other points
on the block by their coordinates. For example, point A
in the figure is located at coordinates 3,3,–1.
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CAD systems provide a method for displaying the cur-
sor’s current position in coordinate space. Normally, there
is some type of toggle switch or command that turns on
the coordinate tracking, which then is displayed at the top
or bottom of the screen (Figure 3.7). To create 3-D
models, most CAD systems use 2-D input devices, such as
mice and digitizers, and then require keyboard entry to
define the third dimension.

Engineering Geometry 83

Display of coordinate position of cursor on a CAD screen
The coordinate position of the cursor is located in the bottom left corner of the screen display.

Figure 3.7

Practice Exercise 3.1
Take three sheets of square grid paper and lay out X–Y,
Y–Z, and X–Z axes on each one. Label the axes. Using the
coordinates given in Figure 3.5, map the points on the grid
paper, minus the coordinate not represented. Photocopy
all three sheets. Using the photocopy, cut out and glue to-
gether the three rectangles defined by the points, in their
appropriate orientations. For the missing sides of the
solid, make a second photocopy of your sheets, cut them
out and glue them in place. They represent exact dupli-

cates of the opposite faces in terms of size and shape.
What is different about them? Do the coordinates on the
photocopies correctly reflect where the second set of
faces is in space?

3.3.1 Right-Hand Rule

The right-hand rule is used to determine the positive di-
rection of the axes. To visualize the right-hand rule, make
a fist with your right hand, with your thumb pointing out-
ward (Figure 3.8A on the next page). The direction your
thumb is pointing indicates the positive direction on the X
axis. Straighten your index finger so that it is pointing
straight up, at 90 degrees to your thumb (Figure 3.8B).
The direction your index finger is pointing indicates the
positive direction on the Y axis. Straighten your middle
finger so that it is pointing forward, at 90 degrees to your
index finger (Figure 3.8C). The direction your middle
finger is pointing indicates the positive direction of the
Z axis.
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The right-hand rule is also used to specify the direction
of positive rotation about each axis. Imagine that the fin-
gers of your right hand are made into a fist and are
wrapped around one of the axes, with the thumb pointing
in the positive direction of that axis. The direction that

your fingers curl to make the fist identifies the direction of
positive rotation for the axis (Figure 3.8D). This technique
applies to all three axes.

The right-hand rule is used in both traditional drawing
and CAD.

84 CHAPTER 3

+ Z

+ X

+ Y

(C)

+ X

+ Y

(B)

+ X

(A)

(D)

Z X

Y

Right-hand rule for axes directions
The right-hand rule defines the X, Y, and Z axes, as well as the positive and negative directions of rotation on each axis.

Figure 3.8
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3.3.2 Polar Coordinates

Polar coordinates are used to locate points in any plane.
Polar coordinates specify a distance and an angle from the
origin (0,0). Figure 3.9 shows a line in the X–Y plane,
4.5 units long and at an angle of 30 degrees from the
X axis. Polar coordinates are commonly used by CAD
systems to locate points.

3.3.3 Cylindrical Coordinates

Cylindrical coordinates involve one angle and two dis-
tances. Cylindrical coordinates specify a distance from the
origin, an angle from the X axis in the X–Y plane, and a dis-
tance in the Z direction. To illustrate, in Figure 3.10, pointA
is 7 units in the Z direction, and is 4.5 units from the origin
as measured on a line that is at 60 degrees from the X axis in
the X–Y plane. Because of the way it is located, point A is
on the surface of a cylinder that has a radius of 4.5 units and
a length of 7 units; hence the name cylindrical coordinates.

Cylindrical coordinates are used in designing circular
shapes and in geographic applications. To change cylin-
drical coordinates to Cartesian coordinates, use the fol-
lowing equations: 

x � r cos �

y � r sin �

z � z

For example, the Cartesian coordinates for point A in
Figure 3.10 are 2.25, 4.90, 7, determined as follows: use
the equations shown above and substitute the values r �
4.5 and angle theta � 60 degrees:

x � 4.5 cos 60 � 2.25

y � 4.5 sin 60 � 3.90

z � 7

3.3.4 Spherical Coordinates

Spherical coordinates are used to locate points on a
spherical surface by specifying two angles and one dis-
tance (Figure 3.11 on the next page). Spherical coordi-
nates specify a distance from the origin on a line that is at
an angle from the X axis in the X–Y plane and then an
angle away from the X–Y plane. In Figure 3.11, the dis-
tance in the X–Y plane is 3 (which defines the radius of the
sphere), and the angle in the X–Y plane is 20 degrees,
locating a point from which an angle of 60 degrees is drawn
away from the X–Y plane along the surface of the sphere.

3.3.5 Absolute and Relative Coordinates

Absolute coordinates always are referenced to the origin
(0,0,0). In Figure 3.12 on the next page, the rectangle is
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Angle = 30°

Distance = 4.5

Y

Z X

X-Y Plane

Polar coordinates
Polar coordinates use a distance in the X–Y plane and an angle
from the X axis to locate a point.

Figure 3.9

4.57.0
A 60°

Y

XZ

Cylindrical coordinates
Cylindrical coordinates locate a point on the surface of a cylin-
der by specifying a distance and an angle in the X–Y plane and
a distance in the Z direction.

Figure 3.10
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defined by corners that have absolute coordinate values of:

0,0,0

4,0,0

4,2,0

0,2,0

Relative coordinates are always referenced to a previ-
ously defined location and are sometimes referred to as
delta coordinates, meaning changed coordinates. Fig-
ure 3.13 shows the same rectangle as in Figure 3.12, but

constructed using relative coordinates starting with point
A, then locating points B, C, and D. Point A has values
4,0,0 relative to the origin; B is referenced from A and has
relative values 0,2,0; C is referenced from B and has rela-
tive values –4,0,0; and D is referenced from C and has rel-
ative values 0,–2,0.
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3

20°
60°

Y

Z X

Spherical coordinates
Spherical coordinates locate a point on the surface of a sphere
by specifying an angle in one plane, an angle in another plane,
and one length.

Figure 3.11

0, 2, 0

4, 2, 0

4, 0, 0

0, 0, 0

Y

Z X

Absolute coordinates
Absolute coordinate values are referenced to the fixed origin.

Figure 3.12

Y

Z X

–4, 0, 0

0, 2, 0

4, 0, 0

0, –2, 0

C

D
B

A

Relative coordinates
Relative coordinate values are referenced to the previous
specified point.

Figure 3.13

Practice Exercise 3.2
Using the coordinates given in the text, build a wireframe
model out of wire. Create three coordinate planes (X–Y,
Y–Z, and X–Z) on square grid paper. Glue them onto a card-
board backing and tape them together to form a grid box
with the grid facing inward. Place the wireframe in the box
so that the corners correspond to the correct absolute
coordinates. Count off the number of grids to get from one
corner of the object to another. Use a corner other than
0,0,0 as a reference point and move the wireframe model to
a different location in the grid box. Do the absolute coordi-
nates of the corners change? Count the number of grids
from one corner to another. Do the delta coordinates
change?

Do the same exercise with 3-D models on the computer.
Use either coordinate readouts in the status area or 3-D grid
planes to help visualize the results.

3.3.6 World and Local Coordinate Systems

CAD systems normally use two types of coordinate sys-
tems: world and user or local systems. Both of these are
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based on Cartesian coordinates. The world coordinate
system is the stationary or reference system where the
geometry is defined and stored. The world coordinate
system uses a set of three numbers (x,y,z) located on three
mutually perpendicular axes and measured from the ori-
gin (0,0,0) (Figure 3.14). The local coordinate system is
a moving system that can be positioned anywhere in 3-D
space by the user to assist in the construction of geome-
try. In Figure 3.14, axes X and Y of the local coordinate
system are aligned with the inclined plane, resulting in
local coordinate values that are different from the world
coordinate values. Locating a point on the inclined sur-
face will be easier using the local coordinate system
because the X–Y plane of the local coordinate system
is parallel to the inclined surface. For example, the point
A has world coordinates of 1,4,–3 and local coordinates
of 3,3.5,0.

3.4 Geometric Elements
Different systems can be used to categorize geometric ele-
ments. In this text, geometric elements are categorized as
points, lines, surfaces, or solids. Lines, surfaces, and solids
also have many subcategories. Figure 3.15 (on the next
page) lists each category and many of the geometric ele-
ments in each category. The remainder of this chapter will
define, illustrate, construct, and apply many of the geomet-
ric elements listed in Figure 3.15.
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0, 0, 0

A

LOCAL
COORDINATE

SYSTEM

0, 0, 0

Y

X

Z

1, 4, –3  World Coordinates
3, 3.5, 0  Local Coordinates

WORLD
COORDINATE

SYSTEM

Y

Z
X

World and local coordinates
This object in 3-D coordinate space shows the difference between the world coordinate system and a local coordinate system.
World and local coordinate systems are commonly used with CAD to construct 3-D objects. Point A has different coordinate values,
depending on whether the local or world coordinate system is used.

Figure 3.14

Practice Exercise 3.3
Create a workplane of either stiffened grid paper or clear
plastic, with two axes on it. The third axis can be repre-
sented sticking out of the plane, if desired. Place the

plane on various surfaces of objects (including inclined
and oblique surfaces). Calculate the local coordinate
locations of various features on the object. Compare them
to the world coordinates of the features using the grid
box from the previous exercise as the world coordinate
reference.

Do the same exercise using 3-D models on a computer.
Use locally defined workplanes and compare the local coor-
dinate readouts to world coordinate values. The exercise
can be done with 2-D CAD systems and locally (user)
defined coordinate systems.
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3.5 Points, Lines, Circles, and Arcs
Points, lines, circles, and arcs are the basic 2-D geometric
primitives, or generators, from which other, more complex
geometric forms can be derived or mathematically pro-
duced. For example, by taking a straight line and moving it
in a certain way through a circular path, you can create a
cylinder. This section defines, illustrates, and describes
how to create points, lines, circles, and arcs.

3.5.1 Points

A point is a theoretical location that has neither width,
height, nor depth. Points describe an exact location in
space. Normally, a point is represented in technical draw-
ings as a small cross made of dashes that are approxi-
mately 1⁄8� long (Figure 3.16A and D). With CAD, it is
possible to extrude (i.e., string out) a point to create a line
or to extrude several points to create more complicated
forms (Figure 3.16B). A point is found at the intersection
of two lines or at the end of a finite line. In computer
graphics, it is common to use the word node to mean a
point (Figures 3.16C, E, F, and G). For example, the inter-
section of geometric entities, and specific locations along
arcs, circles, and splines, are called nodes.

Analysis of a problem may indicate that a certain un-
known point must be located at a fixed distance from some
given point, line, or arc. The location of this unknown
point is called a locus. A locus represents all possible po-
sitions of a point. The locus of a point may be drawn as a
line, circle, or arc. For example, the center of each circle
shown in Figure 3.16H forms a locus of centers.

Nodes are very important when constructing geometric
forms with CAD. CAD systems normally allow the user to
locate exactly such important geometric elements as end-
points, centers, and intersections. These nodes can be used
to construct geometric forms more accurately. For exam-
ple, a line can be drawn accurately from the midpoint of
an existing line because the CAD system stores the exact
location as a node.

3.5.2 Lines

A line is a geometric primitive that has length and direction
but not thickness. A line may be straight, curved, or a com-
bination of these. As with points, it is possible to create
more complex geometric forms from lines by using CAD
extrusion or sweeping operations, as shown in Figure 3.17A
(on the next page). Lines also have important relationships
or conditions, such as parallel, intersecting, and tangent.
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(A)  Point

Approximately
1/8" long

(B)  Extruded to
      form a line

(C)  Point node at the
              tangency of 2 curves

C

Point node at the
intersection of 2 lines

(G)

G

E

F

E

1

2

Point node at the
midpoint of a line

(F)

Point nodes at the
end of a line

(E)

D

(D) Point at the
                center of a circle 

Locus of
centers

(H) Locus of the centers
of the circles

Examples and representation of points
A point is used to mark the locations of centers and loci, and the intersections, ends, and midpoints of entities.

Figure 3.16
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Straight Lines A straight line is generated by a point mov-
ing in a constant direction (Figure 3.17B). Straight lines
can be either finite or infinite in length. A straight finite
line is a line of specific length (Figure 3.17C). A straight
infinite line is a line of nonspecific length (Figure 3.17D).

A ray is a straight infinite line that extends into infinity
from a specified point (Figure 3.17E). Ray is a common
term used in computer graphics to describe the path of a
light ray, and it is important when a scene is being rendered.

The relationship of one line to another results in a con-
dition, such as parallel or perpendicular. A parallel line
condition occurs when two or more lines on a plane are
a constant distance apart (Figure 3.18A). A nonparallel
line condition occurs when two or more lines on one or
more planes are spaced unevenly apart (Figure 3.18B). A
perpendicular line condition, sometimes called a normal,
occurs when two or more lines on a plane intersect each

other at right angles (90 degrees) (Figure 3.18C). An inter-
secting line condition occurs when two or more lines cross
each other at a common point (Figure 3.18D). A tangent
condition exists when a straight line is in contact with a
curve at a single point (Figure 3.18E).

In technical drawing, lines are used to represent the in-
tersections of nonparallel planes, and the intersections are
called edges (Figure 3.18F).
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Infinite line(D) Ray(E)

(B) Point moving in a
constant direction

Results in a
straight line

Start

End

(A)

Path of sweep

Line

Result = Ruled

(C) Finite line

Examples and representation of lines
Lines can be used to construct other geometric forms, such as a
ruled surface. Lines are either finite or infinite and are called
rays in computer graphics. 

Figure 3.17

(F) Line at the Intersection of Two Planes (Edge)

(A) Parallel Line
Condition

(B) Nonparallel Line
Condition

(C) Perpendicular Line
Condition

(D) Intersecting Lines (E) Tangent Condition

Line relationships
The relationship of one line to another results in a condition.

Figure 3.18

Practice Exercise 3.4
Create a line in 3-D space, either with a wire or on a com-
puter. Hold the line fixed along any primary axis and view it
from the directions of the three primary axes. In which views
does it look like a line? In which views does it look its full
length? In which views does it look like a point? Move the
line so that it does not align with any of the primary axes.
Repeat the viewing/analyzing process and make multiview
sketches of the line.
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Curved Lines A curved line is the path generated by a
point moving in a constantly changing direction, or is the
line of intersection between a 3-D curved surface and a
plane (Figure 3.19). Curved lines are classed as single-
curved or double-curved. On a single-curved line, all
points of the line are in a plane. Examples of single-curved
lines are a circle, ellipse, parabola, hyperbola, spiral, spline,
involute, and cycloid. On a double-curved line, no four
consecutive points are in the same plane. Examples of
double-curved lines are the cylindrical helix, the conical
helix, and the general form created at the line of intersection
between two curved surfaces.

3.5.3 Tangencies

In planar geometry, a tangent condition exists when a
straight line is in contact with a curve at a single point;
that is, a line is tangent to a circle if it touches the circle
at one and only one point. At the exact point of tangency,
a radius makes a right angle to the tangent line. In Fig-
ure 3.20A, the tangent point between the line and the
circle is point C.

Two curves are tangent to each other if they touch in
one and only one place. When two arcs or circles are
tangent, a line drawn to connect the centers of the two
arcs or circles locates the point of tangency. In Fig-
ure 3.20B, the tangent point between the two circles is
located at point F.
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Practice Exercise 3.5
Create a single-curved line in 3-D space, either with a wire or
on a computer. Align the line along a primary axis and view it
along the three primary axes. In which views does it look like
a straight line? a curved line? In which views does it look its
full length? Move the line so that it does not align with any of
the primary axes. Repeat the viewing/analyzing process.
Can you lay a plane up against the curved line? Try it.

Repeat this exercise with a double-curved line.

Center
point

Radius

CircleArc

Center
point

Radius

Curved line formed at the
intersection between the
cylinder and the plane 

Curved lines
Regular curves are bent lines of constant radius. Regular curves include arcs, circles, and curved lines of intersection on cylinders.

Figure 3.19

A regular curve is a constant-radius arc or circle gen-
erated around a single center point. The line of intersec-
tion between a circular cylinder or sphere and a plane
perpendicular to the axis is also a regular curve.

Irregular curves, such as parabolas, hyperbolas, and
splines, are defined and methods for their construction are
described later in this chapter.

(A)

A

C

B

D

(B)

E

F

G

Planar tangents
Planar tangent conditions exist when two geometric forms meet
at a single point and do not intersect.

Figure 3.20
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In 3-D geometry, a tangent condition exists when a
plane touches but does not intersect another surface at one
or more consecutive points (Figure 3.21). Another tan-
gent condition exists where there is a smooth transition
between two geometric entities (Figure 3.22A). However,
a corner between two geometric entities indicates a non-
tangent condition (Figure 3.22B). A line is tangent to a
surface if the line touches the surface at a single point
(Figure 3.23).

3.5.4 Circles

A circle is a single-curved-surface primitive, all points of
which are equidistant from one point, the center. A circle
is also created when a plane passes through a right cir-
cular cone or cylinder and is perpendicular to the axis of
the cone.

The elements of a circle are as follows (Figure 3.24):

Center. The midpoint of the circle.
Circumference. The distance all the way around the circle.
Radius. A line joining the center to any point on the cir-

cumference.
Chord. A straight line joining any two points on the cir-

cumference.
Diameter. A chord that passes through the center. The

diameter is equal to twice the radius.
Secant. A straight line that goes through a circle but not

through the center.
Arc. A continuous segment of the circle.
Semicircle. An arc measuring one-half the circumference

of the circle.
Minor arc. An arc that is less than a semicircle.
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Tangent plane
Plane RVS is tangent to the cone at line VT.

Figure 3.21

Tangent

No line drawn at  tangency Line drawn

(A) (B)

Not
tangent

Tangent and nontangent conditions in 3-D
geometry

Figure 3.22

Practice Exercise 3.6
Using physical models of spheres, cylinders, cones, and
planes, create points/lines of tangencies.

Using 2-D and 3-D computer models, use transformation
commands (MOVE, ROTATE, and ALIGN) to position
objects so that they make contact. Will all conditions of two
objects touching at a single point/line result in a tangency?
What if there is overlap and they touch at more than one
point/line? Use 2-D/3-D Boolean intersect commands to
evaluate both tangent and nontangent relationships.

Tangent construction is an important part of technical
drawing. With traditional tools, tangencies are constructed
using triangles and a compass. With CAD, tangent con-
struction is performed automatically, using TANGENT
point snap commands.
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Line

Tangent
Line
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Line

Tangent
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Tangent
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Tangent lines
The lines of intersection between each plane and each solid are tangent conditions, as are lines that touch a surface at a single point.

Figure 3.23

TANGENT

R
AD

IU
S

90°

SECANT

CENTER

(C)

DIAMETER

RADIUS

CHORD

C
IR

CUMFERENCE = DIA x 3.14159

ARC

AREA = r 2

(A)

SEGMENT

QUADRANT

SECTOR90°

ANGLE

SEMICIRCLE

(B)

ECCENTRIC CIRCLES

CONCENTRIC CIRCLES

(D)

CENTRAL
ANGLE

INSCRIBED CIRCLE

CIRCUMSCRIBED CIRCLE

(E)

Circle definitions
A circle is a single-curved plane with all points at an equal distance from a point called the center. The important features of a circle
are shown.

Figure 3.24
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Major arc. An arc that is greater than a semicircle.
Central angle. An angle formed by two radii.
Sector. An area bounded by two radii and an arc, usually

a minor arc.
Quadrant. A sector equal to one-fourth the area of the cir-

cle. The radii bounding a quadrant are at right angles to
each other.

Segment. An area bounded by a chord and a minor arc.
The chord does not go through the center.

Tangent. A line that touches the circle at one and only one
point.

Concentric circles. Circles of unequal radii that have the
same center point.

Eccentric circles. Circles of unequal radii that have dif-
ferent centers, and one circle is inside the other.

Circumscribed circle. A circle drawn outside of a poly-
gon such that each vertex of the polygon is a point on
the circle.

Inscribed circle. A circle drawn inside a polygon such
that all sides of the polygon are tangent to the circle.

3.6 Conic Curves
Conic curves, or conics, are special-case single-curved
lines that can be described in several ways: as sections of
a cone, as algebraic equations, and as the loci of points.
For our purposes, conics are the curves formed by the
intersection of a plane with a right circular cone, and they
include the ellipse, parabola, and hyperbola. (The circle is
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DREAM HIGH TECH JOB
Designing Bicycles for Women

The engineering design process is used in many types of
jobs from the design of consumer product packaging to

the design of land and watercraft recreational vehicles. An
understanding of the design process and geometry and geo-
metric modeling along with formal education in a field of
engineering can lead to exciting job opportunities, such as
the one described here of an engineer who started off by cus-
tom designing bicycle frames for women and has turned it
into a multimillion-dollar company.

Georgena Terry, after finishing theater and MBA degrees,
found that she wasn’t satisfied with her life. After taking a
vocational test, a counselor recommended that Terry become
some kind of engineer. She went back to school and discov-
ered during a design project that she enjoyed brazing and
bicycle design. For their project, her group decided to build a
hybrid bicycle/car. She learned to braze the bicycle frame
from metal tubes, and the rest is history.

Terry wanted to design bicycle frames to reduce riding
stress for women. According to Bill Hammack, a chemical
engineering professor at the University of Illinois at Urbana-
Champaign, “Terry discovered that a woman is not simply
a smaller version of a man. For example, a woman’s upper
body is proportionally longer than a man’s upper body. So, a
bike that fits a man in the legs and upper body will fit women
in only one of those areas. Also, the center of a woman’s
muscle mass is different than a man’s. This means that, when
riding a man’s bike, a woman’s muscles bear more stress.
This makes women feel stretched out, giving them neck and

Georgena Terry
Founder and CEO of Terry Bicycles

(Courtesy of Terry Bicycles.)
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a special case ellipse.) A right circular cone is a cone that
has a circular base and an axis that passes at 90 degrees
through the center of the circular base.

Conics often are used in engineering design and in
science to describe physical phenomena. No other curves
have as many useful properties and practical applications.

3.6.1 Parabolas

A parabola is the curve created when a plane intersects a
right circular cone parallel to the side (elements) of the
cone (Figure 3.25 on page 97). A parabola is a single-
curved-surface primitive. Mathematically, a parabola is
defined as the set of points in a plane that are equidistant
from a given fixed point, called a focus, and a fixed line,
called a directrix (Figure 3.25).

Engineering Applications of Parabolas Parabolas have a
unique reflective property, as shown in Figure 3.26 (on
page 98). Rays originating at a parabola’s focus are re-
flected out of the parabola parallel to the axis, and rays
coming into the parabola parallel to the axis are reflected
to the focus. Parabolas are used in the design of mirrors for
telescopes, reflective mirrors for lights, such as automo-
bile headlights, cams for uniform acceleration, weightless
flight trajectories, antennae for radar systems, arches for
bridges, and field microphones commonly seen on the
sidelines of football games.

A parabola revolved about its axis generates a 3-D
ruled surface called a paraboloid. An auditorium ceiling
in the shape of a paraboloid reduces reverberations if the
speaker is standing near the focus.
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shoulder pain. The key to making a woman’s bike, she de-
cided, is getting them into a slightly more upright position.
Also, she made the handlebars narrower, because a woman’s
shoulders are not as wide.”

If you do what you love, the money will follow. In 1985,
Terry’s first year in business, she sold 20 of her custom bikes.
The next year she sold 1,300 bikes, and the year after that
she sold 5,000. Today, Terry Bicycles is a multimillion-dollar
company.

Bicycle Equipment Design Today
Bicycling is a favorite sport among the young and the old. The
bicycle is the classic example of a simple machine that at-
tracts almost everyone who wants to go faster than walking
or skating, with less energy expended. Bicycles have been
around since the late 1600s and, through a process of evolu-
tion, the innovative engineers who design them are reach-
ing new heights in aerodynamics, performance, propulsion,
weight, and durability. Bikes today might weigh just over nine
pounds, and recumbent bikes help riders to win races with
rocket-like speeds of 81 mph. All-wheel-drive and electric bi-
cycles have hit the market, along with aquacycles that are
being used to cross oceans and Xtracycles, with a long back-
end, that can carry surfboards, lumber, or other loads of up to
200 pounds. There are folding bikes, bikes with brains, bikes
with flat-free tires, stationary bikes, and full-metal military
bikes. These varied designs all provide creative outlets for
bike design and the bicycling engineer.

Another example of engineers pushing the envelope to
optimize performance is in the materials sector. Optimizing
bicycle frame design is a daunting challenge. Different frames
are best for different applications and conditions. For exam-
ple, a mountain bike frame would not be a good choice for a
Tour de France bike or a comfort bike. When engineers create
frames, they can change the shape or wall thickness of the
tubes and use different metals or alloys. Aluminum, titanium,
carbon fiber, chromemoly steel, scandium (number 21 on the
periodic table—even lighter than titanium), and E5 (a mixture
of five other elements in aluminum—also lighter than titanium)
are being used to engineer the “perfect” bicycle frame.

Engineers who do this:

■ Manufacturing Engineers—Determine systems to get
bike-related equipment manufactured. Interested in re-
ducing the costs associated with production.

■ Materials Engineers—Always on the lookout for new
materials to have more fun, increase performance, and
provide a more comfortable ride. This includes anything
that makes up the bike such as the frame, forks, hubs,
tires, grips, and seats or bike gear such as clothing,
helmets, and shoes.

■ Mechanical Engineers—May design the frames, de-
railleur, hubs, forks, handlebars, brakes, spindles, sprock-
ets, and everything in between.

(Courtesy of Terry Bicycles (www.terrybikes.com).)

Portions reprinted with permission, from Baine, C., High Tech Hot Shots, 2004, IEEE.
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▼ Practice Problem 3.1
Using isometric grid paper, construct the X, Y, and
Z axes. (See Figure 3.4 on page 81.) Using the
right-hand rule, place points at the following
locations:

1. 0,0,0

2. 4,0,0

3. 4,2,0

4. 0,2,0

5. 0,0,2

6. 4,0,2

7. 4,2,2

8. 0,2,2

Connect points 1–2, 2–3, 3–4, 4–1.

Connect points 5–6, 6–7, 7–8, 8–5.

Connect points 4–8, 3–7, 1–5, 2–6.

What geometric solid is produced?



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

3. Engineering Geometry Text 109© The McGraw−Hill 
Companies, 2007

Engineering Geometry 97

Plane makes same
angle as do the

elements

Cutting plane parallel to
the side or element l

P

P'
FV

Directrix

Axis

Focus

Parabola

TRUE SIZE VIEW

Parabola
A parabolic curve is created by passing a plane through a cone, with the plane parallel to the side (elements) of the cone. A parabolic
curve is defined mathematically as a set of points that are equidistant from a focus point and a directrix.

Figure 3.25

3.6.2 Hyperbolas

A hyperbola is the curve of intersection created when a
plane intersects a right circular cone and makes a smaller
angle with the axis than do the elements (Figure 3.27 on the
next page). A hyperbola is a single-curved-surface primi-
tive. Mathematically, a hyperbola is defined as the set of
points in a plane whose distances from two fixed points,
called the foci, in the plane have a constant difference (Fig-
ure 3.28 on page 99).

Engineering and Science Applications of Hyperbolas Hy-
perbolic paths form the basis for the Long Range
Navigation (LORAN) radio navigation system. Hyperbolas
also are important in physics, as Einstein discovered in his
theory of relativity. Ernest Rutherford discovered that when
alpha particles are shot toward the nucleus of an atom, they

are repulsed away from the nucleus along hyperbolic paths.
In astronomy, a comet that does not return to the sun fol-
lows a hyperbolic path.

Reflecting telescopes use elliptical, hyperbolic, and
parabolic mirrors, as shown in Figure 3.29 (on page 99).
Light from a celestial body reflects off a primary parabolic
mirror at the base of the telescope and heads to the focus
of the parabola. A hyperbolic mirror is positioned such
that the focus of the parabola and one focus of the hyper-
bola are in the same plane. The light reflecting from the
parabolic mirror reflects off the hyperbolic mirror and
goes through the second focus of the hyperbola. This
focus is shared with the focus of a partial elliptical mirror.
The light is then reflected through the other focus of
the ellipse, which is where the eyepiece of the telescope
is located.
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Telescope mirror

Light rays

Eyepiece

Searchlight mirror

Light rays

Light source

Zero g Zero g

Parabola

Zero g

Weightless flight trajectoryBeam of uniform strength

Parabola

Load

Engineering applications for a parabola
Common applications include mirrors for lights and telescopes and for structural beams.

Figure 3.26

Plane makes smaller angle with
axis than do the elements

Orthographic view

Hyperbola

Hyperbola
A hyperbola is created by passing a plane through a cone at a smaller angle with the axis than that made by the elements.

Figure 3.27
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3.6.3 Ellipses

An ellipse is a single-curved-surface primitive and is cre-
ated when a plane passes through a right circular cone at
an angle to the axis that is greater than the angle between
the axis and the sides (Figure 3.30 on the next page).
Also, a circle, when viewed at an angle, appears as an
ellipse (Figure 3.31 on the next page). The major diame-
ter (major axis) of an ellipse is the longest straight-line
distance between the sides and is through both foci.
The minor diameter (minor axis) is the shortest straight-
line distance between the sides and is through the perpen-
dicular bisector of the major axis. The foci are the two
points used to construct the perimeter and are on the
major axis.

Ellipse templates come in intervals of 5 degrees, such
as 20, 25, and 30. The viewing angle relative to the circle
determines the ellipse template to be used (Figure 3.32 on
the next page). Each ellipse has a set of center lines
marked on the plastic to align with the major and minor
diameters drawn on the paper.

A CAD system automatically will create an ellipse once
the major and minor diameters are specified and the location
of the center point (the intersection of the major and minor
diameters) is picked. Most CAD systems will provide more
than one type of ellipse, such as isometric ellipses.

Engineering and Science Applications of Ellipses The
ellipse has a reflective property similar to that of a
parabola. Light or sound emanating through one focus is
reflected to the other, and this is useful in the design of
some types of optical equipment. Whispering galleries,
such as the Rotunda in the Capitol Building in Washington,
D.C. (Figure 3.33 on the next page) and the Mormon
Tabernacle in Salt Lake City, Utah, are designed using
elliptical ceilings. In a whispering gallery, sound emanat-
ing from one focus is easily heard at the other focus.

Ellipses also are useful in astronomy. Kepler’s first law
states that the orbit of each planet in the solar system is an
ellipse, with the sun at one focus. In addition, satellites
sent into Earth’s orbit travel in elliptical orbits about
the Earth.

Engineering Geometry 99
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Mathematical definition of a hyperbola
The set of points in a plane whose distances from two fixed
points, called the foci, in the plane have a constant difference.

Figure 3.28

Telescope
Schematic representation of a telescope that uses hyperbolic,
parabolic, and elliptical mirrors.

Figure 3.29
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Ellipse

Ellipse
An ellipse is formed by the line of intersection between an
inclined plane and a cone.

Figure 3.30

Line of sight

Edge view of
circle

What you see

Line of sight to create ellipses
A line of sight other than 90 degrees changes the appearance of
a circle to an ellipse.

Figure 3.31

Front view

Line of sight

Ellipse angle

Right side
view

Viewing angle determines ellipse angle
The viewing angle relative to the circle determines the ellipse
template to be used. The circle is seen as an inclined edge in the
right side view and foreshortened (as an ellipse) in the front
view. The major diameter is equal to the diameter of the circle.

Figure 3.32
Ellipse application

The Rotunda in the Capitol Building in Washington, D.C., has
an elliptical ceiling.
(© Photri Inc.)

Figure 3.33
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3.7 Freeform Curves
Simple curves are circles, arcs, and ellipses. More complex
curves commonly used in engineering design and CAD are
called freeform curves. The automobile shown in Fig-
ure 3.34 uses many freeform curves in the body design.

The spline curve is one of the most important curves
used in the aircraft and shipbuilding industries. The cross
section of an airplane wing or a ship’s hull is a spline
curve. Also, spline curves commonly are used to define the
path of motion for a computer animation.

For CAD systems, three types of freeform curves were
developed: splines, Bezier curves, and B-spline curves.
These curves can be described by parametric equations, in
which the X and Y coordinates of the control points are
computed as a function of a third variable called a parame-
ter. If the curves are created by smoothly connecting the
control points, the process is called interpolation (Fig-
ure 3.35A). If the curves are created by drawing a smooth
curve that goes through most, but not all, of the control
points, the process is called approximation (Figure 3.35B).

3.7.1 Spline Curves

A spline curve is a smooth, freeform curve that connects a
series of control points (Figure 3.36A). Changing any sin-
gle control point will result in a change in the curve, so that
the curve can pass through the new point (Figure 3.37A on
the next page).

3.7.2 Bezier and B-Spline Curves

In computer graphics, it is possible to create an easily
modified smooth curve that passes close to but not through

Engineering Geometry 101

Freeform surfaces
An automobile body reflects many freeform curves.
(© Davis Barber: PhotoEdit.)

Figure 3.34

(A)

(B)

Curves
Two different curves are created, depending on whether inter-
polation (A) or approximation (B) is used.

Figure 3.35

(A)  Spline

(B)  Bezier

(C)  B-Spline

Freeform curves
Spline, Bezier, and B-spline curves create different results from
the same set of control points.

Figure 3.36
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the control points. These curves, called approximations,
include the Bezier and B-spline curves.

P. E. Bezier, of the French automobile company
Renault, developed an approximation curve to give
designers greater flexibility than was available with inter-
polation techniques. This mathematical curve became
known as the Bezier curve, which uses a set of control
points that only approximate the curve (Figure 3.36B).
The Bezier curve is popular in design because the first and
last control points are on the curve. However, changing
the position of any control point causes a reshaping of the
entire curve, so modifications are not localized; that is,
there is no local control (Figure 3.37B).

Further developments led to the B-spline curve, which
approximates a curve to a set of control points and does
provide for local control (Figure 3.36C). The B-spline
uses a special set of blending functions that have only
local influence and depend on only a few neighboring

control points. This means that a local change does not re-
sult in a global change to the entire curve (Figure 3.37C).

3.8 Angles
Angles are formed by the apex of two intersecting lines or
planes. Angles are categorized by their degree measure-
ment (Figure 3.38).

Straight angle. An angle of 180 degrees. 
Right angle. An angle of 90 degrees. 
Acute angle. An angle of less than 90 degrees. 
Obtuse angle. An angle of more than 90 degrees. 
Complementary angles. Two adjacent angles whose sum

equals 90 degrees. 
Supplementary angles. Adjacent angles whose sum

equals 180 degrees. 

3.9 Planes
A plane is a two-dimensional surface that wholly contains
every straight line joining any two points lying on that sur-
face. Although many drawings are created from simple
geometric primitives, such as lines and curves, many real-
world designs are made of planar surfaces. Theoretically,
a plane has width and length but no thickness. In practice,
planar surfaces have some thickness.

An infinite plane is an unbounded two-dimensional sur-
face that extends without a perimeter in all directions. A
finite plane is a bounded two-dimensional surface that
extends to a perimeter in all directions. A plane can be
defined by three points not in a straight line; two parallel
lines; a line plus a point that is not on the line or its exten-
sion; or two intersecting lines (Figure 3.39).

3.9.1 Planar Geometry

Planar geometry includes closed curves, quadrilaterals, tri-
angles, and regular polygons. (See Figure 3.15 on page 88.)
These geometric primitives are also the building blocks for
more complex surfaces and solids. For example, CAD cre-
ates more complicated 3-D forms through extrusion and
sweeping operations, such as creating a rectangular prism
by extruding a rectangular surface.

Quadrilaterals Quadrilaterals are four-sided plane fig-
ures of any shape. The sum of the angles inside a quadri-
lateral always will equal 360 degrees. If opposite sides of
the quadrilaterals are parallel to each other, the shape is
called a parallelogram. The square, rectangle, rhombus,
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(A)  Changed Spline

(B)  Changed Bezier

(C)  Changed B-Spline

New Point

Old Point

New Point

Old Point

New Point

Old Point

Result of changing control points
Changing a control point on a curve produces different results,
depending on the type of curve used.

Figure 3.37
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and rhomboid are parallelograms. Quadrilaterals are clas-
sified by the characteristics of their sides (Figure 3.40 on
the next page).

Square. Opposite sides parallel, all four sides equal in
length, all angles equal.

Rectangle. Opposite sides parallel and equal in length, all
angles equal.

Rhombus. Opposite sides parallel, four sides equal in
length, opposite angles equal.

Rhomboid. Opposite sides parallel and equal in length,
opposite angles equal.

Regular trapezoid. Two sides parallel and unequal in
length, two sides nonparallel but equal in length, base
angles equal, vertex angles equal.

Irregular trapezoid. Two sides parallel, no sides equal in
length, no angles equal.

Trapezium. No sides parallel or equal in length, no angles
equal.
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Figure 3.38

Planes
Planes are formed by three points, two parallel lines, a line and
a point, or two intersecting lines.

Figure 3.39
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Regular Polygons A polygon is a multisided plane of any
number of sides. If the sides of the polygon are equal in
length, the polygon is called a regular polygon. Regular
polygons can be inscribed in circles. To determine the
angle inside a polygon, use the equation s � (n � 2) �
180 degrees, where n equals the number of sides. Regular
polygons are grouped by the number of sides (Figure 3.41).

Triangle (equilateral). Three equal sides and angles.
Square. Four equal sides and angles.
Pentagon. Five equal sides and angles.
Hexagon. Six equal sides and angles.
Heptagon. Seven equal sides and angles.
Octagon. Eight equal sides and angles.
Nonagon. Nine equal sides and angles.
Decagon. Ten equal sides and angles.
Dodecagon. Twelve equal sides and angles.
Icosagon. Twenty equal sides and angles.

Triangles A triangle is a polygon with three sides. The
sum of the interior angles equals 180 degrees. The vertex
is the point at which two of the sides meet. Triangles are
named according to their angles (right, obtuse, acute) or
the number of equal sides (Figure 3.42).

Equilateral triangle. Three equal sides and three equal in-
terior angles of 60 degrees. 

Isosceles triangle. At least two equal sides. 
Scalene triangle. No equal sides or angles. 
Right triangle. Two sides that form a right angle (90 de-

grees), and the square of the hypotenuse is equal to
the sum of the squares of the two sides (Pythagoras
Theorem).
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Obtuse triangle. One obtuse angle (greater than 90
degrees).

Acute triangle. No angle larger than 90 degrees. 

Right triangles are acute triangles. One common right tri-
angle is an isosceles triangle, where the other two angles
are 45 degrees. Another is a 30/60 triangle, where one
angle is 30 degrees and the other is 60 degrees.

Pentagons A pentagon has five equal sides and angles.

Hexagons A hexagon has six equal sides and angles.
Hexagons are constructed by using a 30/60-degree trian-
gle and a straightedge to construct either circumscribed or
inscribed hexagons around or in a given circle.

The construction techniques described are useful for
drawing the heads of hexagonal nuts and bolts. Nuts and
bolts are designated by the distance across the flats. For

example, for a 1� hexagonal bolt head, draw a 1� diameter
circle, then circumscribe a hexagon around the circle. 

3.10 Surfaces
A surface is a finite portion of a plane or the outer face
of an object bounded by an identifiable perimeter. The
fender of an automobile and the airplane wing are exam-
ples of complex 3-D surfaces (Figure 3.43 on the next
page). Just as a line represents the path of a moving
point, a surface represents the path of a moving line,
called a generatrix. A generatrix can be a straight or
curved line. The path that the generatrix travels is called
the directrix. A directrix can be a point, a straight line, or
a curved line (Figure 3.44F on page 107).

The shape of a surface is determined by the constraints
placed on the moving line used to generate the surface.
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Surfaces generally are classed as planar, single-curved,
double-curved, warped, and freeform.

A planar surface is a flat, two-dimensional bounded sur-
face (Figure 3.44A). A planar surface can be defined
as the motion of a straight-line generatrix that is always
in contact with either two parallel straight lines, two in-
tersecting lines, or a line and a point not on the line.

A single-curved surface is the simple-curved bounded
face of an object produced by a straight-line generatrix
revolved around an axis directrix (yielding a cylinder)
or a vertex directrix (yielding a cone) (Figure 3.44B).

A double-curved surface contains no straight lines and
is the compound-curved bounded face of an object
produced by an open or closed curved-line generatrix
revolved around an axis directrix (yielding a sphere or
ellipsoid), a center directrix (yielding a torus), or a ver-
tex directrix (yielding a paraboloid or a hyperboloid)
(Figure 3.44C).

A warped surface is a single- and double-curved transi-
tional surface (cylindroid, conoid, helicoid, hyperbolic
paraboloid), often approximated by triangulated sur-
face sections that may join other surfaces or entities
together (Figure 3.44D).

A freeform surface follows no set pattern and re-
quires more sophisticated underlying mathematics
(Figure 3.44E).

Surfaces also can be classified as ruled, developable, or
undevelopable, as follows:

A ruled surface is produced by the movement of a
straight-line generatrix controlled by a directrix to
form a planar, single-curved, or warped surface (Fig-
ure 3.44F).

A developable surface can be unfolded or unrolled onto
a plane without distortion. Single-curved surfaces,
such as cylinders and cones, are developable
(Figure 3.44G).

An undevelopable surface cannot be unfolded or un-
rolled onto a plane without distortion. Warped and
double-curved surfaces, such as a sphere or an ellip-
soid, cannot be developed except by approximation
(Figure 3.44H). For example, the Earth is nearly a
sphere, and representing its landforms on flat paper has
taken cartographers centuries to develop. On some
types of maps, the landforms near the poles are drawn
much larger than they really are, to compensate for the
curvature that can’t be shown. 

The advancement of computer graphics has resulted in the
development of special types of surfaces that are mathe-
matically generated to approximate complex freeform sur-
faces. These complex surfaces are created by a series of
patches, where a patch is a collection of points bounded
by curves and is the simplest mathematical element that
can be used to model the surface. Some of the more com-
mon computer-generated freeform surfaces are:

Fractal
B-spline
Coons’
Bezier
Nonuniform Rational B-spline (NURBS)

These names reflect the underlying geometry used to gen-
erate the curves. For example, B-spline curves are used to
generate a B-spline surface patch.

Traditionally, a series of orthographic views are used
to represent surfaces. With CAD, it is possible to create
mathematical models of very complex surfaces that would
be impossible to represent using traditional tools. The
computer model can be used to determine surface charac-
teristics such as area.

3.10.1 Ruled Surfaces

Polyhedra, single-curved surfaces, and warped surfaces
are classified as ruled surfaces (Figure 3.44). All ruled sur-
faces, except for warped surfaces, are developable.
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3-D Surface
An airplane wing is a good example of a complex 3-D surface.
(Courtesy of Lockheed Martin.)

Figure 3.43
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Figure 3.44



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

3. Engineering Geometry Text120 © The McGraw−Hill 
Companies, 2007

108 CHAPTER 3

▼ Practice Problem 3.2
Create a cone by copying the pattern and then
cutting it out using scissors. Fold the pattern

along the dotted line and glue or tape to create
the real model.
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With traditional tools, simple plane surfaces are drawn
using triangles and straightedges.

Some CAD systems have surface modeling programs
that can be used to create simple plane surfaces and more
complicated ruled surfaces.

Single-Curved Surfaces Single-curved surfaces are gen-
erated by moving a straight line along a curved path such
that any two consecutive positions of the generatrix are
either parallel (cylinder), intersecting (cone), or tangent to
a double-curved line (convolute). (These surfaces can also
be generated by sweeping a curved generatrix along a
straight-line directrix). The cone, cylinder, and convolute
are the only types of surfaces in this class, and they all are
developable. Most CAD systems will display a single-
curved surface with a series of elements, facets, or tessel-
lations, and some can automatically develop the surface
(Figure 3.45).

Cones There are three basic classifications of cones (Fig-
ure 3.46). If the axis is perpendicular to the base, the axis
is called the altitude and the cone is called a right cone. If
the axis is not perpendicular to the base, the cone is called
an oblique cone. If the tip of the cone is cut off, it is called a
truncated cone or a frustum of a cone.

There are many applications for cones in engineering
design, including the nose cone of rockets; transition
pieces for heating, ventilating, and air-conditioning sys-
tems; conical roof sections; and construction cones used
to alert people to construction areas.

The directrix for a cone may be either a single or double
curve. The directrix also may assume any irregular shape,
but is normally circular or elliptical. Cones are classified
further by the path of the generatrix: circular, elliptical,
nephroidal, deltoidal, astroidal, cardioidal, and free curve.

Most 3-D CAD systems easily can produce many of
the cones described in this section. One approach with
CAD uses the 3-D primitive geometry commands. For ex-
ample, to create a circular cone, the primitive command
CONE is used to define the location and circumference of
the base and the location of the vertex. A noncircular cone
is created by constructing the noncircular base, then ex-
truding that form along a defined axis to a vertex point.
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Faceted representation of a cone
The computer display of a single-curved surface, such as a
cone, will often show the surface as elements or tessellation
lines.

Figure 3.45
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Truncated cone Frustum cone
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Altitude

Axis

Cones
Classification of cones.

Figure 3.46
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Cylinders A cylinder is a single-curved ruled surface
formed by a vertical, finite, straight-line element (genera-
trix) revolved parallel to a vertical or oblique axis directrix
and tangent to a horizontal circular or elliptical directrix.
The line that connects the center of the base and the top of
a cylinder is called the axis. If the axis is perpendicular to
the base, the cylinder is a right cylinder. If the axis is not
perpendicular to the base, the cylinder is an oblique cylin-
der. A multiview drawing of a right circular cylinder
shows the base curve (a circle), the extreme elements, and
the axis (Figure 3.47).

If the base curve is a circle, the cylinder is circular. If
the base curve is an ellipse, the cylinder is elliptical.
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Multiview drawing of a
right cylinder
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Cylinder classifications.

Figure 3.47

Practice Exercise 3.7
Take four clay or foam right-angle cones and cut them at an-
gles appropriate to making circular, elliptical, parabolic, and
hyperbolic sections. Look at the cut sections from a per-
pendicular viewpoint and along the major axis of the cone.
Viewing along the major axis of the cone, which sections
look circular? Which look like a line? Which have other
shapes?

Take four clay, foam, or paper cylinders of the same
altitude and base diameter as the cones and cut them at
identical angles. Compare the resulting sections (side-by-
side and face-to-face). Are any the same size? Are any the
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Convolutes A convolute is a single-curved surface gener-
ated by a straight line moving such that it is always
tangent to a double-curved line. Figure 3.48 shows the
generation of a convolute using a helix curve (the double-
curved line) as the directrix, which results in a helical
convolute.

Polyhedra A polyhedron is a symmetrical or asymmetri-
cal 3-D geometric surface or solid object with multiple
polygonal sides. The sides are plane ruled surfaces (Fig-
ure 3.49) and are called faces, and the lines of intersection
of the faces are called the edges. Regular polyhedra have
regular polygons for faces. There are five regular polyhe-
drons: tetrahedron, hexahedron, octahedron, dodecahe-
dron, and icosahedron. As solids, these are known as the
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same shape? View these new sections along a normal axis
and along the major axis.

Repeat this exercise with 3-D computer models. Use
Boolean subtraction operations or a SECTION command.

Convolute
surface

Helical, double-curved
line directrix

T

Involute arc

angent line
generatrix

Helical convolute
A convolute surface is formed by the sweep of a straight line
tangent to a double-curved line. A helical convolute is a special
case formed by the sweep of a line tangent to a helix curve.

Figure 3.48

Dodecahedron Icosahedron

Tetrahedron Hexahedron (cube) Octahedron

Regular polyhedra
Regular polyhedra are solids formed by plane surfaces that are regular polygonal shapes.

Figure 3.49
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five platonic solids. Some polyhedra, such as the tetrahe-
dron, pyramid, and hexahedron, are easily produced with
3-D CAD programs by using extrusion techniques.

Regular polyhedra are classified by the shape and num-
ber of faces, as follows.

Tetrahedron. A symmetrical or asymmetrical 3-D surface
or solid object with four equilateral triangular sides.

Hexahedron. A symmetrical or asymmetrical 3-D surface
or solid object with six quadrilateral sides.

Octahedron. A symmetrical or asymmetrical 3-D surface
or solid object with eight equilateral triangular sides.

Dodecahedron. A symmetrical or asymmetrical 3-D sur-
face or solid object with twelve pentagonal sides.

Icosahedron. A symmetrical or asymmetrical 3-D surface
or solid object with twenty equilateral triangular sides.

Polygonal Prisms A polygonal prism is a polyhedron that
has two equal parallel faces, called its bases, and lateral
faces that are parallelograms (Figure 3.50). The parallel
bases may be of any shape and are connected by parallelo-
gram sides. A line connecting the centers of the two bases is
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Figure 3.50

Practice Exercise 3.8
Create real models of polyhedra using the developments
found at the end of the book. Make real models of the cube
and prism. Sketch the multiviews and pictorials of each real
model created from the developments.

Using a CAD solid modeler with primitive commands,
create solid models of regular polyhedra. View the polyhe-
dra from various viewpoints, with hidden lines shown and
then removed.
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Warped surface
Generating a warped surface by moving a straight line so that any two consecutive positions are skewed.

Figure 3.51

called the axis. If the axis is perpendicular to the bases, the
axis is called the altitude and the prism is a right prism. If
the axis is not perpendicular to the bases, the prism is an
oblique prism. A truncated prism is one that has been cut
off at one end, forming a base that is not parallel to the other
base. A parallelepiped is a prism with a rectangle or paral-
lelogram as a base. Polygonal prisms are easily produced
with 3-D CAD programs by using extrusion techniques.

Pyramids A pyramid is a polyhedron that has a polygon
for a base and lateral faces that have a common intersection
point, called a vertex. The axis of a pyramid is the straight
line connecting the center of the base to the vertex. If the
axis is perpendicular to the base, the pyramid is a right
pyramid; otherwise, it is an oblique pyramid. A truncated
or frustum pyramid is formed when a plane cuts off the
vertex. The altitude of a pyramid is the perpendicular dis-
tance from the vertex to the center of the base plane. 

Warped Surfaces A warped surface is a double-curved
ruled 3-D surface generated by a straight line moving such
that any two consecutive positions of the line are skewed
(not in the same plane). Warped surfaces are not devel-
opable. Figure 3.51 illustrates an example of a warped
surface. Lines MN and OP are neither parallel nor inter-
secting. To connect them with a smooth surface, to form a
sheet-metal panel for an automobile, for example, a
warped surface must be used.

3.10.2 Fractal Curves and Surfaces

Benoit Mandlebrot of the IBM Research Center pio-
neered an investigation into the nature of self similarity,

which is the condition in which a figure is repeated or mim-
icked by smaller versions of itself. Well-known occur-
rences of self similarity are coastlines, mountain ranges,
landscapes, clouds, galaxy structures, radio noise, and
stock market fluctuations. For example, a coastline
viewed from orbit will have a certain level of ruggedness,
caused by bays, peninsulas, and inlets. The same coastline
viewed from an aircraft will show further detail, and the
detail will mimic the ruggedness, with smaller bays, penin-
sulas, and inlets.

Mandlebrot developed the geometry of fractals,
which is short for fractional dimensionals, to define such
repetition mathematically. Fractal geometry has led to
the development of computer-based fractal design tools
that can produce very complex random patterns. The
term fractal is used to describe graphics of randomly
generated curves and surfaces that exhibit a degree of
self similarity. These fractal curves and surfaces emerge
in the form of images that are much more visually
realistic than can be produced with conventional geo-
metric forms (Figure 3.52 on the next page). In addition,
fractal image compression techniques can be used to
solve storage problems associated with large graphical
image files on computers.

3.11 3-D Modeling
Traditionally, the means of communication in the engi-
neering design process was through paper drawings done
by hand. With the availability of CAD tools, these 2-D
technical drawings are produced on computer. More
recently, 3-D modeling software has become available on
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increasingly powerful PCs and increasingly inexpensive
engineering workstations (Figure 3.53). Because 3-D
modeling systems create models of the product being de-
signed, this system offers considerably more possibilities
as to how it can be integrated into the design process than
a 2-D CAD drawing does.

The following section offers an overview of two com-
mon approaches for generating 3-D computer models.

3.11.1 Wireframe Modeling

The simplest 3-D modeler is a wireframe modeler. In
this type of modeler, which is a natural outgrowth of 2-D
CAD, two types of elements must be defined in the data-
base: edges and vertices (Figure 3.54). For the tetrahedron
in the figure, the vertex list contains the geometric infor-
mation on the model. Each vertex is defined by an (X, Y,
Z) coordinate, which anchors the model in space. The
topology of the model is represented by the edge list. The
edge list does not contain coordinate information. The lo-
cation, orientation, and length of an edge must be derived
indirectly, through calculations of the vertices at either
end of the edge. For example, edge E1 consists of vertices
V1 and V2. The coordinate locations of V1 (0,0,0) and

V2 (1,0,0) indicate that E1 has a length of 1 and is oriented
along the X axis.

Most wireframe modelers support curved edges as well
as straight edges. Because of the added mathematical
complexity, the curved edges are usually only circular

114 CHAPTER 3

Fractal surface
Mountain terrain based on fractal surfaces.
(Courtesy of Ken Musgrave (www.pandromeda.com).)

Figure 3.52

3-D model
Three-dimensional computer model of an aircraft.
(Courtesy of Lockheed Martin.)

Figure 3.53
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E1   < V1 , V2 >
E2   < V2 , V3 >
E3   < V3 , V1 >
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The vertex and edge list of a wireframe model.
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curves. An example is a cylinder, as shown in Figure 3.55.
The use of curved edges in a wireframe model reveals one
of the deficiencies of a wireframe model as a representa-
tion of a 3-D object. Take the cylinder as an example. The
end faces of the cylinder are represented by single, contin-
uous, circular edges. But a cylinder has no side edges,
making it difficult with a wireframe modeler to connect
the top and bottom faces of the cylinder. The two linear
edges (E5, E6) shown in the figure are artifacts of the
wireframe model and are necessary for maintaining the
integrity of the database and for visualizing the model.

Wireframe models also have problems with unique-
ness. Figure 3.56 shows a wireframe model and some of
the possible objects it could represent. In the model, the
lack of information about surfaces gives rise to ambigui-
ties concerning the orientation of the object. The Necker
cube is a classic example (Figure 3.57 on the next page).
Because surface information is not available, edges that
would normally be hidden are not, and the orientation is
unclear. Some wireframe modelers have implemented
computational routines to calculate and remove hidden
edges. Since this involves calculating surface information
that is not inherent in a true wireframe modeler, the
process is often slow and cumbersome.

A wireframe model using circular and linear
edges
Full circles are broken into two arcs to allow them to connect to
other edges.

Figure 3.55

Example of a wireframe model lacking
uniqueness
The same edge and vertex list can describe different objects,
depending on how the faces are interpreted.

Figure 3.56
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3.11.2 Surface Modeling

The pressures of wartime production of ships and aircraft
during World War II and the expanding consumer market
after the war led to the development of systems using the
mathematical descriptions of curved surfaces. Parametric
techniques popularized by Steven A. Coons were adopted
as a way of precisely describing the curvature of a surface
in all three dimensions. Surface models define the surface
features, as well as the edges, of objects.

Surfaces can be created using a number of different tech-
niques. The technique used is determined both by the shape
to be created and by the tools available in the surface mod-
eler. Among the most popular methods for creating surfaces
are sweeping, revolving, lofting, and creating patches with
curve boundaries or sets of points (point clouds).

Sweeping is a modeling technique that allows you to de-
fine surfaces by moving a directrix along a generatrix (Fig-
ure 3.58). The directrix is typically a 2-D curve, while the
generatrix can be a line, planar curve, or 3-D curve. Fig-
ure 3.58 shows an oblique cylinder being created by mov-
ing a circle directrix along a straight-line generatrix. Fig-
ure 3.58 also shows increasingly complex directrix curves
being swept out with straight-line generatrixes to created
ruled surfaces. Using curved generatrixes allows for even
more complex surface generation. Figure 3.59A shows a
directrix curve being swept out along a curve generatrix to
create a surface model (Figure 3.59B). Notice that a closed-
curve directrix creates a tubelike, hollow surface model.

An alternative to defining a generatrix directly is to
revolve the directrix about an axis. In this case, the axis
of revolution acts as the generatrix. Figure 3.44C (on
page 107) shows a classic revolved surface; a half circle
revolved 360 degrees to form a sphere. More complex
forms can be created by using techniques such as placing
the axis of revolution so it does not touch the directrix,
using a complex curve as a directrix, and revolving less
than 360 degrees (Figure 3.60). Depending on the soft-
ware being used, the generatrix axis may have to lie in the
same plane as the directrix curve.
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A wireframe model with an ambiguous
orientation: the Necker cube
Which face is in front and which is in back?

Figure 3.57 Generatrix
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Swept surfaces
Generating swept surfaces by sweeping generator entities along
director entities.

Figure 3.58
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Directrix
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Complex surface
A more complex surface can be created by sweeping the direc-
trix along a curved generatrix.

Figure 3.59
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Using a series of directrix curves to define multiple in-
termediate points along the generatrix path can create
more complex surfaces. This technique, lofting, allows
you to define critical changes in the directrix shape over
the surface. These directrix curves can be placed parallel
or skew to each other at set distances. Figure 3.61A shows
three directrix curves defining the loft. The resulting sur-
face in Figure 3.61B shows the resulting interpolation
between the three curves. In this case, the generatrix is
implied, not directly defined. By explicitly drawing a gen-
eratrix curve, we can exercise more control over the path
taken by the surface between the directrix curves (Fig-
ure 3.61C and D).

For swept, revolved, and lofted surfaces, the directrix
and generatrix can be made from a combination of differ-
ent linetypes. In addition to straight lines and circular
curves, freeform curves such as B-splines and Bezier
curves can be used to generate all or part of the curve. Sec-
tion 3.7 provides an introduction to freeform curves.
Freeform curves usually provide controls that allow you to
both define the curve prior to surface generation and edit
the resulting curve by redefining the original curves used
to generate the surface. 

Freeform curves are regularly used to create surface
patches from boundary curves. With this technique, all
sides of the surface are initially defined by a set of curves.
If all of the curves lie in the same plane, then the resulting
surface will also be planar. More commonly, one or more of
the boundary curves moves out of the plane, creating more
complex surface patches. Figure 3.62 (on the next page)
shows a surface patch made from four Bezier curves. To
form a surface, the boundary curves should form a closed
path. Just as with creating polygons, there need to be at
least three boundary curves, but the surface can contain
more than four. The upper limit is typically a practical mat-
ter of managing the surface.

Boundary curves create a surface patch by interpolating
between each of the curves. Just as with lofting, the interior
of the surface will be a transition between each of these
curves. The closer you get to one of the boundary curves,
the more the surface takes on the shape of the curve. When
you use boundary curves, the surface is guaranteed to end
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Revolved surface
A directrix can be rotated about an axis between 1 and
360 degrees.

Figure 3.60

(A) (B)

(C) (D)

Lofting to define a surface
Lofting uses two or more directrix curves to define a surface.

Figure 3.61
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at the surface boundaries but not to pass through any spe-
cific point between the curves. Defining points or curves
on the interior of the surface can give you more control
over the surface. Groups of points—often called point
clouds—can be created that the surface must pass through.
In fact, point clouds without boundary curves can be used
to define the entire surface. This technique is popular for
reverse engineering (creating a model from an existing
physical object) since actual points on the surface of the
object can be fed into the surface modeling system.

A very popular curve type used to create surfaces using
all types of techniques is NURBS. NURBS stands for Non-
Uniform Rational B-Splines. Rational B-splines can define
a wide variety of curves including linear, circular, and conic
curves. This means that NURBS can define the complete
set of curves used in a surface model and rapidly deform,
changing curve type on the fly as needed (Figure 3.63).

Rarely are surface models made from a single surface.
Instead, several surfaces are integrated using a variety of
procedures. In addition, surfaces often have to be cut, or
trimmed, to integrate properly in the overall model. Fig-
ure 3.64 shows an example of a curved surface patch being
created by trimming a sphere with a circle. The trimming is
typically defined by projecting a curve onto the surface to
be trimmed or by the intersection of two surfaces.

Merging two or more surfaces requires decisions as to
how one surface will transition into the other. Creating a
quality surface model that will be usable in later design
analysis and manufacturing requires careful attention to the
way in which surfaces connect to each other. To control
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A Bezier bicubic surface patch
The patch consists of four connected Bezier curves and 12 con-
trol points.

Figure 3.62 A bicycle frame defined with complex surface patches.
(Courtesy of IDE Incorporated.)

Figure 3.63
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Trimmed surface
Existing surfaces can be trimmed with curves or other surfaces.

Figure 3.64

this, surfaces are defined as having varying degrees of con-
tinuity with each other. When the edges of surfaces do not
touch along their length, they are said to be not continuous
(Figure 3.65A). Having surfaces that are not continuous
means that there will be holes or gaps in the model, typi-
cally causing difficulties with the model later on.

Positional continuity means that the edges of the two
surfaces touch along their length—that is, they share an
adjacent boundary edge (Figure 3.65B). Positional conti-
nuity means surfaces share the boundary edge, but the two
surfaces do not share the same slope at this boundary,
leaving a “crease” at this edge. Tangent continuity means
that there is a smooth, tangent transition between the two
surfaces (Figure 3.65C). However, with a tangent transi-
tion, the two curves can have different curvatures coming
into the tangency. To merge two surfaces without a notice-
able transition, a continuous curvature between the sur-
faces is needed (Figure 3.65D).
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Defining the merger between surfaces is often a multi-
step process. For example, a cylindrical surface may be
merged with a freeform surface (Figure 3.66A) and then
trimmed back (Figure 3.66B). While there initially may be
only positional continuity between the surfaces, tangent
continuity between the surfaces can be created with the
addition of a fillet (Figure 3.66C).

Finished surface models commonly are used with
objects that are cast, molded, or stamped. The shape flexi-
bility of a surface model makes it ideal for representing
complex, organic forms often seen on the outer shell of
consumer products such as cars, audiovisual equipment,
or computers. The decision whether to use surface model-
ing depends on the designers’ skill and the tools at their
disposal. In many cases, surface models can be integrated
into solid models to capture the advantages of both types

of modeling tools. Solid modeling is covered in depth in
Chapter 4.

3.12 Summary
This chapter introduces you to the geometry commonly
used in engineering design graphics. Since surface model-
ing is an important part of modern engineering design,
modern techniques and geometric forms used with CAD
systems are described. In addition, geometric construction
techniques useful in creating some types of 2-D engineer-
ing geometry are included. Because geometry provides the
building blocks for creating and representing more com-
plex products and structures, the information presented in
this chapter will be used throughout the remaining chap-
ters in this text.

Engineering Geometry 119

(A)

(D)

(C)

(B)

Continuity between surfaces
When two surfaces are brought together, varying degrees of
continuity can be defined.

Figure 3.65
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Merging two surfacesFigure 3.66
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Online Learning Center (OLC) Features
There are a number of Online Learning Center features listed below that you can use to supplement your text reading to
improve your understanding and retention of the material presented in this chapter.

Historical Highlight
Early Technical Drawings

Drawing of an undershot water mill. The original was in a manuscript on vellum
with 636 drawings compiled by the Abbess Herrad of Landsperg about 1160 as an
instructive collection for her pupils. The manuscript, called “Hortus-Deliciarum,”
was burnt in 1870 and the only remains are a few drawings which had been
copied by scholars. This drawing is not based upon any conceptions of projection
but is a recording of a number of geometric “trusts.”

Early technical drawings were often quite crude and very hard
to understand due to the lack of drawing standards and pro-
jection systems. The drawing shown in the figure is an under-
shot water mill and was in a book of drawings compiled by
the Abbess Herrad of Landsperg about 1160. Some refer to
this type of drawing as a one-plane projection, but it really
uses no formal projection system. The artist tried to represent
the geometrical shapes that made up the mill but in doing so
really made it difficult if not impossible to understand.

The top portion of the drawing represents four columns
fixed to a base made of horizontal timbers to support the grind-
stones. There is a long horizontal shaft running through the
structure with a toothed wheel under the grindstone and a
water wheel located to the left. There are inconsistencies be-
tween the drawing and real object. For example, the main
water wheel is shown as two concentric circles when in fact
they are circles of the same size with paddles attached. How-
ever, if they were drawn the same size, they would coincide and
the artist would not have been able to represent the paddles.

The rather crude depiction of devices is quite usual in
drawings of this period. Although it may be possible to recon-
struct the machines from these drawings, we have to guess
the real size of parts. It would have to take the development
of a formal projection system during the Renaissance period
before more accurate drawings could be produced to repre-
sent technical objects.

Excerpted from The History of Engineering Drawing, by Jeffrey Booker,
Chatto & Windus, London, England, 1963.
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Further Reading
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Goals Review
Now that you have completed this chapter, you should be able to accomplish the goals that follow. If you need further
review, you can refer to the chapter section numbers shown with each goal.

1. Describe the importance of engineering geometry in
the design process. Objectives and Overview

2. Describe coordinate geometry and coordinate sys-
tems and apply them to CAD. Section 3.3

3. Explain the right-hand rule. Section 3.3.1

4. List the major categories of geometric entities. Sec-
tion 3.4

5. Explain and construct the geometric conditions that
occur between lines. Section 3.5.2 

6. Explain and construct tangent conditions between
lines and curves. Section 3.5.3

7. List and describe surface geometric forms. Sec-
tion 3.10

8. Describe engineering applications of geometry. Sec-
tions 3.6.1 and 3.6.2

9. Describe wireframe and 3-D surface modeling. Sec-
tions 3.11.1 and 3.11.2

Questions for Review
1. Define engineering geometry and describe its impor-

tance to engineering design.

2. Describe how coordinate space relates to engineer-
ing design.

3. Explain the right-hand rule, using sketches.

4. How is a curved line different from a straight line?

5. Describe an engineering application for a parabola
and for a hyperbola.

6. What is the difference between a plane and a
surface?

7. List six quadrilaterals.

8. Define concentric circles.

9. Define a tangent.

10. Describe an engineering application for an ellipse.

11. List and sketch four polygonal prisms.

12. Define a warped surface.

13. List the major categories of geometric forms.

14. Sketch and label the various conditions that can
occur between two lines.

15. Sketch and label the various tangent conditions that
can occur between lines and curves and between
two curves.

16. Sketch a circle and label the important parts.

17. List and define freeform curves.

18. Describe fractals.

19. What is the minimum information needed to define
a true wireframe model? Is there enough information
in a wireframe model to determine which edges are
hidden?

20. Describe the four common methods used to create
3-D surfaces.

21. Early technical drawings were often crude and hard
to understand until the development of a formal
projection system that occurred during what period
of time?

Anand, V. B. Computer Graphics and Geometric Modeling for
Engineers. New York: Wiley, 1993.

Farin, G. Curves and Surfaces for CAGD: A Practical Guide.
5th ed. New York: Academic Press, 2001.

Gailler, J. H. Curves and Surfaces in Geometric Modeling:
Theory and Algorithms. San Francisco, CA: Morgan
Kaufman, 1999.

Lu, W. Fractal Imaging. New York: Academic Press, 1997.
Whitt, L. “The Standup Conic Presents: The Parabola and

Applications.” The UMAP Journal 3, no. 3 (1982),
pp. 285–313.

Whitt, L. “The Standup Conic Presents: The Hyperbola and
Applications.” The UMAP Journal 5, no. 1 (1984).
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Workbook Problems

Workbook Problems are additional exercises to help you
learn the material presented in this chapter. The problems
are located at the back of the textbook and can be removed
from the book along the perforated edge.

3.1 Ridge Gasket. Sketch the ridge gasket using the
rectangular grid.

3.2 Centering Plate. Sketch the centering plate using
the rectangular grid.

3.3 Coordinates 1. Four grid lines equal to one unit.
In the upper half of the rectangular grid paper,
sketch the figure using the following absolute coor-
dinate values: 0,0; 3,0; 3,2; 0,2; and 0,0. In the
lower half of the rectangular grid paper, sketch the
figure using the following relative coordinate val-
ues: 0,0; 4,0; 0,3; –4,0; and 0,–3.

3.4 Coordinates 2. Four grid lines equal to one unit.
Using the isometric grid paper and following the
right-hand rule, place and label points at the fol-
lowing locations: 0,0,0; 4,0,0; 4,2,0; 0,2,0; 0,0,2;
4,0,2; 4,2,2; and 0,2,2.

After placing the points on the isometric grid,
connect the following points with lines:

1–2, 2–3, 3–4, 4–1.

5–6, 6–7, 7–8, 8–5.

4–8, 3–7, 1–5, 2–6.

3.5 Geometric Construction. Using scissors, cut out
the pattern then use glue or tape to create the 3-D
form of the cube. The dashed lines represent where
the paper is to be folded and the solid lines are
where the paper is cut.

3.6 Geometric Construction. Using scissors, cut out
the pattern then use glue or tape to create the 3-D
form of the prism. The dashed lines represent where
the paper is to be folded and the solid lines are
where the paper is cut.

Problems

The website contains starter files for most of the drawing
problems in either your native CAD file format or as a
DXF file which can be imported into most CAD software
programs. If you are sketching the problems, use either
paper recommended by your instructor or the workbook
that accompanies this text.

3.1 Using rectangular graph paper, draw or sketch the
X and Y axes for the Cartesian coordinate system,
then locate point A at 2,3; point B at –2,5; point C
at –3,–2; and point D at 4,–1. 

3.2 Using the same axes constructed in Problem 3.1,
construct line AB using endpoints –1,–2 and –3,–4.

3.3 Add to the axes in Problem 3.1 a line MN with the
first endpoint at 1,1 and the second endpoint at
45 degrees and 1� from the first endpoint.

3.4 Using rectangular graph paper, construct the X and
Y axes, then draw a figure, using the following
absolute coordinate values:

0,0

3,0

3,2

0,2

0,0

3.5 Using rectangular graph paper, construct the X and
Y axes, then draw a figure, using the following
relative coordinate values:

0,0

4,0

0,3

–4,0

0,–3
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3.6 Using isometric grid paper, construct the X, Y, and
Z axes. Reference Figure 3.4. Using the right-hand
rule, place points at the following locations:

a. 0,0,0

b. 4,0,0

c. 4,2,0

d. 0,2,0

e. 0,0,2

f. 4,0,2

g. 4,2,2

h. 0,2,2

Connect points a–b, b–c, c–d, d–a.

Connect points e–f, f–g, g–h, h–e.

Connect points d–h, c–g, a–e, b–f.

What geometric solid is produced?

3.7 (Figure 3.67) Draw the offset arm, using the given
dimensions.

3.8 (Figure 3.68) Draw the rocker arm gasket, using the
given dimensions.

3.9 (Figure 3.69) Draw the adjustable support, using
the given dimensions.

3.10 (Figure 3.70) Draw the ratchet and detent, using the
given dimensions.
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3.11 (Figure 3.71) A Geneva stop mechanism has a dri-
ving wheel that turns at a constant speed and a dri-
ven wheel that turns intermittently. The driven
wheel rotates one-fourth turn every time the drive
pin enters and leaves a slot. Begin the drawing by

constructing triangle ABC, then locate point P and
center line CP. After the drawing is complete, mea-
sure angle X.

3.12 (Figure 3.72) Construct the piston and the crank-
shaft.
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Geneva stop mechanismFigure 3.71
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2.38

.13

2.63
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Connecting
Rod

Crankshaft

ø 2.00

Piston, connecting rod, and crankshaftFigure 3.72
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3.13 Create an A-size drawing sheet, then construct
a helix from a right circular cylinder that has a
2-inch-diameter base and is 4� high.

3.14 (Figure 3.73) Draw the cam arm, using the given
dimensions and calculating the missing ones. The
curve is made of five tangent circular arcs. The rise
is the change in distance from the center of the hole
in the cam arm.

3.15 (Figure 3.74) Draw the slip cover, using the given
dimensions.

3.16 (Figures 3.75 through 3.84) Draw the part, using
the given dimensions.
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3.17 (Figure 3.85) Create sketches, wireframe, or sur-
face models by sweeping the profiles shown in the
figure using a scale assigned by your instructor.

Do the following with each of the profiles:

a. Sweep linearly 5 units along the �Z axis.

b. Sweep linearly along the vector (2,�3,5).

c. Sweep 360° about the Y axis.

d. Sweep 360° about the X axis.

e. Sweep 90° about the �X axis.

f. Sweep 270° about the –Y axis.

g. Sweep 360° about a Y axis offset 2 units in the
�X direction.

h. Sweep 180° about an X axis offset 3 units in the
�Y direction.

i. Sweep the profile about two different axes to
create two objects. Combine the two objects to
create a new single object.
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1.50

.50

ø 1.25

2.50

R 3.00

R .50 .50 Drill 3 holes

Rod guideProblem 1

Classic Problems

The following classic problems were taken from Engi-
neering Drawing & Graphic Technology, 14th Edition, by
Thomas E. French, Charles J. Vierck, and Robert Foster.
All fillets and rounds are 0.125 inches or 2 mm unless
otherwise indicated. Sketch or draw with CAD the 2-D
drawing problems shown in the figures.

1. Rod guide

2. Eyelet

3. Spline lock

4. Pulley shaft
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Design in Industry
Solid Modeling and CAD Fuels Race Team’s Success

tion of I-deas® NX series, with its fully integrated design,
analysis and manufacturing environments.

Soon, parts that previously took days or weeks to man-
ufacture were made on CNC machines and available in
hours. And as familiarity with the new software grew and
more components were modeled within NX, the team
started using the software to evaluate new engine and sus-
pension configurations virtually. They also began using the
digital environment to optimize weight distribution. Work-
ing virtually first and then later in the shop, engineers
stripped excess metal from upper components and applied
the weight to areas below the centerline of the axles. This
way, they were able to improve handling while maintain-
ing NASCAR’s required vehicle weight. The software also
helped the team find ways to increase engine horsepower.
Performance on the track reflected the increasing use of
NX, with faster times and better finishes. In 2000, just
three years after installing the software, Joe Gibbs Racing
won its first NASCAR championship.

132

This case study describes the design of NASCAR race cars
for Joe Gibbs Racing using 3-D modeling and CAD. In this
case study, you will see examples of how 3-D modeling is
used and the importance of 3-D modeling in the design
process to improve on the performance of the race car.

Joe Gibbs Racing has won the NASCAR championship
two of the last four seasons.

The Race Between Races
With expert drivers like Bobby Labonte and Tony Stewart
and fast cars like the #18 Interstate Batteries® Chevrolet
Monte Carlo, the #20 Home Depot® Chevrolet Monte
Carlo, and, the newest addition, the #11 Federal Express
Chevrolet Monte Carlo, Joe Gibbs Racing has the makings
for NASCAR success. But winning involves more than
sending these men and their cars out onto the track each
weekend. So much work must be done on the cars between
races that another type of race takes place constantly in the
shop as designers and machinists work against the clock.

■ Issues:
Fine-tune cars prior to each race

React quickly to rule changes involving equipment

Conduct R&D for future vehicle enhancements

Stay ahead of the competition
■ Approach:

Model parts and subassemblies in NX

Transfer geometry to NX Generative Machining

Produce parts on CNC and stereolithography machines
■ Results:

Two NASCAR championships and three 2nd-place
finishes

90 percent reduction in cylinder head and manifold
grinding time (seven hours versus 70 previously)

Suspension adjusted in two hours versus two weeks

Scale models quickly available for wind tunnel testing

Prior to 1998, the crew had tried using CAD/CAM
software to speed the production of custom components.
Although this was faster than making drawings and then
machining parts by hand, data translation between the two
software programs caused errors that slowed the process
considerably. That problem was solved with the installa-

From Joe Gibbs/UGS.
*Licensed under authority of Joe Gibbs Racing, Huntersville, NC.

Joe Gibbs Racing
A big part of a race team’s success depends on the people in
the shop and how quickly they can make changes to the car.
Tony Stewart®, #20®, and The Home Depot® licensed under authority of Joe
Gibbs Racing, Huntersville, NC.
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4
3-D Solid
Modeling

Objectives and Overview
After completing this chapter, you will be able to:

1. Understand the terminology used in 3-D modeling.

2. Define the most common types of 3-D modeling
systems.

3. Apply Boolean operations to 3-D objects.

4. Understand the role that planning plays in building a
constraint-based model.

5. Apply generalized sweeps to the creation of model
features.

6. Apply construction geometry in the support of fea-
ture creation.

7. Apply constraints to a feature profile.

8. Understand how feature order affects feature editing
and final model geometry.

9. Apply feature duplication to model construction.

10. Identify the elements used to define a view of a
3-D model.

11. Understand how model data associativity supports
engineering design and analysis.

12. Generate 2-D documentation from a 3-D model.

13. Construct assemblies from part and subassembly
models.

14. Define the types of analyses that can be used with
3-D models.

15. Understand how CAM information is derived from
3-D models.

Three-dimensional solid modeling is a rapidly emerging
area of CAD, revolutionizing the way industry integrates

CHAPTER

133
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computers into the design process. Commercial 3-D solid
modeling packages, available since the early 1980s, have
rapidly made inroads into a wide range of industries over
the past few years.

Two-dimensional CAD has matured, in many ways, to
the point where simply using a more powerful computer
will not have much of an impact on how well a 2-D CAD
program functions. Like traditional drafting methods, 2-D
CAD programs attempt to represent objects in two dimen-
sions; in fact, the packages were originally developed to
be computer drafting tools, with the end product being a
drawing on paper. In contrast, a 3-D solid computer model
is more like a real object, not just a drawing of the object;
3-D CAD is considered a computer modeling tool.

This chapter introduces the possibilities for, and the lim-
itations of, integrating 3-D CAD operations into the design
process. While 3-D solid modeling software has enhanced
such integration, it has not yet completely replaced more
traditional 2-D documentation or physical prototypes.

The chapter outlines the most common approaches for
generating 3-D solid computer models, in addition to how
these models are viewed and modified on the computer. A

particular focus is put on constraint-based modeling tech-
niques and their relationship to documentation, analysis,
and manufacturing technologies.

4.1 Model Definition
A solid model consists of volumetric information, that is,
what is on the inside of the 3-D model, as well as infor-
mation about the surface of an object. In the case of a solid
model (Figure 4.1), the surface of the model represents the
boundary between the inside and outside of the object.
The solid model can be thought of as being watertight.
There must be no gaps between surfaces on the model
since it must completely separate the inside of the model
from the outside.

Solid modelers typically define only what is termed a
manifold model. A manifold boundary unambiguously
separates a region into the inside and the outside. A
lengthy theoretical discussion of manifolds is not appro-
priate here and also is not necessary because the idea of
manifold models is fairly intuitive. It is easy to imagine
solid objects as dividing space into what is part of the
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Solid model of a snow ski binding
(Courtesy of Autodesk.)
Reinhold Zoor for 7tm rezotec GmbH.

Figure 4.1
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object and what is not. For example, objects such as the
one shown in Figure 4.2 are not allowed. The highlighted
edge belongs to four faces of the object, when only two
faces are allowed; in real life, you would not have an infi-
nitely thin edge holding two halves of an object together.

4.2 Primitive Modeling
Many objects can be described mathematically using
basic geometric forms. Modelers are designed to support a
set of geometric primitives, such as cubes, right rectilinear
prisms (i.e., blocks), right triangular prisms (i.e., wedges),
spheres, cones, tori, and cylinders. Although most geo-
metric primitives have unique topologies, some differ
only in their geometry, like the cube and the right rectilin-
ear prism.

A primitive modeler uses only a limited set of geomet-
ric primitives; therefore, only certain topologies can be
created. This is called primitive instancing. However,
there is generally no limit to the quantity of instances of an
allowed primitive in a single model. Joining primitives
together allows the creation of more complex objects. The
user mentally decomposes the object into a collection of
geometric primitives and then constructs the model from
these elements (Figure 4.3).

Once the numerical values for the geometric parame-
ters of an instance are defined, the model must have values
for its location and orientation. For example, Figure 4.3A
shows each individual primitive that will go into the final
object, a camera. Figure 4.3B shows the camera assem-
bled with each primitive at its final location and orienta-
tion. To manipulate the camera as a whole, the modeling
system must then be able to act on a group of objects all at
one time.

4.3 Constructive Solid Geometry
(CSG) Modeling
Constructive solid geometry (CSG) modeling is a pow-
erful technique that allows more flexibility than primitive
instancing in both the way primitives are defined and
the way they are combined. The relationships between the
primitives are defined with Boolean operations. There
are three types of Boolean operations: union (�), differ-
ence (�), and intersection (�). Figure 4.4 (on the next
page) shows how each of these operations can be used to
create different forms. The critical area is the place where
two objects overlap. This is where the differences between
the Boolean operations are evident. The union operation is
essentially additive, with the two primitives being com-
bined. However, in the final form, the volume where the
two primitives overlap is only represented once. Other-
wise there would be twice as much material in the area of
overlap, which is not possible in a real object. With a dif-
ference operation, the area of overlap is not represented at
all. The final form resembles one of the original primitives
with the area of overlap removed. With the intersection
operation, only the area of overlap remains; the rest of the
primitive volumes are removed.

In Figure 4.4, Boolean operations also are shown in
their mathematical form. The union (�) operation, like the
mathematical operation of addition, is not sensitive to the
order of the primitive operands (i.e., 11 � 4 and 4 � 11
both equal 15). On the other hand, the difference (�)
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Example of a nonmanifold object 
Most modelers do not support the creation of these types of
objects.

Figure 4.2 Block A 

Block B

Wedge

(A) (B)

Cylinder

A camera described with geometric primitives
Additive modeling with geometric primitives allows a variety
of objects to be represented.

Figure 4.3
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operation is sensitive to order (Figure 4.5). For example,
11 � 4 equals 7, but 4 � 11 equals �7. For a Boolean
difference operation, the shape of the resulting geometry
depends on which primitive (A or B) is first in the equa-
tion. The result of the difference operation is that the over-
lapping volume is removed from the primitive listed first
in the operation.

With Boolean operations, it is possible to have a
form that has no volume (a null object, �). If the second
primitive of the difference operation completely encom-
passes the first primitive, the result will be a null object,

since negative geometry cannot be represented in the
model.

Primitives that adjoin but do not overlap are also a
special case (Figure 4.6). Performing a union operation on
such primitives will simply fuse them together.Adifference
operation will leave the first primitive operand unchanged.
An intersection operation will result in a null object since
such an operation only shows the volume of overlap, and
there is no overlap for the adjoining primitives.

The final form of a model can be developed in several
ways. As with pure primitive instancing, you can begin by
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Union

A ∪ B

Difference

A

B

Intersection

A – B

A ∩ B

The three Boolean operations: union, difference, and intersection
The three operations, using the same primitives in the same locations, create very different objects.

Figure 4.4
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defining a number of primitive forms. The primitives then
can be located in space such that they are overlapping or
adjoining. Boolean operations can then be applied to cre-
ate the resulting form. The original primitives may be
retained in addition to the new form, or they may be re-
placed by the new form. More primitives can be created
and used to modify the form, until the final desired shape
is reached. The use of sweeping operations to create prim-

itives can lend even more flexibility to modeling. This
technique is discussed in Section 4.7.1.

As with pure primitive instancing, the person doing the
modeling must have a clear idea of what the final form
will look like and must develop a strategy for the sequence
of operations needed to create that form. Often pictorial
sketches can be used to plan the sequence of operations
leading to the final form.
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A

B

A – B

B – A

A ∪ B

A – B

A

B

A ∩ B Ø
Null object

The effects of ordering of operands in a
difference operation
Unlike the union operation, the difference operation is sensitive
to the ordering of operations.

Figure 4.5 Boolean operations on adjoining primitives
Only the union operation is effective when primitives are
adjoining but not overlapping.

Figure 4.6
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4.4 Boundary Representation
(B-Rep) Modeling
With CSG modeling, surfaces are represented indirectly
through primitive solids. With boundary representation
(B-rep) modeling, the surfaces, or faces, are themselves
the basis for defining the solid. A B-rep face explicitly
represents an oriented surface. There are two sides to this
surface: one is on the inside of the object (the solid side),
and the other is on the outside of the object (the void side).

Also, like wireframe modelers, B-rep modelers have
the capability of containing both linear and curved edges.
Supporting curved edges also means supporting curved
surfaces, which hinders model performance. For that rea-
son, many modelers often approximate curved surfaces
with a series of planar ones. This is called faceted repre-
sentation (Figure 4.7).

The shape of a B-rep model is created using Euler op-
erations. These operations are very similar to those used
in mechanical drawing and wireframe model construction.
Vertices and edges are added or subtracted from the model
according to strict rules to define new faces. Building a
solid model one vertex at a time is cumbersome. There-
fore, in most modelers, B-rep primitives are often pro-
vided for use in creating or modifying groups of faces.

4.5 Constraint-Based Modeling
Although the use of 3-D solid modeling grew steadily dur-
ing the 1980s, companies were not realizing many of the
productivity gains promised by CAD vendors. One of the
reasons was that the process of creating a solid model was
much more abstract than the process of designing real-
world products. It wasn’t until Parametric Technologies
Corporation released Pro/ENGINEER in 1988 that many
of the productivity tools now considered commonplace in
modeling systems were brought together into a commer-
cial software package. 

Among the key innovations which Pro/ENGINEER
and other packages have brought to 3-D solid modeling is

the idea of having the model defined as a series of modifi-
able features. Each of these features would be defined
through operations (described in detail later in the chapter)
which as closely as possible represented design or manu-
facturing features of the final product. For example, a fea-
ture might be a hole bored through the model or a fillet
added to an interior corner. Each of these features can be
created independent of other features or linked so that
modifications to one will update the others. The geometry
of each of these features is controlled through modifiable
constraints, creating a dynamic model that can be up-
dated as the design requirements changed. This style of
modeling extends to assemblies too. Constraints also are
used to bring parts and subassemblies together to repre-
sent the final product assembly. Modifications to geometry
in a feature are reflected in both the part containing the
feature and assemblies containing this part.

4.5.1 Planning

A critical part of constraint-based modeling is the plan-
ning that happens prior to building the model. Because
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Practice Exercise 4.1
Using clay or foam, create three pairs of primitive shapes,
such as cylinders and rectilinear prisms. Sketch a pictorial
of two of the primitives overlapping in some way. With the
model pairs, create a single object that reflects the three
Boolean operations: union, difference, and intersection.

FacetedExact

Exact versus faceted surfaces
Some modelers approximate curved surfaces with a series of
planar ones called facets.

Figure 4.7
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much of the power of constraint-based modeling comes
from the ability of the user to modify and otherwise
manipulate the features that make up a part, careful plan-
ning is needed up front. Careful planning means that the
model can be modified later by the person who created it
or by others into a new design with a minimum of effort.
What constitutes a feature and how it is defined are dis-
cussed in detail later in the chapter.

Critical early questions to ask before creating the
model are where the model data is coming from and how
the model data is going to be used—both in the short term
and in the long run. For example, the model might be
used exclusively for the generation of exploratory design
ideas in the ideation stage of the design process. If so,
then there may not be the need to carefully construct the
model using features that accurately represent the final
manufacturing processes. In addition, the operator may
be less concerned about constructing and documenting
the model so that other operators are able to modify the
model later on. On the other hand, the model might be of
an iterative design of an existing product. If so, an exist-
ing model may be used and features on the model modi-
fied to represent the new design. In this case, the designer
hopes that the model has been carefully constructed and
documented so that the model behaves as expected when
features are modified. This behavior should reflect the de-
sign intent of the product being modeled. That is,
changes in geometry of a feature should create model
feedback or further changes in the model which reflect
design performance or manufacturing constraints of the
product.

4.5.2 Sources of Data

Sources of model data vary greatly from company to com-
pany and project to project. If the model is of a brand-new
design, then all the model data that exists may be rough
sketches created by the modeler or another designer. If the
company recently has switched over from a 2-D CAD sys-
tem, then 2-D CAD drawings may be the source of model
building data. In this case, you have accurate dimensional
information, but often very little of the actual electronic
data in the CAD file can be reused to create the model.
If the company has switched 3-D modeling systems, then
there may be an existing model, but it may be that little of
the feature definition or constraint information can be car-
ried over. The best situation, of course, is if you are able to
reuse a model created in the same modeling system you
are currently using.

The reuse of existing models is an important benefit to
using a constraint-based modeler. Quite often, the time
that it takes to build a model of the part from scratch is no
quicker than it would be to create a set of 2-D CAD draw-
ings of the part. If the model is constructed in such a way
as to link dimensions of features together to automate
modification of the model, then the time it takes to build
the model increases. This time put into model construction
will pay off only if you are able to treat the model as a dy-
namic product data source, which provides a high degree
of automation to the creation of alternative designs. This
automation is not just within individual parts, but between
parts in an assembly.

4.5.3 Eventual Model Use

Another important part of the planning process is under-
standing how the model data is going to be used once it is
created. If you are going to use analysis tools such as
finite element analysis (FEA), you will need to make sure
that the critical features you have earmarked for careful
analysis are modeled in enough detail to give accurate
results. Similarly, if you are going to be creating physical
prototypes using rapid prototyping tools for visual analy-
sis, careful attention will need to be paid to the visible
exterior surfaces. Models used to generate CNC or
related manufacturing data will need to accurately repre-
sent the geometry of the final manufactured parts, inside
and out. For example, internal ribs, bosses, fillets, or draft
angles that might not have been of importance to evaluat-
ing its external appearance are critical when cutting
injection molds.

4.5.4 Modeling Standards

Finally, the internal standards developed by your company
need to be followed. Just as with 2-D CAD drawings,
models made to standard will be easier to modify and doc-
ument. As was mentioned earlier, the value of the 3-D
constraint-based model increases considerably if it easily
can be modified by anyone who needs to generate alterna-
tive designs from the model. Standards for modeling may
include what geometry should be grouped together to de-
fine a feature, in what order features should be created, how
the features should be linked together, and how automation
features should be documented. Similarly, new or modified
features that are added to an existing model should be
equally well constructed and integrated so that the next
operator who uses the model can also easily update it.
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doubled in depth. How does the constrained part model
respond to these changes? The modified part (Fig-
ure 4.8B) shows a number of changes: First, the left-
hand notch doubles in depth to match the notch on the
right. Second, there are now four equally spaced holes
instead of three. Third, the slot is still the same distance
from the top of the part, but it has increased in depth to
match the new notch depth. Finally, the radii of the
corners have increased to stay one-fifth the height of
the part.

Figure 4.8 shows examples of a number of types of
constraints that can be embedded in a single part. In real-
ity, most parts exist as part of larger assemblies. Feature
constraints can also be carried across parts in an assembly
to make sure that changes in one part are accurately
reflected in dependent parts. Figure 4.9 (on page 142)
shows the same part seen in Figure 4.8 as part of an as-
sembly. A change in the first part causes modification in
the second part so that the two parts still fit together prop-
erly. Besides using the flat mating surfaces of the two
parts, the line of symmetry down the middle of the part is
used to help center the parts with respect to each other.

Decisions about how to constrain features begin with
defining what geometry of the part will be contained
within each feature. If the geometry of the part is already
well defined, then the decision largely will be one of
decomposing the part geometry into a series of smaller
geometric elements that can be created with a single
feature operation in the modeler. For the part seen in Fig-
ure 4.8, the notches, holes, slot, and radiused corners all
could be defined as separate features in the part model. In
this case, the building of the model would actually begin
with a base feature represented by a rectangular prism.
On this geometry, notches, holes, etc., would be defined as
features removing material from the base feature. At the
other extreme, the final part seen in Figure 4.8 could be
built all as one feature (you’ll see how later on). Which is
the right way of building the model? There is no easy an-
swer to this question. In fact, depending on the situation,
there may be a half dozen or more correct approaches to
building this model.

How you define what geometry makes up a feature de-
pends on a number of factors, including:

■ How much of the final geometry of the part design
has been decided on before you begin creating the
model?

■ What level of detail is needed in the model?
■ What level of modification automation is going to be

built into the model?

140 CHAPTER 4

(A)
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A part defined by features
Modification of part geometry is done by changing the size,
location, and number of features in the part.

Figure 4.8

4.6 Feature Analysis
Capturing design intent in a model is a process of defining
features and the relation of features within a model.The goal
is to make sure that information extracted from the model or
modified versions of the model for use in other parts of the
product development process accurately reflects (as much
as is possible) the original intent of the designers and engi-
neers who specified the requirements of the product. 3-D
modeling is a process of transforming product requirements
into geometry. In a constraint-based model this geometry is
dynamic, since the size and location of features in the model
can easily be changed to alter the model’s geometry.

The part in Figure 4.8 has embedded in it a number
of design requirements through the constraints attached
to features. Looking in Figure 4.8A, the notches on the
top at either end (labeled A) are constrained to be hori-
zontally symmetric in size and location. The holes
(labeled B) are constrained to be equally spaced across
the length of the part with the holes no farther than 4 cm
apart. The slot (labeled C) is constrained a constant dis-
tance from the top of the part and has a depth equal to
the depth of the notch. The radiused corners (labeled D)
have a radius equal to one-fifth the height of the part. A
designer modifies the part in two ways: the overall
length is increased from 20 cm to 23 cm, the height is
increased from 5 cm to 6 cm, and the right-hand notch is
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DREAM HIGH TECH JOB
Designing Snowboards

The engineering design process is used in many types of
jobs from the design of consumer product packaging to

the design of snowboards and related equipment. An under-
standing of the design process and 3-D solid modeling—
along with formal education in a field of engineering—can lead
to exciting job opportunities, such as the one described here
of an engineer who worked on the design of snowboards.

Snow Sports
“When I was a kid, we called my grandfather ‘Fix-it Grandpa.’
He could fix anything, and I often followed him around asking
questions about everything. I was always fascinated when he
took everything apart; only, if I did it, I couldn’t always get it
back together. Neither of my parents were mechanically
inclined, so, when I needed something fixed, I either had to
call Grandpa or fix it myself.

“When I was graduating from high school, I wanted to go
to college at University of California, Santa Barbara. My dad
and I were looking through the college catalog and ran across
a picture of a Human Powered Vehicle under the mechanical
engineering section. We both agreed that it looked interest-
ing, and I felt confident that I could study mechanical engi-
neering, because I enjoyed math, science, and physics.

Because of my engineering education, I feel that I can
solve any problem and can do whatever I want with my life.
The education gave me a set of tools to have a successful life.

To make extra money, I worked for Joyride Snowboards as
a college sales rep. I had been an avid snowboarder for the
last 12 years so it seemed like a good fit to use my engineer-
ing skills to further the sport of snowboarding.

“My employment at K2 started as an internship after
graduation and eventually became a full-time gig. At K2, I
designed snowboard footprints, profiles, and constructions
with an emphasis on women’s boards. I also organized and
led on-snow tests on Mt. Hood for prototype testing. My
design, the K2 Mix, is still in production and was ranked in the
Top 5 Women’s boards in the 2002 Transworld Buyers Guide.
In fact, Gretchen Bleiler, the winner of the Women’s Super-
pipe in the 2003 X-Games and the Women’s U.S. Open Half-
pipe Championships, rides my board!”

Skis and Snowboards
Engineers who love to ski and snowboard naturally gravitate
toward work in the snow sports industry. Traditionally, when
an idea for a new ski or snowboard design came along, engi-
neers would build a prototype, perform laboratory tests for
stiffness, and test it on the slopes. Based on the test experi-
ence, engineers would make design changes and retest the
equipment. This method of design resulted in a slow and
tedious process. In addition, the perfectly crafted ski or
snowboard is not perfect for everyone. The needs of a 5�2�

female snowboarder are much different than the needs of a
6�0� male snowboarder. The snowboarder’s height, weight,
and skill level, as well as the snow conditions and the angle of
the slope, all need to be taken into consideration when trying
to fit the perfect board to the enthusiast.

Snowboards are made out of several layers of materials,
along with glue and paint. Snowboarders believe that the
edge design, or effective edge, is the most important part of
the design. Edge design determines how the snowboard will
turn. The more surface area the edge has, the more control
and, hence, the sharper the turns that can be made. Struc-
tural strength of the snowboard is also very important. Engi-
neers determine the strength by figuring out the acceleration
of the rider.

To accommodate these various conditions, engineers
from manufacturers such as K2 and Head are designing intel-
ligent technology that will enable skiers and snowboarders to
go faster and have more control.

(Courtesy of Stacie Shannon Glass.)
Portions reprinted with permission, from Baine, C., High Tech Hot Shots, 2004,
IEEE.

Stacie Glass
Former Snowboard Design Engineer, K2 Snowboards

(Courtesy of Stacie Shannon Glass.)
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■ What need is there to explore design alternatives that
involve the addition and removal of geometric ele-
ments, rather than simply changing their sizes?

■ Should the geometry be grouped according to the func-
tional elements of the design?

■ Should the geometry be grouped based on the manu-
facturing processes being used to produce the part?

Often it is many of these factors that influence the deci-
sions on feature definition.

4.7 Feature Definition
Knowing how to define features in the model begins with
understanding how your modeler allows you to create and
edit geometry. Though every constraint-based modeler has
its own approaches to feature creation, there are ways of
generalizing this process across modelers to understand
some of the basic tools used in modeling. This first section
will present an overview of this process. Each of these
steps in the process then will be treated in greater depth in
later sections.

4.7.1 Features from Generalized Sweeps

Many features in a model can be made through the use
of sweeping operations. Most CAD systems use meth-
ods of automating solid feature generation. In a sweep-
ing operation, a closed polygon, called a profile, is
drawn on a plane and is moved or swept along a defined
path for a defined length. Each swept profile can be vi-
sualized as a solid object. The first feature, the base fea-
ture, will look exactly like this visualized solid. Each
successive feature after this will modify the existing
geometry based on how the swept form intersects with it
and whether the feature is to add or subtract material
from the part model.

In the simplest case, the path of the sweep is linear,
and a prismatic solid is created (Figure 4.10). If the linear
path is coincident with the W axis, a right prism is
created. If the path is at any other angle to the W axis, an
oblique prism is created. A path parallel to the U–V plane
is not allowed because it creates a form that is not three-
dimensional. Another path a sweep could follow is cir-
cular (revolute). The specifications for a revolute path
are more demanding than those for a linear path. With a
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(A)

(B)

Features related across parts
Features in a part are often related to mating features on other parts in an assembly.

Figure 4.9
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revolute path, an axis of rotation must be defined in terms
of both orientation and location. Figure 4.11 (on the next
page) shows examples of revolute sweeps.

If the features being created in Figures 4.10 and 4.11
were base features, then the resulting model would look
exactly as the geometry is shown. If they are later fea-
tures, then whether a swept form is adding or subtracting
volume from the current model has to be defined. With
constructive solid geometry (CSG) modelers, Boolean
operations would have defined the interaction between
the existing model and the swept profile. With constraint-
based modelers, the term Boolean typically is not used,
although the description of Boolean operations in
Section 4.3 helps to explain how the geometry is being
modified.

4.7.2 Construction Geometry

All geometry in a model must be located and oriented
relative to some 3-D coordinate system. Typically, world
coordinate system is explicitly defined and available for
the operator to use in defining the location of geometry.
Refer to Section 3.3 for more information on coordinate
systems.

A workplane is the most common type of con-
struction geometry used to support the creation of part
geometry relative to the world coordinate system. Con-
struction geometry does not represent any of the final
geometry representing the part, but instead provides a
framework for guiding the construction of this part
geometry. A common method for starting a part model is
to create a set of three mutually perpendicular planes all
intersecting the origin of the world coordinate system
(Figure 4.13A on page 145). These planes can be thought
of as construction geometry used to support the creation
of model feature geometry.
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Types of linear sweeping operations
In some systems, linear sweeps are restricted to being perpendicular to the workplane.

Figure 4.10

Step by Step: Creating a 3-D Model Using Sweeping
Operations
Sweeping operations can be used to define many of the fea-
tures in a model. Swept objects can represent both positive
and negative geometry, and so they can be used to either add
or subtract volume from the model (Figure 4.12 on page 145).
Step 1. With a 2-D rectangular polygon defined on the

workplane, determine the direction and distance for the
sweep to produce the base feature.

Step 2. Using the top face of the initial solid as a guide, re-
locate the workplane, create a semicircle, then sweep it
to create the half cylinder. Using an addition operation
joins these two objects.

Step 3. Rather than using an existing face on the solid for
orientation, rotate the workplane 90 degrees so that it is

vertical and create a triangle. Sweep the triangle to cre-
ate a wedge and unite it with the model.

Step 4. Translate the workplane so that it is on the front
face of the object. Create a circle on the front face and
sweep it to the rear face of the object to form a cylinder.
Using a subtraction operation, subtract the cylinder from
the object to make a hole through the model.

Step 5. Do a final sweep with a rectangle following a circu-
lar path for 180 degrees. Use a subtraction operation to
remove a portion of the bottom of the model.
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A workplane can be used in the same manner as a
drawing surface. In a modeler, workplanes typically are
used to orient the profile sketch used in feature genera-
tion. By adjusting the view of the model to be normal
(perpendicular) to the workplane, you can draw on the
workplane as though you were looking directly down on
a piece of paper. Figure 4.13B shows a sketch created
on one of the workplanes. The workplane orients the
sketch relative to the world coordinate system while
dimensional constraints locate the sketch on the plane

relative to the other two workplanes. This profile sketch
might have been drawn in this pictorial view, or the view
may have first been oriented normal to the workplane
(Figure 4.13C).

Each of these infinitely large planes creates an implied
local, or relative coordinate system. An alternative coor-
dinate system is often implied—for example U, V, W—to
indicate the orientation of the plane relative to the world
coordinate system. In Figure 4.14 (on page 146), U and V
are in the plane of the workplane while W is normal (per-
pendicular) to the workplane. As mentioned before, the
sketch geometry on these planes typically is located rela-
tive to projections of construction geometry or part geom-
etry onto this plane.

Once the base feature is created, workplanes often are
oriented using geometry of the model being built. The sim-
plest way to locate a workplane is to make it coplanar with
an existing face of the model (Figure 4.15A on page 146).
In addition, three vertices (V1,V2,V3) can be specified to
orient the workplane on the model. For example, the first
vertex could be the origin, the second could show the
direction of the U axis, and the third could be a point in the
first quadrant of the U–V plane (Figure 4.15B). An alterna-
tive would be to specify an origin at a vertex and then the
edges on the model to orient the plane.

Common methods for specifying the location and ori-
entation of workplanes include (Figure 4.16 on page 147):

■ Through (includes coplanar)
■ Offset/parallel
■ Angle
■ Point or edge and orientation
■ Tangent and orientation

Often more than one of these specifications needs to be
used to unequivocally specify a new workplane.

In addition to workplanes, construction axes and con-
struction points can be created. Construction axes are often
used to locate an axis of revolution or locate a point where
the axis pierces a plane. Construction points can be used to
locate a specific point along an infinitely long construction
axis or a specific point on a construction plane or face of the
model.An understanding of how the fundamentals of geom-
etry are defined (see Chapter 3) is critical to understanding
how construction geometry is created and manipulated.

4.7.3 Sketching the Profile

Many features on a part model begin as a profile sketch
on a workplane. Once a workplane is chosen or created, a
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(A)

(B)

(C)

Examples of revolved
sweeping operations
The resulting geometry is dependent on the location of the axis
of rotation relative to the profile and to the angular displacement.

Figure 4.11
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Step 1

Step 4

Step 2 Step 3

Step 5 Completed Object

Creating a solid model using sweeping and Boolean operationsFigure 4.12

(B)(A) (C)

Mutually perpendicular workplanes
Three mutually perpendicular workplanes are often used as a starting point for defining the first feature of a part model.

Figure 4.13
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decision has to be made as to how to view the workplane
while sketching on it. If a pictorial view is chosen to work
in (Figure 4.13B), you have the opportunity to get an over-
all view of where the sketch is relative to the other part
geometry. On the other hand, a view normal to the work-
plane (Figure 4.13C) will likely give you a more precise
view of how part geometry projects onto the sketched pro-
file. For more complex profile sketches, you may want to
shift between multiple views of the model and workplane. 

Once a view of the workplane is established, a profile
sketch can be drawn on the workplane. This sketch will
consist of a series of line elements such as straight lines,
arcs, circles, or splines. Tools used for drawing this sketch
will be very similar to the tools used for drawing such el-
ements in a 2-D CAD system. One important difference
concerns the accuracy with which the sketch needs to be
drawn. Unlike a 2-D CAD drawing, the sketch does not
need to be dimensionally accurate. Instead, the sketch rep-
resents the overall shape, the topology, of the profile. That
is, the sketch should represent the total number of sides of
the final profile, the basic shape of the elements (curved or
straight), and the order in which the elements are con-
nected together. The sketch also should represent the basic
geometric relationships between the elements (parallel,
tangent, etc.) within a reasonable level of accuracy. This
level of accuracy will be discussed in Section 4.7.4.

Depending on the type of modeler used, other charac-
teristics of the profile may need to be considered. For
example, the sketch might be either a closed loop or
an open loop. A closed loop sketch has its last element
connected with its first element to create a sealed path

(Figure 4.17A). You could imagine that water poured in-
side the loop would not leak out. An open loop sketch does
not close back on itself and is used when fewer elements
can clearly indicate the action of the sketch profile (Fig-
ure 4.17B). Whereas a closed loop implies an inside and
an outside, an open loop does not. When a profile sketch
contains more than one loop, the loops usually all need to
be closed to clearly indicate what is inside and outside
(Figure 4.17C). 

The definition of inside and outside is needed to specify
how the profile is to interact with the existing geometry.
For example, in Figure 4.18A (on page 148), the material
inside the loop is subtracted from the existing object,
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A local coordinate system attached to a
workplane
Local coordinate systems are used to locate a workplane
relative to the world coordinate system or the model.
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Both faces and individual vertices can be used to orient and
locate workplanes.

Figure 4.15
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whereas in Figure 4.18B, the material on the outside of the
loop is subtracted from the existing object.

4.7.4 Constraining the Profile

Going hand in hand with the sketching of the profile is
applying constraints. Whereas the sketching defined the

topology of the profile, constraining defines the geometry
of the profile. This use of the word geometry refers to a
more narrow definition of the term: the size, location, and
orientation of geometric elements that give them an over-
all shape and form. The types of constraints applied to the
sketch profile can be roughly divided into two categories:
explicit and implicit. These two types of constraints differ
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Closed and open loop profile sketches
Depending on the modeler, profile sketches can be either open or closed.

Figure 4.17
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as to whether the modeling system infers the constraint
based on the way the sketch was drawn, or whether the op-
erator has to explicitly apply the constraint to the sketch.

Many systems create constraints based on the implied
geometric relationships in the profile sketch. Common
geometric relations for which the system might create
implied constraints include (Figure 4.19):

■ Closure (connected edges)
■ Segment overlap
■ Endpoint/line overlap
■ Tangency
■ Parallelism, perpendicularity
■ Same size
■ Coincident (but not touching)
■ Concentric

These relationships are applied not only internally within
the profile, but also between elements of the profile and
existing geometric elements in the part model. For exam-
ple, segment overlap is applied exclusively between a pro-
file element and part geometry.

When a system applies these implicit constraints will
be determined in part by a predefined tolerance. This tol-
erance will decide, for example, when two sketched lines
are close enough to parallel that they should be con-
strained parallel. How does the system set this tolerance?
In some cases it might be by predefined values. Two lines
would be inferred to be parallel or perpendicular if they
were within 5 degrees of these respective orientations.
Other systems use a tolerance based on view resolution.

That is, if two lines look as though they are overlapping on
the screen, then they will be constrained as such. Under-
standing how a system applies implied geometric con-
straints is important to devising a sketching strategy. 

Though the profile does not need to be sketched with
dimensional accuracy, how you sketch it will influence
how geometric constraints are applied. For example, if
you have two lines that are to be 92 degrees relative to
each other, trying to sketch this accurately will likely
cause the system to apply an incorrect constraint of per-
pendicularity. What you would do instead is exaggerate
the nonperpendicularity of the lines by sketching them at,
say, 110 degrees and then later come back and apply a di-
mensional constraint to pull the segments back to 92 de-
grees. If implicit geometric constraints are applied which
you do not want, there typically will be a facility for over-
riding or removing these constraints. Similarly, you also
may have the ability to force the application of geometric
constraints which were not inferred by the system.

Explicit constraints, unlike implicit constraints, are
applied by the user to the profile sketch. The most common
explicit constraint is a dimensional contraint. The appli-
cation of dimensional constraints is very much like apply-
ing dimensions in a 2-D CAD system, yet they behave very
differently. A dimensional constraint indicates that a spe-
cific size or location of a profile element is going to be con-
trolled by a variable, or parameter. With a traditional CAD
modeler, geometric elements are created at a specific size
and location (Figure 4.20A on page 150). For example, if a
plate is to have a width equal to 32 mm and a height of half
the length, a rectangle 32 mm wide and 16 mm tall would
be created. In a constraint-based modeler, constraints are
assigned to geometric elements to control their size or
location: the width would be defined as P1 � 32 mm and
the height defined as P2 � P1 � 2 (Figure 4.20B). Though
a profile element initially may be sketched at a specific size
(and a constraint assigned this as its initial value), the user
can go back and change its definition at any time. The
power of this approach is seen when the model is modified.
Instead of having to individually update all related dimen-
sions, one dimension can be altered, and all dimensions
linked through parameters automatically will reflect the
change. For example, if the width of the plate is reduced
(P1 � 20), the height automatically reduces by the ap-
propriate amount to reflect the change in width (Fig-
ure 4.20C). As seen in this example, the constraint parame-
ter might not be assigned a numeric value, but instead an
algebraic relation tied to other constraint parameters.

Just as with dimensions in traditional engineering draw-
ings, dimensional constraints specify either the location or
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When subtracting material from a part, whether the inside or
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to the end result.
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size of a geometric element (Figure 4.21 on the next page).
The constraint may reference elements that are internal to
the profile, or it may tie profile elements to external part or
construction geometry. In Figure 4.21, dimension A repre-
sents an internal size constraint and dimension B repre-
sents an internal location constraint. Dimension C, on
the other hand, is a location constraint with an external
reference. When a profile element overlaps an external

reference (indicated by D), the system may apply a loca-
tional constraint of value zero.

Dimensional and geometric constraints should not be
thought of as independent from each other. Figure 4.22 (on
page 151) shows how these two different kinds of con-
straints work together to create the final constrained profile.
The initial profile (Figure 4.22A) is sketched to represent
the appropriate geometric relations, such as parallelism
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between the top and bottom elements and tangency with the
arc. With the geometric constraints applied, explicit dimen-
sional constraints are applied to control the size of the pro-
file elements (Figure 4.22B). Some of the constraint para-
meters, such as P3, are controlled through algebraic
relations by other parameters. Once applied, the dimen-
sional constraints easily can be altered to modify the shape
and size of the profile (Figure 4.22C). Once constrained
and parameter values are modified appropriately, the pro-
file can be swept out (Figure 4.22D).

Not all constraints easily fit into the categories of geo-
metric or dimensional. For example, a modeler may have
an offset constraint (Figure 4.23). This constraint allows
you to select a group of existing geometric elements, spec-
ify a distance and side to offset, and create profile ele-
ments constrained to the originally selected elements. This
constraint combines implicit geometric relations (the new
profile elements stay parallel to the existing elements) with
dimensional constraints (a constant offset distance). The
size of the profile element ends up being determined indi-
rectly through the connection points of the elements.

Central to developing a strategy for constraining a pro-
file is knowing when the profile is fully constrained, un-
derconstrained, or overconstrained. A fully constrained
profile has completely specified the geometry of a profile.
All elements are sized, located, and oriented relative to
each other and to the part model (and, therefore, the world
coordinate system). In many cases, the geometry of an
element will be determined indirectly based on the size,
location, orientation, and geometric relationship of other
elements. In contrast, an underconstrained profile has
one or more elements that have not been fully specified.
Underconstrained elements will initially take on the geo-
metric properties represented by the sketch: if it is
sketched 94.3 cm long, then it will be represented that
way. When constraints on the profile are later modified,
the underconstrained elements will not be driven by pre-
defined constraints. This leads both to a freedom and to a
certain degree of unpredictability when creating feature
profiles. Profiles also can be overconstrained. This is
generally an unwanted situation, since there are now
constraints in conflict with each other with no clear indi-
cation as to which should take precedence. You would
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need to delete geometric or dimensional constraints on the
profile to resolve the overconstrained condition.

As was noted earlier in this section, dimensional con-
straint parameters can be set to something other than a
constant value. The ability to link constraint parameters
through algebraic equations or to control values based on
logic statements provides tremendous power to the mod-
eler to both embed design intent and automate modifica-
tions of the model.

A common type of algebraic formula to associate with a
constraint is to have a parameter equal to another parame-
ter plus or minus a constant. This type of offset formula can

be seen in a constraint in Figure 4.22 where constraint P3

will always be 3 less than P2 no matter what the value of P2.
Another type of formula can be seen in Figure 4.20 where
constraint P2 is always a ratio of P1. In this case, P2 will
always be one-half of P1. It is often necessary to look be-
hind the current value for a constraint parameter to under-
stand the design intent embedded in the constraint. In Fig-
ure 4.24A (on the next page), two plates are created with
holes and two different design intents. In the plate on the
left, the hole was intended to be placed 10 mm from the left
edge, while the plate on the right had the hole placed in the
center. When the overall width is set to 20 mm, no differ-
ence is seen in the two models, but when the overall width
is set to a different value, the difference in design intent is
immediately seen (Figure 4.24B). With a traditional mod-
eler, an engineer viewing the model in Figure 4.24A would
not be able to tell what the design intent was and, therefore,
how the hole should shift if the model was altered.

Figure 4.24 is an example of parameters being linked
across features in a part. Here, the location of the hole
feature is tied to the overall length of the base feature,
the plate. In addition to linking parameters within and be-
tween features of a part, parameters also can be linked
between parts in an assembly. Looking back on the assem-
bly in Figure 4.9 (on page 142), the constraint parameter
controlling the spread of the rectangular pins on the bot-
tom piece needed to be linked to the overall length and
notch cuts of the top plate. In complex assemblies, creat-
ing linkages between constraint parameters that reflect
design intent can be very time-consuming. Figure 4.25
(on the next page) shows just a portion of the constraint
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parameter relations written for a sofa assembly. Savings
are seen, however, through increased accuracy and auto-
mated updating of parts when component parts in an
assembly are modified throughout the design cycle.

4.7.5 Completing the Feature Definition

With the sweep profile drawn and constrained, there
remain a few more elements of the sweep which need to
be defined. Depending on the modeler, some or all of these
definitions may take place prior to or after the creation of
the constrained profile.

One part of the sweep definition that still needs to be
defined is how the profile is going to be swept out to cre-
ate a form in 3-D space. When the lines of the profile are
swept out from the workplane, the profile creates a surface
or set of surfaces. If the profile were an open loop consist-
ing of a single element, say a straight line, and the profile
were swept in a linear direction, the resulting sweep would
define a plane (Figure 4.26A). If the profile were a closed
loop, say a circle, then a linear sweep would create a cylin-
der (Figure 4.26B). Depending on how the profile is
defined, rather than capping the ends to create a solid
cylinder, the profile line might be thickened to create a
tube instead (Figure 4.26C). This thickness option can be
used with both open and closed profiles and is used to
define sheet metal and other thin features.

The direction of the linear sweep relative to the work-
plane will create different sets of extruded surfaces (see
Figure 4.10 on page 143). While a sweep of a closed loop
profile normal to the workplane will create a right prism,
more rarely, an angle other than 90 degrees to the work-
plane is used to create an oblique prism. In addition to
linear sweeps, sweeps also can be circular (revolved) (see
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/* global variables
seat_l = 73.5
seat_h = 11
seat_d = 25
splay =5
bo = .5
rail_h = 8
back_a = 14
arm_l = 20
/*set back rail lengths to sofa length
L:0 = seat_l
L:6 = seat_l
/* set front rails to sofa length, splay, and seat depth
L:18 = L:0 + 2*(seat_d * tan(splay))  - 1.516
L:20 = L:0 + 2*(seat_d * tan(splay))  - 1.516
/* set splay cuts on side rails
CUT_ANG1:10 = splay
CUT_ANG1:8 = splay
CUT_ANG1:14 = splay
CUT_ANG1:16 = splay
/* set side rails to sofa depth
L:10 = seat_d / cos (splay)
L:8 = seat_d / cos (splay)
L:14 = seat_d / cos (splay)
L:16 = seat_d / cos (splay)
/* set back skirt rail height
BORE_OFF4_L:2 = seat_h - bo
BORE_OFF3_L:2 = BORE_OFF4_L:2 -(BORE_OFF2_W:0 - 
BORE_OFF1_W:0)
ORE_OFF4_L:4 = BORE_OFF4_L:2
ORE_OFF3_L:4 = BORE_OFF3_L:2
/* set side skirt rail height
ORE_OFF1_W:8 = BORE_OFF1_W:0
ore_off2_w:8 = BORE_OFF2_W:0
ORE_OFF1_W:14 = BORE_OFF1_W:0
ore_off2_w:14 = BORE_OFF2_W:0
ORE_OFF1_L:12 = BORE_OFF1_W:0
ORE_OFF2_L:12 = BORE_OFF2_W:0

Dimensional constraints controlled through
parametric equations

Figure 4.25
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Figure 4.11 on page 144). With a circular sweep, an axis of
rotation has to be defined. The location of this axis relative
to the profile can greatly affect the resulting sweep.
Figure 4.11A and B shows two different circular sweeps,
each with a different placement for the axis of rotation. In
addition, angular displacements of other than 360 degrees
can be specified (Figure 4.11C). With both linear and circu-
lar sweeps, the sweep can be defined as one-sided or two-
sided. With a one-sided sweep, the profile is swept out only

one direction from the workplane (Figure 4.27A). With a
two-sided sweep, the profile is swept out both directions
from the workplane (Figure 4.27B).

A less commonly used definition is a path-based sweep
(Figure 4.28A on the next page). With a path-based sweep,
the profile is swept along a path defined either by an existing
edge on the part model or by a path drawn by the operator. If
the operator draws the path, it typically will have to be
sketched and constrained just as a profile would have to be.
Finally, some systems will allow you to define multiple pro-
files on different workplanes. A swept form then is created
by connecting surfaces between elements on the different
profiles (Figure 4.28B). These loft, or blend sweeps, typi-
cally have restrictions concerning the orientation of the pro-
files relative to each other, how they are ordered, and how
elements on the different profiles are related to each other.

The distance that a profile is swept can be determined in
a number of ways. A blind sweep indicates that a finite
value is given for the sweep distance (Figure 4.29A on
page 155). For a linear, one-sided sweep, this is a linear dis-
tance from the workplane to the end of the sweep. For a cir-
cular sweep, this distance is given as an angular displace-
ment. For a two-sided sweep, the distance could be given for
each side of the sweep separately, or one value could indi-
cate the total distance of the sweep, evenly divided on either
side of the workplane. The opposite of a finite (blind) sweep
is an infinite through all sweep (Figure 4.29B). Sweep dis-
tances also can be specified relative to geometry on the part
model. A through next sweep passes through the next
inside region, but stops when it hits outside (Figure 4.29C).
A to next (or to surface) sweep passes through an outside
region, but stops when it hits inside (Figure 4.29D).

A central element to all sweeping operations is defining
how the swept form will interact with the existing part
model. If the sweep is the first part geometry created, then
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it is the base feature and no operation has to be defined. All
subsequent features have to either add or remove material
from the model. If an open loop profile is going to remove
material from the part model, then the removal side has to
be defined (Figure 4.30). An open loop profile which is not
removing material either will be defined as a thin feature
or will be attached to surfaces on the part model in a way

which allows the new surfaces to form a closed form with
the part (Figure 4.31 on page 156). A closed profile clearly
defines the inside and outside. When the profile is used for
adding material, the addition is done on the inside of the
profile. When the profile is used for subtracting material,
the user has to specify whether the inside or outside is
being removed (see Figure 4.18 on page 148).

Most constraint-based modelers have tools that speed
up the definition of commonly used features. Rather than
having to define every variable of every feature, options
can be given for common design or manufactured features
which either have predefined certain feature parameters,
bundled variables together in easy-to-use dialog boxes, or
otherwise automated the feature definition process (Fig-
ure 4.32 on page 156). The ultimate goal, of course, is to
make modeling a more efficient process in tune with how
designers and engineers actually work. 

Examples of manufactured features created through
special feature-based dialog boxes include the following:

■ Blind and through holes
■ Counterbores and countersinks
■ Slots
■ Bosses

The hole dialog box shown in Figure 4.32 is a good exam-
ple of automating the process of creating features in a
model. The feature is broken down into its essential vari-
ables, with each variable represented by an input in the
dialog box. Variables such as the hole’s diameter have a
value typed in, while the depth can be set to “through” by
clicking a button or set to a finite value.

The variables entered through the dialog box largely
define the shape and size. Once these variables of the feature
are defined, the location is defined. A feature such as a blind
hole is located by indicating its orientation to a face and
distance from two edges (Figure 4.33 on page 156). In a
constraint-based modeler, all of the variables of the
feature—its shape, size, and location—are controlled para-
metrically and can be updated at any time. In addition, the
parameters defining the feature also can be linked to other
parameters defining the part. So, for example, the depth of a
hole might be related to the overall thickness of the base part.

4.7.6 Feature Planning Strategies

Though it is impossible to come up with a definitive list of
“rules” which should be followed when planning the mod-
eling of every part, there are still certain characteristics
of the part geometry that should be evaluated and deci-
sions that have to be made for most parts during the
planning process.
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Advanced sweeping techniques
A path-based sweep moves the profile along a predefined
curved path, while a blend sweep interpolates between multiple
profiles laid out in space.
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One of the more important considerations is whether
the parts contain lines of symmetry. For example, the best
way to leverage the symmetric aspects of the part depicted
in Figure 4.34A and B (on page 157) would be to construct
the base feature with one of the datums along the line of
symmetry. Not only will this assist in the construction of
the base feature, but also it will allow mirror commands to

be used to duplicate features across the plane of symmetry.
Establishing this plane of symmetry, and tying many of
the dimensional constraints to this plane, establishes the
design intent that this plane of symmetry should be main-
tained as the part dimensions are modified. This plane of
symmetry makes it easier to establish constraints that pre-
serve the symmetry of the part. With two-way symmetry,
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such as that seen in the turned shaft in Figure 4.34C, the
base feature is established with its axis of rotation at the
intersection of two datum planes. Again, this strategy
makes it much easier to maintain a constant location for
the axis as dimensions on the shaft are modified.

Another decision that usually has to be made is how geo-
metric features are distributed across part features of the
model. For example, the part seen in Figure 4.34A and B
could be created with a single profile (Figure 4.35A) or
it could be divided into a series of feature operations
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Example of a feature definition dialog box
The dialog box contains all key parameters needed to define
commonly used features, such as holes.
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Features such as this counterbore also can be defined relative to
the existing part geometry.
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Using symmetry in feature definition
Construction planes can be used to help define symmetric features.
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Geometric decomposition for features
How geometry is decomposed into features depends on an overall strategy for model use.
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(Figure 4.35B). What would be the advantages or disad-
vantages of each approach? Generally speaking, the more
complex the geometry is in a feature profile sketch, the
harder it is to apply all the desired geometric and dimen-
sional constraints. Also, geometry, which may not exist in
all design variations of the part, should be broken out as
separate features. This way, the features can be either sup-
pressed or permanently deleted from the model with a
minimum amount of disturbance to other feature profiles.
On the other hand, there is no sense in needlessly decom-
posing geometry into the simplest possible profiles and
thus creating an unnecessarily large number of features in
the part. Large numbers of overly simplistic features can
also make management of the model difficult. Ultimately,
the level of complexity of feature profile geometry comes
down to what is a logical decomposition of the part geom-
etry. This logic is driven by how features are defined in the
design and manufacturing process.

One way to logically decompose the geometry of a part
is to divide features into primary and detail features. Pri-
mary features would define the overall functional form of
the part, while detail features would create geometry nec-
essary for a particular manufacturing process, functional
role, fastener attachment, or tactile/visual qualities of the
part. Whereas primary features might define the mass of a
part within 10 percent of its final form, detail features

might add fillets and rounds, through holes or mount
points for assembly, or knurling on a surface. Generally
speaking, you would want to create the primary features
first with their constraints defined based on the larger
functional design characteristics of the part. Detail fea-
tures are created later.

If detail features are tied to each other, then this should
be done in a way that represents logical design or manu-
facturing groupings. For example, all of the fillets and
rounds may be grouped together logically in the feature
tree so that they easily can be suppressed as a group. The
ability to turn detail features “on and off” is important for
some end uses of the model. For example, noncritical de-
tail features may add considerable time to finite element
analysis without adding noticeable improvement in accu-
racy. Similarly, unnecessary detail may bog down the re-
fresh rates of large assemblies on the computer screen
without adding appreciably to one’s understanding of it.

Finally, good modeling practice calls for the user to
avoid certain types of feature operations in order to pre-
serve the integrity of the model geometry and to allow for
easier management of the model. To begin with, a single
feature should be created by a single feature operation, if at
all possible. For example, the notch in Figure 4.36A could
have easily been created with a single operation. Now two
model features have to be manipulated to make changes in
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the logical geometric feature. At the other end, don’t use a
feature operation to create two logical parts when, in fact,
the modeler still considers it one part model. Figure 4.36B
shows an operation allowed by most modelers. This creates
what looks to be two parts, but is in fact still one part model.

4.8 Editing Part Features
Once one or more features have been created on the
model, the designer can go back and modify parameters
used to define the features. The most common parameter
to redefine is dimensional constraints. The dynamic nature
of a constraint-based modeler makes it easy to modify the
size, shape, and location of feature geometry on-the-fly.
Constraint-based modelers were designed with the under-
standing that designing parts is a continual process of
modification.

The ability to successfully redefine a feature will de-
pend, in part, on how sound the planning was that guided
the development of the initial features. Sections 4.8.1 and
4.8.2 will touch on a couple of elements of strategic plan-
ning for future editing of the model.

4.8.1 Understanding Feature Order

Most constraint-based modelers record the features cre-
ated for a part in a tree. This tree may or may not be
directly visible to the operator of the system. Many mod-
elers have a window that depicts the features in a part
model (Figure 4.37). Features, as they are created, are
placed at the bottom of the feature tree. If a new feature
is created as a copy or instance of another feature in
the part model, the new feature on the tree may reference
the original feature. Because features can be moved to
other locations up and down the feature tree, the tree can-
not be considered an exact history of feature creation.
With many modelers, however, the order in the tree is the
order in which features are applied to the construction of
the model. Each time a new feature is added to the model,
the user explicitly rebuilds/regenerates the model, or the
modeler is otherwise triggered to do a rebuild, the feature
tree is traversed from top to bottom; building the part
model through a succession of feature operations.

Closely related to the idea of feature ordering is the
concept of parent-child relationships between features. As
in a real parent-child relationship, the child feature is
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dependent on the existence of its parent feature. How is
this dependency established? Every feature consists of
constraints that establish both shape and size and also
locates it. Though all of the shape and size constraints may
reference other elements of the feature profile internally at
least some of the location constraints must reference
external features in order to locate it in 3-D space (Fig-
ure 4.38). This external referencing begins with the selec-
tion of a sketching plane. Whatever construction plane or
model surface that is chosen as a sketch plane is considered
a parent of the new feature. Whenever a profile sketch is
located on the sketch plane by pulling a dimensional con-
straint from an edge on an existing feature, this feature be-
comes a parent of the new feature. Similarly, if an element
in a feature profile is constrained through overlap with an
existing feature edge, that feature also becomes a parent of
the new feature. It follows that parent features must exist
before (above) the child feature in the feature tree since the
parent features are needed to define the new feature.

When creating a model, you must always be aware of
feature dependencies, both when you create the model and

when you edit it. Deleting a parent feature means that you
must either delete the child feature that depends on it or re-
define the child feature so that it no longer depends on the
feature to be deleted. Changing the geometry of a parent
feature also may alter the geometry or location of the
child feature. For example, if the top shaft in Figure 4.38
were lengthened, then the child feature would have to
move up in order to keep the value of the dimensional
constraint between them constant. Besides deleting a fea-
ture, changing the topology of a parent feature may also
invalidate the child feature. The dependency with the
parent feature is typically not on the parent feature as a
whole but on specific geometry in the parent feature. If, in
Figure 4.38, the edge of the parent feature that the child
profile overlaps were to be rounded, then there would no
longer be an edge to overlap with.

When planning the construction of your model, there
are a number of items to consider to make sure that feature
dependencies are used to your advantage. In general, cre-
ate dependencies with existing features as early in (far up)
the feature tree as is logical. Linking locational dimen-
sional constraints or overlap constraints with the initial
three datums or the base feature will mean that the dele-
tion or modification of an intermediate feature is unlikely
to disturb the new feature. A corollary to this is to create
all the features which are likely to become parent features
as early as possible. 

In more complex models it may be neither possible nor
wise to place all dependencies high up on the tree. Instead,
dependencies may be linked based on the logical group-
ing of design or manufacturing features. For example, an
injection-molded part may require the creation of a geo-
metrically complex fastening feature on the surface of the
part. Rather than trying to tie all of the features of this fas-
tener directly back to early features in the tree, a new
datum plane and datum axis can be created from the orig-
inal datums. From these new datums, a new local base
feature is created from which other subfeatures of the fas-
tener are made. With this setup, moving the new datums
will move all of the features related to the fastener. Simi-
larly, suppressing or deleting the new datums also will
suppress/delete the fastener features without disturbing
any other features.

Editing the order of features means moving features
up or down in the feature tree. Dependencies between
features means that features can’t be moved to every pos-
sible position on the feature tree. Child features, for ex-
ample, cannot be moved above any of their parent features
on the tree. The fewer parent features a child has, the
more flexibility there is likely to be in moving the feature.
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Alternately, a feature can be redefined to change the parent
feature, providing new possibilities for reordering fea-
tures. Why would you want to reorder features? To begin
with, you may be trying to more logically group features
within the tree or you may be reordering as the result
of deleting another feature. Reordering features also gives
the operator a powerful tool for redefining the end result-
ing geometry of the model. Figure 4.39 shows a part
with three model geometry features: a box, a shell, and a
hole. When the features are created in this order, the
sequence may look like that seen in Figure 4.39A. What
happens when the hole operation happens before the
shell operation? The end result is a very different model
(Figure 4.39B).

4.8.2 Editing Feature Properties

In addition to changing the order of features within the
feature tree, many of the parameters that initially defined
the feature can be edited at a later time. If an error is made
in defining a feature, it often is quicker to correct a feature
parameter than it is to start the feature over from scratch.
Since the sketch profile of a feature is considered a child
of the plane on which it is defined, movement of the
sketch plane—whether it is a construction plane or a face
of another feature—also will move the sketch profile with

it. Similarly, you also may be able to assign the sketch
profile to another plane, creating an alternate parent-child
relationship.

Within the sketch profile, elements of the profile can be
deleted or modified. Typically, constraints associated with
those deleted elements also will disappear. Alternately, all
of the elements can be left alone, but the constraints as-
sociated with them altered. Dimensional constraints are
usually the easiest to delete and create, but geometric con-
straints also can be modified. In some cases a constraint
simply might be suppressed, allowing a new explicit con-
straint to take its place. Probably the most common modi-
fication of a feature is changing the values associated with
dimensional constraints. 

Other parameters besides the sketch profile also can be
altered. The parameters that might be modifiable are:

■ The type of sweep path
■ The distance of the sweep
■ Whether the sweep is one- or two-sided
■ The direction of a one-sided sweep
■ The side of the profile a removal operates on

Often the type of operation—removal or addition—cannot
be changed. In addition, features that are automated will
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have more limited options. For example, you probably can’t
change the circular profile in a hole feature to a square.

4.9 Duplicating Part Features
The ability to duplicate geometric elements is a powerful
attribute of all CAD programs. Constraint-based modelers
typically allow the user to duplicate at the level of fea-
tures. Often, the level of dependency between the original
and newly copied feature can vary. Typically, the topology
of the profile will be the same, as will the primary feature
parameters such as direction and distance of the sweep
and whether it is an addition or removal operation.
Whether all of the dimensional constraints are tied be-
tween the parent and the child copy often is determined by
the options chosen. For example, it may be that the size of
a copied hole is independent of its parent hole. Locational
constraints often are modified as part of the copying
process. For a general copy, any of the following might be

set independent of the parent feature:

■ The value of locational constraints
■ The model geometry to which locational constraints

are attached
■ The plane on which the feature profile resides

Often the copying process, especially if the copying in-
volves the creation of more than one child, is automated to
some degree. A common tool is an array option. With a
linear array the parent feature is copied in one or two di-
mensions with specifications given for distances between
copies and the total number of copies (Figure 4.40A).
Alternately, a total number of copies might be specified
along with a distance within which the copies are to be
evenly distributed. With a radial array, an axis of revolu-
tion is specified along with a radius, angular displacement,
and total number of copies (Figure 4.40B). Another com-
mon copying process is a mirror. In this case, a mirror
plane is specified along with features to be copied/
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mirrored. Often with a mirror copy, most of the constraints
cannot be set independent of the parent feature, since the
design intent is to keep the child a mirror image of its par-
ent. Moving the mirror plane, however, will alter the loca-
tion of the child parts.

4.10 Viewing the Part Model
The techniques used for viewing 3-D models are based
on the principles of projection theory described in Chap-
ter 5. The computer screen, like a sheet of paper, is two-
dimensional. Therefore, 3-D forms must be projected into
2-D. For review, the primary elements in creating a pro-
jection are the model (object), the viewer, and a projection
(view) plane (Figure 4.41). A coordinate system is at-
tached to each of these elements and is used to define the
spatial relationship between the elements. The world and
any associated local coordinate systems define the model.
The viewing coordinate system also has three axes, which
are defined by the viewer’s orientation in space: vertical,
horizontal, and depth. Even though it would be convenient
to associate the computer screen with the image plane co-
ordinate system, that could lead to incorrect assumptions.
Therefore, it is best at this time to imagine a 2-D plane in
3-D space, similar to a workplane.

4.10.1 View Camera Operation

The view camera is a metaphor used to describe the view-
ing process with respect to 3-D models in various CAD
systems. Most systems support more than one view of the
model at a time. For each view, there is a camera, and
there is an image plane onto which the model is projected
(Figure 4.42 on the next page). The camera records the
image on the plane and broadcasts that image to the com-
puter screen. The broadcasted image is contained within a
viewport on the screen, and viewports may be resizable
and relocatable or fixed, depending on the system. 

In nearly all cases, the image plane is oriented such that
the viewing direction is perpendicular to the image plane,
creating an orthographic projection. For the most part,
oblique projections are not allowable with 3-D modeling
systems. Most systems also default to setting the view
camera infinitely far away from the model, creating a par-
allel projection. Changing a parallel projection to a per-
spective projection is usually a matter of setting the view
camera distance to something other than infinite. The
closer the camera is to the model, the wider the view angle
required (Figure 4.43 on page 165). Some systems allow
the view angle to be manipulated, while others change the
viewing distance. In either case, the effect is a change in
the convergence of parallel edges on the model, from
nearly parallel to extremely convergent.
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View camera orientation can be established in a num-
ber of ways. Often a construction plane or a face on the
model is chosen as being normal to the line of sight.
Besides depending on set views, modeling software al-
lows for real-time, dynamic rotation of all but the largest
models. Once a view camera has been oriented and a pro-
jection calculated, a number of auxiliary commands such
as zoom and pan can be used to manipulate the view of the
model (Figure 4.44 on page 166). 

A related issue in view specification is how to display
the geometry of the model. The most common methods,
shown in Figure 4.45 (on page 166), are:

■ Wireframe
■ Hidden lines rendered
■ Hidden lines removed
■ Shaded

In addition, the lines representing tangency can be:

■ Hidden
■ Displayed solid
■ Displayed as an alternate linetype

Exactly how the model is rendered can change numerous
times during the construction of the model. Each render-
ing mode has its own advantages, with the decision of
which mode to use often based on balancing the need to
minimize the number of lines shown on the screen with
having access to tangencies and hidden features. It is im-
portant to note that a model can be displayed in wireframe
and still contain solid model information in the database.
The rendering of the model is independent of the underly-
ing geometric database.

4.10.2 View Camera Strategy

The orientation of any particular view camera with respect
to the world coordinate system can vary considerably dur-
ing the course of model building. This lack of fixed orien-
tation often can be disconcerting. The fact that view cam-
eras are moving all around the model while you are seated
firmly in front of the computer screen also contributes to
the disorientation. If the camera is rotated in one direction
about a model, the object itself appears to rotate in the op-
posite direction on the screen. An important distinction
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must be made between the two actions. If you rotate
the model, its orientation to the world coordinate system
changes, as will its geometry in the database. If you move
the view camera, however, the camera has changed loca-
tion relative to the world system, but the geometry of the
model has remained untouched. Preserving the location
and orientation of a model can be critical when multiple
parts in an assembly are being coordinated. Getting a new

view of a part most likely will involve rotating the camera
and not the part.

Projection calculations are not sensitive to the point of
view; a traditional front view of the object is as easy to
calculate as an isometric pictorial view. This is not the
case with 2-D CAD or mechanical drafting. The implica-
tion is that, except for the occasional need to conform to a
standard view, there is no reason to stick solely to the
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traditional orthographic or pictorial views when working
with 3-D modelers.

Viewpoints should be chosen on the basis of the task to
be performed. With multiple viewports, the views often are
distributed between those used strictly for viewing and

those used for constructing the model. A pictorial view of
the model is useful for observing the progress of the over-
all construction. The pictorial is often an axonometric view
oriented such that the features currently being worked
on are seen with a minimum amount of foreshortening.
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Pictorial views are a compromise that allows all three
major dimensions of the model to be seen. Rather than
being limited to a certain pictorial view, the user can inter-
actively orient the model to depict the features to the best
advantage.

During model construction, traditional multiviews also
are used. The workplane is aligned to an existing face on
the model, or along a global axis, and the resulting view
matches a traditional front, side, or top view (Figure 4.46).

To choose viewpoints for construction or for viewing a
completed model, use the same rules as for sketching or
drawing. They are as follows:

■ Avoid views that are close but not quite a standard ortho-
graphic view (Figure 4.47A on the next page). Such
views would have the features along one primary dimen-
sion severely foreshortened and therefore very distorted.

■ Clearly identify the features of interest and orient the
view camera to depict those features (Figure 4.47B). If
there are important features along all three primary di-
mensions, an isometric or near-isometric view may be
appropriate.

■ If most of the features of interest are along only two
of the three primary dimensions, choose a view that
favors those two; however, retain the third dimension.
If there are features on more than three sides of the

model, another viewport with a view from the opposite
side of the model may be required.

■ For features that must be carefully analyzed, choose a
view where the applicable faces can be seen in their
true size and shape (Figure 4.47C).

4.11 Application of Part Model Data
The part model, and its associated features, is a primary
module of product information that can be shared with
other applications. These applications may be other mod-
ules of the 3-D modeling system, another modeling sys-
tem, or other related technology used by the organization.
As has been demonstrated in earlier sections, constraint-
based modelers offer numerous powerful techniques for
dynamically modifying the part model. An organization
can leverage this powerful capability by linking, or asso-
ciating, the dynamic part model to other product informa-
tion and tools that depend on the part model so that they
are always working with the most current part informa-
tion. The part model should be thought of as part of a
larger product database being managed and updated by
the company. Dynamically linking the most up-to-date
information means that engineers, technicians, marketing
professionals, and management always have access to the
most current information. 
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4.11.1 Model Data Associativity

In a concurrent engineering environment where many
people are working on a design simultaneously, there is a
great risk that not all team members have up-to-date infor-
mation to perform their jobs. On one hand, they do not
want to extract model information too soon if the model
specifications still are changing, yet if the process of ex-
tracting model information is time consuming, they can-
not leave this step for the last minute. Data associativity
addresses this dilemma by creating a dynamic linkage of
information between the 3-D model database and the sup-
porting applications. Whenever the model is altered, the
associated data in the supporting application also are up-
dated automatically, giving all design team members the
most current information to work with.

The dynamic linkage of data can be established in a
number of different ways. The linkage can take place all
within one software package which contains multiple dis-
crete applications. Links also can be established between

different applications running on a single workstation.
With the assistance of networking and Product Data Man-
agement (PDM) tools (see Section 2.6), data can also be
dynamically linked across networks to all users working
on the same design project. Links made between the 3-D
model and supporting applications can be either unidirec-
tional or bidirectional. With unidirectional associativ-
ity, the supporting application’s data can be altered by
changing the 3-D model, but not vice versa. With bidi-
rectional associativity, changes in either the 3-D model
or data in the supporting application will affect the other.
In addition to the direction of the data flow, the updating
can be set to be done automatically whenever there is a
change, or done manually when an update command is
chosen.

It is important to emphasize that associativity means
the model and the application that is linked to it must al-
ways be able to find each other. Management of model
files and the files created by the associated applications
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becomes a critical issue. The deletion or move of a part
model file may mean that drawings of that part or an
assembly that references the part may no longer function.
In larger organizations with many people accessing
thousands of files, PDM software, databases, and other
file management tools are essential to preserving these
linkages.

4.11.2 Documentation

One of the most common types of data associativity is be-
tween the 3-D model and a 2-D production drawing. For
example, if the 3-D modeling system also has a 2-D draft-
ing module, then links can be set up between the model
and the views represented in the production drawing (Fig-
ure 4.48). As in 2-D CAD, the starting point for creating
documentation in a 3-D modeling system is to establish
paper size and to apply both a standard or custom title
block and border. At this point, rather than drawing
projections of the model from scratch, projections are

extracted directly from the 3-D model. The views in the
production drawing can be thought of as live projections
of the 3-D model from different viewpoints. 

Typically, a base view of the model (such as a front
view) is anchored in the production drawing. Then, princi-
pal and auxiliary views are established relative to this base
view. These views can be thought of as children of the
base view, since changes in scale and location of the base
view will alter these additional views. The scale estab-
lished for the base view typically will hold for child views
created from the base view. However, special detail or
removed views can be created at alternate scales. These
views typically are not tied as closely to the base views.
What portion of a view is shown can be controlled through
the use of section, partial, and broken views. What are
more difficult to add, however, are those standard conven-
tions drafters often use that violate true projections of the
object. For example, aligned sections or the revolving of
spokes or ribs are not typically allowed. Hidden lines may
be turned off all together or selectively.
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Once views are placed, notation can be added to the
views. Since dimensional constraints should represent
the design intent of the model, displaying these dimen-
sions in the drawing should suffice for the majority of the
dimensions shown in the documentation. Modelers who
know that documentation will be required can try to con-
strain the model in ways that also will meet documenta-
tion standards. For example, if coordinate dimensioning is
required for the documentation, this may influence how
the model is constrained. Similarly, if geometric dimen-
sioning and tolerancing (GD&T) notation will be re-
quired, careful selection of construction plane and dimen-
sional constraint placement means that these elements can
be reused as part of the GD&T notation (see Chapter 12).
Ideally, modeling strategies, documentation standards, de-
sign intent, and manufacturing processes should all be
aligned closely with each other, requiring a minimum of
reworking of dimensions for the final documentation.
Other text and symbol tools can be used to apply any
additional notation needed on the documentation. More
information on proper notation of documentation can
be found in Chapters 9 and 10.

It is important to note that in documentation with bidi-
rectional associativity with the model, dimensions in the
document that represent constraints can be modified to
drive changes in model geometry. This becomes a power-
ful alternative method for modifying models and explor-
ing alternative designs. With all necessary dimensions dis-
played in well-defined multiview and pictorial views, this
becomes a useful alternative means of exploring the
impact of dimensional changes in the model. Note that all
dimensions associated with the document views should
update when the model changes. However, dimensions
added to the views, which were not originally constraints
in the model (often referred to as reference dimensions),
cannot be used to drive the model. As long as they are at-
tached to geometry on the model, they should update as
the model is altered.

4.11.3 Assembly Modeling

The assembly of parts into larger models uses many of the
same techniques and concepts used in part modeling. In an
assembly model, components are brought together to
define a larger, more complex product representation. A
component is either a part or another assembly brought into
an assembly model and associated with other components
(Figure 4.49).Assemblies, when brought in as components,
are now considered subassemblies in the new larger assem-

bly. These subassemblies, in turn, are made up of compo-
nents themselves. Any assembly can be thought of as a
hierarchy of subassemblies and/or parts and can be repre-
sented in a tree structure much like the features in a part. A
part or subassembly can be brought in multiple times to an
assembly, creating multiple instances of the component
(Figure 4.50 on page 172). Instancing of components does
not add appreciably to the size of the assembly model since
all of the instances refer back to a single part model (or part
models of a subassembly). The same part or subassembly
also can be used across multiple assembly models. Com-
mon hardware, fasteners, and other parts used in multiple
designs by a company can be kept in networked component
repositories for use by engineers and designers all over the
company (Figure 4.51 on page 172). Care is needed to man-
age this repository since change in a part here may affect
multiple assemblies referencing it.

Constructing an assembly begins with bringing in a
base component. As with the construction of a base feature
in a part, a base component usually will be selected be-
cause of its central role in defining the overall assembly.
Each successive component brought in needs to be ori-
ented and located relative to other components in the
assembly. Location and orientation is achieved by defin-
ing geometric relations between geometric elements of a
component in the assembly and the elements of compo-
nents being brought in. These elements may be part model
geometry or construction geometry associated with the
component. Directionality of the geometric elements is
often an issue in orienting the new component. A face on a
part model will have an outside and inside, often with the
positive direction defined with a vector on the outside
surface pointing away from the model. Construction
planes do not have a natural inside and outside, so the
directional vector usually has to be defined on the fly.
Edges on the part models and construction axes may or
may not have directionality to them. Coordinate systems,
both global and local, can also be used to orient and locate
components.

Defining these geometric relations primarily is done
with two basic tools (Figure 4.52 on page 173):

■ Mate. Two part surfaces/construction planes are set
coplanar with the directional vectors opposing each
other.

■ Align. Two part surfaces/construction planes are set
coplanar with the directional vectors pointing the same
direction. Alternately, two edges/construction axes are
set collinear.
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A modifier for both mate and align is offset, where an off-
set distance for surfaces is defined. The surfaces continue
to be parallel to each other. In addition to mate and align,
there may also be tools to define: 

■ Parallelism (without specifying distance)
■ Tangency
■ Perpendicularity
■ Surface intersecting an edge/axis
■ Edge/axis intersecting a point/vertex
■ Angles of surfaces/planes to each other
■ Relationship of geometry to a coordinate system

The assembly modeler also may allow the creation
of construction geometry or coordinate systems on the
fly as components within the assembly to help with the
construction process. Establishment of these geometric

relations between components creates parent-child rela-
tionships between the existing components and the new
components coming in. Operators want to heed the same
strategic principles in establishing parent-child relation-
ships between components in an assembly as they did with
features in a part model.

An assembly modeler tracks the relationship between
components through degrees of freedom. The establish-
ment of each geometric relationship between two compo-
nents reduces the degrees of freedom components have to
move relative to one another. Degrees of freedom are
either rotational or linear, with a fully free 3-D part having
six degrees of freedom: three rotational and three linear.
When component parts have zero degrees of freedom
relative to each other, they are considered fixed. Fig-
ure 4.53 (on page 173) shows the process of restricting the
degrees of freedom of two component parts. Depending
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on the modeler, component parts may or may not be
allowed to be left with degrees of freedom. If the assembly
model is going to be used in kinematic or dynamic analy-
sis, then degrees of freedom representing how the compo-
nent parts are actually going to move in the assembly will
need to be represented in the model.

Just as there often are limited ways in which part mod-
els can be modified within drawings, part models often
can be modified within assembly models too. If the
assembly modeler has bidirectional associativity with the
part modeler, then dimensional constraints on parts can
be modified in the assembly with the results reflected in
both the assembly model and the individual part model.
Simply typing in a new number can make modifications
to constraint values, or they can be driven by other
constraint values through parametric equations. Just as
equations can be used to link constraints across features
in a part, equations also can be used to link constraints
across part models in an assembly. These assembly-level
equations must reference both a constraint parameter
and the part that the constraint is associated with. This
technique can be an extremely powerful tool to make
sure that interacting features across parts—such as pins,
holes, notches, etc.—continue to stay aligned and the
proper size.

A particularly useful tool found in many assembly
modelers is the ability to remove material from a compo-
nent part, not with a feature operation, but with geometry
from another component. For example, a Boolean sub-
traction operation can be performed between two parts in
an assembly with the resultant material removal being
represented as a new feature on the part. This can be a
valuable technique for modifying a part to conform to
a particularly complex fit in an assembly. Note that be-
cause of the dynamic associativity between part and
assembly, the modified part now will be dependent on
both the other part and the assembly model to define the
new feature.

Modification of dimensional constraints and perform-
ing geometry removal within the assembly modeler are
both examples of bottom-up design, where the final
geometry of the parts has not been defined before bringing
them in as components within the assembly. Often, assem-
blies are the best place to evaluate design goals for a prod-
uct, so the final geometry of a part may not be decided
until it is fit with other parts in their near-final configura-
tion. The reverse of this approach would be top-down de-
sign, where all of the part geometry is defined before it is
brought into an assembly. Though it may be possible to
model parts from scratch within the assembly modeler,

most part design uses a combination of both top-down and
bottom-up design. Basic geometry for a part is established
first; then it is brought into an assembly where it can be
further refined, as necessary.

Just as individual parts can be documented, assemblies
can also be brought into the document module of a mod-
eler. The same techniques used to bring in a single piece
are used for the assembly. As is the case with more tradi-
tional engineering drawing practices, what views are used
and how they are notated is often different for an assembly
than it is for individual parts. One additional tool that is
very useful when documenting assemblies is the ability to
create an exploded view. Often a default exploded view
can be created automatically by having the model compo-
nents move away from each other along the lines of the
geometric constraints applied in the assembly. The loca-
tion and orientation of the parts then can be adjusted to
create a more optimal view. Flow lines then can be added
between the part components. In addition to exploded
views, tools to create bills of materials and to attach part
codes with balloons and leaders are also standard in most
document models. More information on proper notation of
documentation can be found in Chapter 10.

4.11.4 Analysis

The specification phase of the design process establishes
the requirements for the needed product. Periodically, the
various design concepts being developed should be evalu-
ated against these requirements. As the design process
progresses, changes become more expensive to imple-
ment, and fewer design options can be explored afford-
ably. However, evaluations take time and resources, and
they should not be done unnecessarily. Selecting the right
analysis method is as important as determining when or
how often evaluations must or should be done. 

The speed of the analysis depends, in part, on the scope
of the analysis and the type of analysis performed. Deci-
sions need to be made as to what parts in an assembly and
what regions of a part need to be analyzed. A careful eval-
uation has to be made as to what the interactions are be-
tween features in a part and parts in an assembly in order
to know what to evaluate. Having unidirectional and bidi-
rectional associativity between the part/assembly model
and the analysis tool can speed the analysis process
considerably. Having geometry changes in the model
directly reflected in the analysis model, without the
increased time and error probability of translation, en-
courages continual, iterative evaluation over the course of
the design refinement.
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Visual Visual inspection is an evaluation technique that
is quick and easy, although very subjective. The visual in-
spection may involve making sure all the necessary parts
are in an assembly model. In addition, multiview analysis
of parts and assemblies can provide an initial confirmation
of feature size and placement. Technicians and engineers
familiar with the end product can often make well-
educated design decisions based purely on a visual analy-
sis. Visual analysis also is used to make aesthetic deci-
sions concerning the “look” of the model. Industrial
designers and marketing professionals depend heavily on
visual analysis to judge aesthetic appearance.

Rendering techniques that enhance the visual analysis
process involve steps ranging from simply removing
the edges and surfaces normally hidden from view (Fig-
ure 4.45 on page 166) to adding shading or color to make
some surfaces or features stand out. More advanced ren-
dering techniques, such as ray tracing, can accurately
model the response of different materials to light rays
(Figure 4.54). Such techniques assist not only in aesthetic
design decisions but also in safety decisions where
reflected light (glare) could pose problems.

Prototyping Even with the capability of developing vir-
tual models, physical mockups often are needed as the de-
sign progresses. Prototyping techniques allow physical
models to be made directly from a 3-D database, as in
Figure 4.55. With some systems, the outer surface of the
model is translated into a series of paths traced by cutter

heads on a milling machine. This technique can be used
for high-precision manufacturing of the final product, or
for lower-precision production of prototypes made from
inexpensive materials, such as wax or foam blocks. An
increasingly common technique, called rapid prototyp-
ing, uses a number of technologies to “build” models to
match the form and geometry of critical features of the
virtual computer model. With most rapid prototyping
techniques, the CAD model goes through a two-step con-
version (Figure 4.56 on the next page). The first step is to
tessellate the surface of the CAD model into an intercon-
nected network of triangles. This tessellated model is
written out to a data exchange file, usually in .STL for-
mat. The next step is to ‘slice’ the tessellated model into a
series of thin slices. Determining the thickness of the slic-
ing is a trade-off between the level of accuracy of the
model and the time it takes to build the model. Each pro-
totyping technology will also have its own upper and
lower limits to slice thickness. Earlier generations of the
technology only were able to achieve thicknesses in the
range of 0.020 inch (0.5 millimeter), while common
thicknesses today are in the range of 0.002 inch, about the
thickness of a piece of paper.

In some cases, it is not practical to make a prototype
because of size or cost. In other cases, the prototype would
not respond the way the actual product would. For these
situations, as well as others, virtual reality (VR) systems
offer a viable analysis approach. VR systems use the prin-
ciples of perception to develop completely immersive
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Ray traced rendering
(Courtesy of Blue Moon Studio, Inc./Shade.)

Figure 4.54

Physical models made directly from a 3-D
CAD database
(Courtesy of StrataSYS.)

Figure 4.55
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environments in which the user can interact with the
object through some or all of the senses. In such an envi-
ronment, the user has the feeling of actually interacting
with the virtual model.

Kinematics Kinematics is an analysis technique used to
evaluate the design of a mechanism, that is, an assembly
of multiple parts, some of which move with respect to
other parts. A mechanism contains two main components:
the part models themselves, which represent the links,
and the joints, which describe how the links can move rel-
ative to each other. Joints constrain movement by control-
ling the degrees of freedom allowed between the parts
(see Figure 4.53 on page 173). Often the assembly mod-
eler can double as a kinematic analysis tool by both
allowing varying degrees of freedom and specifying the
range of motion for each degree of freedom (e.g., the arm
can rotate 160 degrees about the pin on the Z axis).

Mass Properties Analysis Additional information about
the model can be obtained by performing a mass proper-
ties analysis. With those 3-D modeling systems capable of
calculating the volume of a solid, density values can be
added to calculate the overall mass of the solid. In addition,
the centers of gravity (centroids) and the inertial properties
also can be calculated. Such calculations are used either on
a single solid of uniform density or on a complete assembly

containing parts of varying materials and densities. A sim-
ple but important application of this analysis involves cal-
culating the final shipping weight of a product.

Finite Element Analysis Mass information helps calculate
the forces acting on a part but not necessarily how the
part responds to those forces. A real-world object is a
continuous mass that responds in a very complex manner
to forces acting upon it. Currently, only the responses
of very simple geometric shapes can be calculated easily.
A process called discretization divides more complex
geometries into simpler forms so that the response of a
solid to forces can be estimated. The process of creating
a model of primitive geometries is called finite ele-
ment modeling (FEM), and the analysis done on the
resulting model is finite element analysis (FEA), as in
Figure 4.57.

Ergonomics Ergonomics examines the interaction be-
tween technology and humans, as in Figure 4.58 (on
page 178). The point of interaction could be the handgrip
on a vacuum cleaner, the seat in a car, or a control panel in a
nuclear power plant. Ergonomic analyses revolve around
the goals of functionality, efficiency, and safety. With vir-
tual models, both the products and the human operators can
be modeled. More sophisticated human modelers allow
various anatomical components to be modeled as separate
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(B)(A) (C)

Tessellated ModelCAD Model Sliced Model

Processing a model for rapid prototyping
A solid model needs special preparation before a rapid prototyping machine can create a physical model of it.

Figure 4.56
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controlling the manufacturing operation. As with analysis
techniques, unidirectional and bidirectional associativity
between the CAD model and the CAM tools means
reduced time and errors in generating manufacturing
information.

The first step in the manufacturing of a product is
process planning, in which the most efficient approach for
producing the product is determined. Since individual
parts are manufactured separately, the product, and there-
fore the model, is divided along its natural hierarchical
structure. The parts also can be separated between those
parts that are ready-made and those to be fabricated on-
site. For those that are to be fabricated on-site, models can
be made showing what each part will look like at each
stage of the manufacturing process (Figure 4.59). These
models provide information used to determine how much
time, material, and labor would be required to manufac-
ture the product as modeled. If special types of tooling
(e.g., cutters, jigs, etc.) are required, 3-D models also can
be made for them.

Increasingly, the machinery used for fabrication is pro-
grammed using the computer models of each part. The
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Human interaction and ergonomic simulation within a 3-D car
(Courtesy of Dassault Systemes.)

Figure 4.58

parts and linked to a kinematic model. These models are
manipulated to mimic how a human would walk, bend,
crawl, etc., through a given space or to evaluate whether
certain controls are too far away to reach. Reach envelopes
can be swept for human limbs in the same way they are for
mechanical parts. Other geometric solids are created to
represent other limits of human capability. For example, a
right-angled cone is used to represent the cone of vision of
an aircraft pilot. The intersection of this cone with the
cockpit model indicates the controls that can be seen by the
pilot at that moment.

Computer-Aided Manufacturing (CAM) Three-dimensional
modeling techniques can be combined with computer-
aided manufacturing (CAM) capabilities to ensure that a
product design satisfies the desired manufacturability re-
quirements as closely as possible. Three-dimensional
models and their associated databases ease the transition
from design to manufacturing by reducing or eliminating
the need for traditional working or production drawings.
In many instances, the computer-generated model and
database can be translated directly to the computer system
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information related to the model is translated into manu-
facturing operations by specialized programs. These pro-
grams control the machine tools through a process called
numeric control (NC). Originally, information was pro-
vided to NC machines by punched tapes. Improvements in
technology have led to the full-scale integration of com-
puters with machine tools and the development of com-
puter numeric control (CNC). The use of CNC means less
translation and less chance for error. In the current gener-
ation of CNC technology, simulations of the tool-cutting
action are created and tested on virtual models before
actual materials and equipment are used (Figure 4.60).
This cuts down on material waste and reduces trou-
bleshooting time, freeing up the equipment for greater use
in production.

4.12 Summary
Three-dimensional solid modeling is becoming the stan-
dard method in engineering for developing product de-
signs for many industries. The advantages of using 3-D
modeling versus 2-D drafting are numerous. New techni-
cal design methods require the use of intelligent graphics,
that is, graphics in the form of 3-D models that contain im-
portant information beyond the basic geometric shapes.
The more information contained in the model, the more
useful the model is for designing, manufacturing, market-
ing, and servicing a product or structure.

3-D Solid Modeling 179

Fold & weld

Drill & tap

Fasten

Stamp

Raw stock

Modeling the incremental fabrication of a part
Virtual 3-D models can be used to simulate the manufacturing
process.

Figure 4.59

Planning tool paths using a virtual 3-D model
Tool paths can be troubleshot on virtual models without risking
damage to expensive equipment.
(Courtesy of Delcam, Inc.)

Figure 4.60



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

4. 3−D Solid Modeling Text192 © The McGraw−Hill 
Companies, 2007

Online Learning Center (OLC) Features

There are a number of Online Learning Center features listed below that you can use to supplement your text reading to
improve your understanding and retention of the material presented in this chapter.
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■ Learning Objectives
■ Chapter Outline
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Key Terms
■ Flashcards

■ Website Links
■ Animations
■ Image Library
■ AutoCAD Exercises
■ Case Studies
■ Stapler Design Problem

Goals Review
1. Understand the terminology used in 3-D modeling.

All sections.

2. Define the most popular types of 3-D modeling sys-
tems. Sections 4.2, 4.3, 4.4, 4.5

3. Apply Boolean operations to 3-D objects. Section 4.3

4. Understand the role planning plays in building a
constraint-based model. Section 4.5.1

5. Apply generalized sweeps to the creation of model
features. Section 4.7.1

6. Apply construction geometry in the support of feature
creation. Section 4.7.2

7. Apply constraints to a feature profile. Section 4.7.4

8. Understand how feature order affects feature editing
and final model geometry. Section 4.8.1

9. Apply feature duplication to model construction.
Section 4.9

10. Identify the elements used to define a view of a 3-D
model. Section 4.10.1

11. Understand how model data associativity supports
engineering design and analysis. Section 4.11.1

12. Generate 2-D documentation from a 3-D model.
Section 4.11.2

13. Construct assemblies from part and subassembly
models. Section 4.11.3

14. Define the types of analyses that can be used with
3-D models. Section 4.11.4

15. Understand how CAM information is derived from
3-D models. Section 4.11.4

Questions for Review
1. What is a nonmanifold object? Sketch an example of

one.

2. Describe the differences and similarities of B-rep
models and CSG models; do the same for wireframe
models and B-rep models.

3. Define the three types of Boolean operations and
sketch examples of each one. Can you derive the
same final object using different Boolean operations
and/or primitives?

4. What is design intent? Why does this play a role in
planning the construction of a constraint-based
model?

5. What are the basic elements of a generalized sweep?
Describe the major types of generalized sweeps used
in feature creation.

6. What are workplanes used for? What are five ways a
workplane can be defined?

7. What is the difference between geometric and
dimensional constraints? Give examples of four
types of implicit geometric constraints.

8. Give an example of a parent-child relationship.
How is a feature tree used to identify parent-child
relationships?

9. What are the two primary types of duplication meth-
ods? What input parameters are needed to define
each one?

10. What are the elements used to define a view of a 3-D
model? Which types of view commands don’t change
the projection of the model?
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11. What is the difference between unidirectional and
bidirectional associativity? What are the advantages
and disadvantages of bidirectional associativity?

12. How is the base view used in generating multiviews
from a 3-D model?

13. What are the two primary ways of constraining parts in
an assembly? What modifier is often used with these?

14. Define the types of analyses that can be used with
3-D models. Will all of these always be used when
designing a part?

15. What advantages are there for using data from a 3-D
model when analyzing the manufacture of a part?
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Profiles to be sweptFigure 4.61

Workbook Problems

Workbook Problems are additional exercises to help you
learn the material presented in this chapter. The problems
are located at the back of the textbook and can be removed
from the book along the perforated edge.

4.1 Circular Sweep. Sketch the resulting solid model
if the given profiles were to be circularly swept 360
degrees about the Y axis.

4.2 Linear Sweep. Sketch the resulting solid model if
the given profiles were to be linearly swept 2 units
along the +Z axis.

4.3 Boolean Operations. Given the three overlapping
solid primitives, make an isometric sketch of the re-
sulting solid after applying the following Boolean
operations: A – B – C.

Problems

4.1 (Figure 4.61) Create wireframe or solid models by
sweeping the profiles shown in the figure using a
scale assigned by your instructor.

Do the following with each of the profiles:

a. Sweep linearly 5 units along the �Z axis.
b. Sweep linearly along the vector (2,–3,5).
c. Sweep 360° about the Y axis.
d. Sweep 360° about the X axis.
e. Sweep 90° about the �X axis.
f. Sweep 270° about the �Y axis.
g. Sweep 360° about a Y axis offset 2 units in �X

direction.
4.2 Create a coffee mug using sweep operations. In a

sketch, clearly define the profile shapes to be used
and the axes about which they will be swept.

4.3 In Figure 4.62, there are 12 objects swept using 12
different profiles. Match the objects with the same
profile used to create 3-D objects. (Hint: Unlike
Problem 5.1, the profiles may not always be swept
at axes perpendicular to each other.)
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4.4 Model the primitives in Figure 4.63A, using either
general modeling techniques or specialized para-
metric primitive modeling tools and a scale as-
signed by your instructor.

a. Using purely additive techniques, combine the
primitives to create the objects in Figure 4.63B.

b. Create at least five other objects, using combi-
nations of the primitives. Use five or more
primitives in each of the new objects.

4.5 Figure 4.64A–C contains groups of three overlap-
ping primitives shown in wireframe. On separate
sheets of isometric grid paper, sketch the objects re-
sulting from the following Boolean operations:

Figure 4.64A:

a. (A � B) � C

b. (A � B) – C

c. (A – B) – C

Figure 4.64B:

a. (A – B) – C

b. (A � B) � C

c. B – (A � C)

Figure 4.64C:

a. (C – A) – B

b. (A � C) – B

c. (A � C) – B
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(A) Model these primitives

(B) Combine the primitives to make these objects

(1) (2) (3)

(4) (5)

Half sphere

Primitives to be modeledFigure 4.63
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4.6 Create the objects in Figure 4.65 using wireframe
or solid modeling techniques and a scale assigned
by your instructor.

a. Print or plot an isometric pictorial, displayed as
a wireframe.

b. Print or plot an isometric pictorial, with hidden
lines removed.

c. Capture both standard orthographic views and
an isometric view of the object. Organize these
views in a standard border with a title block and
print or plot the drawing.

d. Same as (c) except add dimensions and notes to
the drawing.
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B A A
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Groups of three overlapping primitives shown in wireframeFigure 4.64

(A) (B)

(D) (F)(E)

(C)

Circle 3-D models of the objects. All holes are through.

Figure 4.65
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4.7 Create the objects in Figure 4.66, using wireframe
or solid modeling techniques and a scale assigned
by your instructor.

a. Print or plot an isometric pictorial displayed
with hidden lines removed.

b. Capture both standard orthographic views and
an isometric view of the object. Use auxiliary
and section views as appropriate. Organize
these views in a standard border with a title
block and print or plot the drawing. 

c. Same as (b) except add dimensions and notes to
the drawing.
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(C)(A) (B)

(F)(E)(D)

(H)(G) (I)

Create 3-D models of the objects. All holes are through unless otherwise indicated with dashed lines.

Figure 4.66
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4.8 Model the assembly shown in Figure 4.67 on the
next page.

a. Organize an exploded assembly from the parts.
Capture the following views of the object, place
the captured views in a standard border with a
title block, and notate appropriately.

(i) Axonometric view

(ii) Axonometric view, rendered with color to
code the parts

b. Organize the parts in their assembled position.
Capture the following views of the object,

place the captured views in a standard border
with a title block, and notate appropriately.

(i) Axonometric pictorial view.

(ii) Front orthographic view, sectioned.

(iii) Axonometric pictorial view, rendered and
using transparency techniques to reveal
interior detail.

c. With the front and back housing (parts 3 and
6) fixed, the shaft (1) rotates the cylinder (5),
which, in turn, actuates the “L” pin (7). The
screw (8) attaches the “L” pin to a vertical

3-D Solid Modeling 187
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(P) (R)(Q)
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Continued
Create 3-D models of the objects. All holes are through unless otherwise indicated with dashed lines.

Figure 4.66
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slider (not pictured). Analyze how far the
shaft would have to rotate in order to move
the vertical slider 5 mm. The “L” pin is
vertical when the cylinder is in the position
shown in the figure. Represent this analysis as
follows:

(i) As an axonometric pictorial, using phan-
tom lines to show the movement

(ii) As a pair of orthographic views looking
down the primary axis, showing the mech-
anism in its two positions

(iii) As a computer animation

4.9 (Figures 4.68–4.81) Assign different Boolean
operations to the eight assembled primitive parts;

then do the following:

a. Sketch the resulting composite solids.

b. Use a solid modeling software to create the
primitives with the given dimensions; then ver-
ify your sketches by performing the same
Boolean operations on the computer.

4.10 (Figures 4.78–4.81) Using the given information
for feature-based modeling, do the following:

a. Using a scale assigned by your instructor, mea-
sure the profiles and workpiece. On isometric
grid paper, sketch the resulting workpiece after
the feature-based modeling is performed.

b. Do the same operations with CAD and com-
pare the results with your sketch.
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Design in Industry
Motorola NFL Headset Generation II

■ Product cues that tie in with other Motorola branded
products

■ Customized shapes—bold color contrast for TV zoom
■ High-impact logo placement on five different angles
■ Soft, comfortable mesh-foam headband
■ Variety of sizes ensures comfort—fit for any head size
■ Redesigned earphone with temple support to maximize

“wearability”
■ Bi-directional orientation allows placement on either

side of head
■ Elongated form to spread pressure across head
■ Temple pad inserts to achieve balance and further

reduce pressure
■ Positive clamping force over ears with top able to lift

away from head
■ Floating structure to promote airflow and add to comfort

The result of this project is a high-tech headset for the
new millennium that provides visual excitement and
awareness of the Motorola brand. Introducing such a new
dramatic look with such a high-tech appeal into a tradition-
bound atmosphere, such as football, was risky—but it paid
off as this new design represents the latest in wireless
communication devices without ignoring the mud and
guts of professional football.

194

This case study describes the design of headsets made
specifically for NFL coaches by Motorola using 3-D mod-
eling and CAD. In this case study, you will see examples
of how the design process is used and the importance of
3-D modeling in the design process to improve on the
design and visual appeal of a product that is worn by NFL
coaches.

The Motorola NFL Headset Generation II is a high-
tech wireless communication device that serves the com-
munication needs of NFL coaches while heightening
consumer awareness of the Motorola brand. Operating
procedure is intuitive, and the single ear version may be
used on either ear by swiveling the boom around.

This project first was conceived when Motorola be-
came an official sponsor of the NFL (National Football
League). The project presented a unique branding oppor-
tunity for Motorola. Unlike previous NFL sponsors who
simply imprinted their logo on the side of an existing
headset, Motorola wanted to leverage their capabilities as
a major manufacturer to create an entirely new product.

Design challenges were numerous: The television
medium required a dramatic design that would support the
Motorola image and multi-year brand awareness program.
A modest headset with a subtle logo would get lost in the
fast-paced, visually complex context of a football game.
Product details required a high degree of bold elements,
special color palettes, and logo treatments that would
show up effectively on TV. Colors and materials had to
project the Motorola high-tech image, but also compli-
ment the various team colors.

In addition to heightening the Motorola brand, it was
important that the device respond to the communication,
comfort, and image needs of NFL coaches. Motorola’s
marketing efforts wouldn’t be achieved if the NFL
coaches were uncomfortable and wouldn’t wear the
newly designed headsets. All of these issues were at stake
when placed against a looming, non-flexible release date:
kick-off of the NFL Season.

The modified Motorola NFL Headset Generation II
supports and showcases Motorola consumer product-
design efforts. Projecting a high-tech, rugged, and cool
appearance, this headset represents the leading edge of
wireless communication devices.

The overall appearance of the Motorola NFL Headset
offers superior elements and a daring new profile to stand
out against the backdrop of vivid team colors and a myriad
of screaming fans. Design details include:

Double-ear version

(© 2005 Motorola, Inc.)
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5
Multiviews and
Visualization

As lines, so loves oblique, may well

Themselves in every angle greet;

But ours, so truly parallel,

Though infinite, can never meet.

—Andrew Marvell

Objectives and Overview
After completing this chapter, you will be able to:

1. Explain orthographic and multiview projection.

2. Identify frontal, horizontal, and profile planes.

3. Identify the six principal views and the three space
dimensions.

4. Apply standard line practices to multiview drawings
and sketches.

5. Create a multiview drawing by sketching or CAD.

6. Identify normal, inclined, and oblique planes in multi-
view drawings.

7. Represent lines, curves, surfaces, holes, fillets, rounds,
chamfers, runouts, and ellipses in multiview sketches.

8. Explain the importance of multiviews.

9. Identify limiting elements, hidden features, and
intersections of two planes in multiviews.

10. Apply visualization by solids and surfaces to
multiviews.

11. Visualize 3-D objects as multiview projections.

CHAPTER

195
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The Attributes of Each Projection Method

Projection Method

Linear Perspective
-One-Point
-Two-Point
-Three-Point

Oblique Projection
-Cavalier
-Cabinet
-General

Orthographic Projection
Axonometric

-Isometric
-Dimetric
-Trimetric

Multiview Projection
-Third Angle

-First Angle

Lines of
Sight

One Principal
Plane Parallel

to Plane of
Projection

Application

(preferrred)

Converging;
inclined to
plane of
projection

Parallel;
normal to
plane of
projection

Parallel;
inclined to
plane of
projection

Parallel;
normal to
plane of
projection

Sometimes

Always

Never

For all
principal

views

Single view
pictorial

Single view
pictorial

Single view
pictorial

Multiview
drawings

One-Point
Perspective

Three-Point
Perspective

Two-Point
Perspective

Cabinet
Projection

Cavalier
Projection

General
Projection

Isometric

oq = or = og
a = b = c

q

g

r

o

q

g

r

a

b

c

a

b

c

o

q

r

g

o

Dimetric

Trimetric

oq ≠ or ≠ og
a ≠   b ≠   c

First-angle projection

Third-angle projection
RSF

T

T

F RS

T

F

RS F

T

RS

Aerial Perspective
Object features appear

less focused at a distance

Depth
Varies

Full
Depth

Half
Depth

oq = or ≠ og
a =   b ≠   c

Projections

Perspective or Central
Projections P

Linear
Perspectives

Aerial
Perspectives

Orthographic
Projections

Oblique
Projections

Axonometric
Projections

Multiview
Projections

a
b

c

Parallel Projections

Projection methods
Projection techniques developed along two lines: parallel and perspective.

Figure 5.1
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on which a sketch or drawing is created is a plane of
projection.

5.1.3 Parallel versus Perspective Projection

If the distance from the observer to the object is infinite (or
essentially so), then the projectors (i.e., projection lines)
are parallel and the drawing is classified as a parallel pro-
jection (see Figure 5.5). Parallel projection requires that
the object be positioned at infinity and viewed from multi-
ple points on an imaginary line parallel to the object. If the
distance from the observer to the object is finite, then the
projectors are not parallel and the drawing is classified as
a perspective projection (see Figure 5.4). Perspective
projection requires that the object be positioned at a finite
distance and viewed from a single point (station point).

Perspective projections mimic what the human eye sees;
however, perspective drawings are difficult to create. Paral-
lel projections are less realistic, but they are easier to draw.
This chapter will focus on parallel projection. Perspective
drawings are covered in Chapter 7, “Pictorial Projections.”

Orthographic projection is a parallel projection tech-
nique in which the plane of projection is positioned
between the observer and the object and is perpendicular to
the parallel lines of sight. The orthographic projection
technique can produce either pictorial drawings that show
all three dimensions of an object in one view, or multiviews
that show only two dimensions of an object in a single view
(Figure 5.6 on page 199).
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Pictorial illustration
This is a computer-generated pictorial illustration with shades
and shadows. These rendering techniques help enhance the 3-D
quality of the image. 
(Courtesy of Zagato Centrostile.)

Figure 5.2

Chapter 5 introduces the theory, techniques, and standards
of multiviews, which are a standard method for represent-
ing engineering designs. The chapter describes how to cre-
ate one-, two-, and three-view sketches with traditional
tools and CAD. Also described are standard practices for
representing edges, curves, holes, tangencies, and fillets
and rounds. The foundation of multiviews is orthographic
projection, based on parallel lines of sight and mutually
perpendicular views. Also introduced in this chapter are
visualization techniques that can be used to help create
and interpret multiviews.

5.1 Projection Theory
Engineering and technical graphics are dependent on pro-
jection methods. The two projection methods primarily
used are perspective and parallel (Figure 5.1). Both meth-
ods are based on projection theory, which has taken many
years to evolve the rules used today.

Projection theory comprises the principles used to
graphically represent 3-D objects and structures on 2-D
media. An example of one of the methods developed to
accomplish this task is shown in Figure 5.2, which is a pic-
torial drawing with shades and shadows to give the
impression of three dimensions.

All projection theory is based on two variables: line
of sight and plane of projection. These variables are
described briefly in the following paragraphs.

5.1.1 Line of Sight (LOS)

Drawing more than one face of an object by rotating the
object relative to your line of sight helps in understanding
the 3-D form (Figure 5.3 on the next page). A line of sight
(LOS) is an imaginary ray of light between an observer’s
eye and an object. In perspective projection, all lines of
sight start at a single point (Figure 5.4 on the next page); in
parallel projection, all lines of sight are parallel (Figure 5.5
on page 199).

5.1.2 Plane of Projection

A plane of projection (i.e., an image or picture plane)
is an imaginary flat plane upon which the image created
by the lines of sight is projected. The image is pro-
duced by connecting the points where the lines of sight
pierce the projection plane (see Figure 5.5). In effect, the
3-D object is transformed into a 2-D representation
(also called a projection). The paper or computer screen
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Orthographic

Revolved

Tipped forward

Paper
(Plane of projection)

Parallel lines of sight

Changing viewpoint
Changing the position of the object relative to the line of sight creates different views of the same object.

Figure 5.3

Picture plane

(paper or computer screen)

Nonparallel lines of sight
radiating from a point

Observer (station point)
One viewpoint

View of object projected onto

picture plane

Perspective projection
Radiating lines of sight produce a perspective projection.

Figure 5.4
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5.2 Multiview Projection Planes
Multiview projection is an orthographic projection for
which the object is behind the plane of projection, and
the object is oriented such that only two of its dimensions
are shown (Figure 5.7 on the next page). As the parallel
lines of sight pierce the projection plane, the features of
the part are outlined.

Multiview drawings employ multiview projection
techniques. In multiview drawings, generally three views
of an object are drawn, and the features and dimensions in
each view accurately represent those of the object. Each
view is a 2-D flat image, as shown in Figure 5.8 (on the next
page). The views are defined according to the positions of
the planes of projection with respect to the object.

5.2.1 Frontal Plane of Projection

The front view of an object shows the width and height di-
mensions. The views in Figures 5.7 and 5.8 are front views.
The frontal plane of projection is the plane onto which
the front view of a multiview drawing is projected.

5.2.2 Horizontal Plane of Projection

The top view of an object shows the width and depth
dimensions (Figure 5.9 on the next page). The top view
is projected onto the horizontal plane of projection,
which is a plane suspended above and parallel to the top
of the object.
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Parallel lines of sight

Observer (station point)
Infinite viewpoint

Picture plane

(paper or computer screen)

View of object projected onto

picture plane

Parallel projection
Parallel lines of sight produce a parallel projection.

Figure 5.5

Isometric MultiviewOblique

Parallel projection
Parallel projection techniques can be used to create multiview
or pictorial drawings.

Figure 5.6
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Plane ofprojection(frontal)

Projectors perpendicular to
plane

(A)

Plane ofprojection(frontal)

Lines of sight
perpendicular to plane
of projection

Object’s depth is not
represented in this view

Front
view

(B)

Depth

Orthographic projection
Orthographic projection is used to create this front multiview drawing by projecting details onto a projection plane that is parallel to
the view of the object selected as the front.

Figure 5.7

Width

Height

Single view
A single view, in this case the front view, drawn on paper or
computer screen makes the 3-D object appear 2-D; one
dimension, in this case the depth dimension, cannot be
represented since it is perpendicular to the paper.

Figure 5.8

Top View

Top view

Plane of

projection

(horizontal)

Line of

sight

Perpendicular
to plane

Depth

Width

Top view
A top view of the object is created by projecting onto the horizontal plane of projection.

Figure 5.9
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5.2.3 Profile Plane of Projection

The side view of an object shows the depth and height di-
mensions. In multiview drawings, the right side view is
the standard side view used. The right side view is pro-
jected onto the right profile plane of projection, which
is a plane that is parallel to the right side of the object
(Figure 5.10).

5.2.4 Orientation of Views from Projection Planes

The views projected onto the three planes are shown to-
gether in Figure 5.11. The top view always is positioned
above and aligned with the front view, and the right side
view always is positioned to the right of and aligned with
the front view, as shown in the figure.

5.3 Advantages of Multiview Drawings
In order to produce a new product, it is necessary to
know its true dimensions, and true dimensions are not
adequately represented in most pictorial drawings. To
illustrate, the photograph in Figure 5.12 is a pictorial
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Right side view

Plane of projection

(profile
)

Right side view

Line ofsight

Depth

Height

Perpendicular
to plane

Profile view
A right side view of the object is created by projecting onto the
profile plane of projection.

Figure 5.10

Top view

Front view Right side view

Multiview drawing of an object
For this object, three views are created: front, top, and right
side. The views are aligned so that common dimensions are
shared between views.

Figure 5.11

Perspective image
The photograph shows the road in perspective, which is how
cameras capture images. Notice how the telephone poles appear
shorter and closer together off in the distance.
(Photo courtesy of Anna Anderson.)

Figure 5.12
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perspective image. The image distorts true distances,
which are essential in manufacturing and construction.
Figure 5.13 demonstrates how a perspective projection
distorts measurements. Note that the two width dimen-
sions in the front view of the block appear different in
length; equal distances do not appear equal on a perspec-
tive drawing.

In the pictorial drawings in Figure 5.14, angles are
also distorted. In the isometric view, right angles are not
shown as 90 degrees. In the oblique view, only the front
surfaces and surfaces parallel to the front surface show
true right angles. In isometric drawings, circular holes
appear as ellipses; in oblique drawings, circles also ap-
pear as ellipses, except on the front plane and surfaces
parallel to the front surface. Changing the position of the
object will minimize the distortion of some surfaces, but
not all.

Since engineering and technology depend on exact
size and shape descriptions for designs, the best
approach is to use the parallel projection technique
called orthographic projection to create views that

show only two of the three dimensions (width, height,
depth). If the object is correctly positioned relative to
the projection planes, the dimensions of features will be
represented in true size in one or more of the views
(Figure 5.15). Multiview drawings provide the most
accurate description of three-dimensional objects and
structures for engineering, manufacturing, and construc-
tion requirements.

In the computer world, 3-D models replace the multi-
view drawing. These models are interpreted directly from
the database, without the use of dimensioned drawings
(Figure 5.16).

5.4 The Six Principal Views
The plane of projection can be oriented to produce an in-
finite number of views of an object. However, some
views are more important than others. These principal
views are the six mutually perpendicular views that are
produced by six mutually perpendicular planes of projec-
tion. If you imagine suspending an object in a glass box
with major surfaces of the object positioned so that they
are parallel to the sides of the box, the six sides of the
box become projection planes showing the six views
(Figure 5.17 on page 204). The six principal views are
front, top, left side, right side, bottom, and rear. To draw
these views on 2-D media, that is, a piece of paper or a
computer monitor, imagine putting hinges on both sides
of the front glass plane and on one edge of the left profile
plane. Then cut along all the other corners, and flatten

202 CHAPTER 5

Lines of sight
Front View

Lines of sight
Side View

WIDTH

HL

Front View
What you see

Side View
What you see

1 2 3 4 5

1 2 3 40

SP

WIDTH
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2

WIDTH

Distorted dimensions
Perspective drawings distort true dimensions.

Figure 5.13

Right angle does
not measure 90°

Isometric

Right angle
does not
measure 90°

Isometric

Distorted angles
Angular dimensions are distorted on pictorial drawings.

Figure 5.14
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out the box to create a six-view drawing, as shown in
Figure 5.18 (on page 205).

The following descriptions are based on the X, Y, and Z
coordinate system. In CAD, width can be assigned the
X axis, height assigned the Y axis, and depth assigned the
Z axis. This is not universally true for all CAD systems but
is used as a standard in this text.

The front view is the one that shows the most features
or characteristics. All other views are based on the orien-
tation chosen for the front view. Also, all other views, ex-
cept the rear view, are formed by rotating the lines of sight

90 degrees in an appropriate direction from the front view.
With CAD, the front view is the one created by looking
down the Z axis (in the negative Z viewing direction), per-
pendicular to the X and Y axes.

The top view shows what becomes the top of the object
once the position of the front view is established. With
CAD, the top view is created by looking down the Y axis
(in the negative Y viewing direction), perpendicular to the
Z and X axes.

The right side view shows what becomes the right side
of the object once the position of the front view is estab-
lished. With CAD, the right side view is created by look-
ing down the X axis from the right (in the negative X
viewing direction), perpendicular to the Z and Y axes.

The left side view shows what becomes the left side of
the object once the position of the front view is estab-
lished. The left side view is a mirror image of the right
side view, except that hidden lines may be different. With
CAD, the left side view is created by looking down the
X axis from the left (in the positive X viewing direction),
perpendicular to the Z and Y axes.

The rear view shows what becomes the rear of the
object once the front view is established. The rear view is
at 90 degrees to the left side view and is a mirror image of
the front view, except that hidden lines may be different.
With CAD, the rear view is created by looking down the
Z axis from behind the object (in the positive Z viewing
direction), perpendicular to the Y and X axes.

The bottom view shows what becomes the bottom of
the object once the front view is established. The bottom
view is a mirror image of the top view, except that hidden
lines may be different. With CAD, the bottom view is

Multiviews and Visualization 203

8

R 9.5

ø 10
ø 14
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Multiview drawing
Multiview drawings produce true-size features, which can be used for dimensionally accurate representations.

Figure 5.15

CAD data used directly by machine tool
This computer-numeric-control (CNC) machine tool can
interpret and process 3-D CAD data for use in manufacturing
to create dimensionally accurate parts.

(Courtesy of Intergraph Corporation.)

Figure 5.16
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created by looking down the Y axis from below the object
(positive Y viewing direction), perpendicular to the Z and
X axes.

The concept of laying the views flat by “unfolding the
glass box,” as shown in Figure 5.18, forms the basis for
two important multiview drawing standards:

1. Alignment of views

2. Fold lines

The top, front, and bottom views are all aligned vertically
and share the same width dimension. The rear, left side,
front, and right side views all are aligned horizontally and
share the same height dimension.

Fold lines are the imaginary hinged edges of the glass
box. The fold line between the top and front views is
labeled H/F, for horizontal/frontal projection planes; and
the fold line between the front and each profile view is
labeled F/P, for frontal/profile projection planes. The dis-

tance from a point in a side view to the F/P fold line is the
same as the distance from the corresponding point in the
top view to the H/F fold line. Conceptually, then, the fold
lines are edge-on views of reference planes. Normally,
fold lines or reference planes are not shown in engineering
drawings. However, they are very important for auxiliary
views and spatial geometry construction.

204 CHAPTER 5

F P DEPTH

WIDTH

HEIGHT

Observer at
infinity

Multiple parallel
lines of sight

FRONTAL PLANE

RIGHT SIDE VIEW

PROFILE PLANE

HORIZONTAL PLANE

TOP VIEW

FRONT VIEW

H

F

Object suspended in a glass box, producing the six principal views
Each view is perpendicular to and aligned with the adjacent views.

Figure 5.17

Practice Exercise 5.1
Hold an object at arm’s length or lay it on a flat surface.
Close one eye, then view the object such that your line of
sight is perpendicular to a major feature, such as a flat side.
Concentrate on the outside edges of the object and sketch
what you see. Move your line of sight 90 degrees, or rotate
the object 90 degrees, and sketch what you see. This
process will show you the basic procedure necessary to
create the six principal views.
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Unfolding the glass box to produce a six-view drawingFigure 5.18
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5.4.1 Conventional View Placement

The three-view multiview drawing is the standard used in
engineering and technology because many times the other
three principal views are mirror images and do not add to
the knowledge about the object. The standard views used
in a three-view drawing are the top, front, and right side
views, arranged as shown in Figure 5.19. The width di-
mensions are aligned between the front and top views,
using vertical projection lines. The height dimensions are
aligned between the front and profile views, using hori-
zontal projection lines. Because of the relative positioning
of the three views, the depth dimension cannot be aligned
using projection lines. Instead, the depth dimension is
measured in either the top or right side view and trans-
ferred to the other view, using either a scale, miter line,
compass, or dividers (Figure 5.19).

The arrangement of the views may vary only as shown
in Figure 5.20. The right side view can be placed adjacent
to the top view because both views share the depth dimen-
sion. Note that the side view is rotated so that the depth
dimension in the two views is aligned.

5.4.2 First- and Third-Angle Projection

Figure 5.21A shows the standard arrangement of all six
views of an object, as practiced in the United States and
Canada. The ANSI standard third-angle symbol shown
in the figure commonly appears on technical drawings to

denote that the drawing was done following third-angle
projection conventions. Europe and some other coun-
tries use the first-angle projection and a different
symbol, as shown in Figure 6.21B. To understand the
difference between first- and third-angle projection, refer
to Figure 5.22 (on page 208), which shows the orthog-
onal planes. Orthographic projection can be described
using these planes. If the first quadrant is used for a mul-
tiview drawing, the results will be very different from
those of the third quadrant (Figure 5.23 on page 209).
Familiarity with both first- and third-angle projection is
valuable because of the global nature of business in our
era. As an example, Figure 5.24 (on page 210) shows an
engineering drawing produced in the United States for a
German-owned company, using first-angle projection.

5.4.3 Adjacent Views

Adjacent views are two orthographic views placed next to
each other such that the dimension they share in common
is aligned, using parallel projectors. The top and front
views share the width dimension; therefore, the top view
is placed directly above the front view, and vertical paral-
lel projectors are used to ensure alignment of the shared
width dimension. The right side and front views share the
height dimension; therefore, the right side view is placed
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WIDTH
(X)

DEPTH
(Z)

HEIGHT

DEPTH
(Z)

(Y)

Projection line

Multiple parallel
projectors

Three space dimensions
The three space dimensions are width, height, and depth. A
single view on a multiview drawing will only reveal two of the
three space dimensions. The 3-D CAD systems use X, Y, and Z
to represent the three dimensions.

Figure 5.19

Central view

Related views

RIGHT SIDE

FRONT

TOP

DEPTH

Projection line

Alternate view arrangement
In this view arrangement, the top view is considered the central
view.

Figure 5.20
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(B) ISO Standard First-Angle Projection

(A) U.S. Standard Third-Angle Projection

LEFT

LEFT

BOTTOM

BOTTOM

RIGHT

RIGHT

FRONT

FRONT

TOP

TOP

REAR

REAR

Standard arrangement of the six principal views for third- and first-angle projection
Third- and first-angle drawings are designated by the standard symbol shown in the lower right corner of parts (A) and (B). The
symbol represents how the front and right-side views of a truncated cone would appear in each standard.

Figure 5.21
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directly to the right of the front view, and horizontal paral-
lel projectors are used to ensure alignment of the shared
height dimension.

The manner in which adjacent views are positioned
illustrates the first rule of orthographic projection: Every
point or feature in one view must be aligned on a parallel
projector in any adjacent view. In Figure 5.25 (on page 211),
the hole in the block is an example of a feature shown in one
view and aligned on parallel projectors in the adjacent view.

Principles of Orthographic Projection Rule 1:
Alignment of Features
Every point or feature in one view must be aligned on a
parallel projector in any adjacent view.

The distance between the views is not fixed, and it can
vary according to the space available on the paper and the
number of dimensions to be shown.

5.4.4 Related Views

Two views that are adjacent to the same view are called re-
lated views; in related views, distances between common
features are equal. In Figure 5.25, for example, the distance

between surface 1 and surface 2 is the same in the top view
as it is in the right side view; therefore, the top and right
side views are related views. The front and right side views
in the figure also are related views, relative to the top view.

Principles of Orthographic Projection Rule 2:
Distances in Related Views
Distances between any two points of a feature in related views
must be equal.

5.4.5 Central View

The view from which adjacent views are aligned is the
central view. In Figure 5.25, the front view is the central
view. In Figure 5.20, the top view is the central view. Dis-
tances and features are projected or measured from the
central view to the adjacent views.

5.4.6 Line Conventions

The alphabet of lines is discussed and illustrated in detail
in Chapter 1, Section 1.6, “Alphabet of Lines.”

Because hidden lines and center lines are critical ele-
ments in multiview drawings, they briefly are discussed
again in the sections that follow.

Hidden Lines In multiview drawings, hidden features are
represented as dashed lines, using ANSI standard line
types (see Figure 5.26 on page 212).

Dashed lines are used to represent such hidden fea-
tures as:

Holes—to locate the limiting elements
Surfaces—to locate the edge view of the surface
Change of planes—to locate the position of the change of

plane or corner

For example, Figure 5.27 (on page 212) shows dashed
lines representing hidden features in the front and top
views. The dashed parallel lines in the top and front views
represent the limiting elements of the hole drilled through
the object but not visible in these views. The hole is visi-
ble in the right side view. The single vertical dashed line
in the front view represents the hidden edge view of sur-
face C. Surface C is visible in the side view and is on edge
in the top and front views.

Most CAD systems do not follow a standard practice
for representing hidden lines. The user must decide if the
drawn hidden lines effectively communicate the desired
information.

208 CHAPTER 5

PROFILE PLANE

HORIZONTAL PLANE

SECOND
QUADRANT

THIRDQUADRANT FOURTH
QUADRANT

FIRSTQUADRANT

FRONTAL PLANE

The principal projection planes and
quadrants used to create first- and third-angle projection
drawings
These planes are used to create the six principal views of first- and
third-angle projection drawings.

Figure 5.22
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(A) Third-Angle Projection  (B)  First-Angle Projection

First-Angle Projection
(ISO)

2nd
1st3rd
4th

HORIZONTAL PLANE

FRONTAL PLANE

RIGHT PROFILE
PLANE

Third-Angle Projection
(U.S.)

FRONTAL PLANE

RIGHT PROFILE
PLANE

HORIZONTAL PLANE

FRONT VIEW

TOP VIEW

RIGHT SIDE
VIEW

FRONT VIEW

TOP VIEW

R
IG
H
T 
S
ID
E

V
IE
W

Pictorial comparison between first- and third-angle projection techniques
Placing the object in the third quadrant puts the projection planes between the viewer and the object. When placed in the first
quadrant, the object is between the viewer and the projection planes.

Figure 5.23



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

5. Multiviews and 
Visualization

Text222 © The McGraw−Hill 
Companies, 2007

210 CHAPTER 5

First-angle projection engineering drawing produced in the United States for a European company
(Courtesy of Buehler Products, Inc.)

Figure 5.24

Center Lines Center lines are alternating long and short thin
dashes and are used for the axes of symmetrical parts and
features, such as cylinders and drilled holes (Figure 5.28 on
page 212), for bolt circles (Figure 5.29D on page 213), and
for paths of motion (Figure 5.29E). Center lines should not
terminate at another line or extend between views (Fig-

ure 5.29C). Very short, unbroken center lines may be used to
represent the axes of very small holes (Figure 5.29C).

Some CAD systems have difficulty representing center
lines using standard practices. This is especially true of the
center lines for circles. Other CAD systems automatically
draw the center lines to standards.
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One- and Two-View Drawings Some objects can be ade-
quately described with only one view (Figure 5.30 on
page 214). A sphere can be drawn with one view because
all views will be a circle. A cylinder or cube can be de-
scribed with one view if a note is added to describe the
missing feature or dimension. Other applications include a
thin gasket or a printed circuit board. One-view drawings
are used in electrical, civil, and construction engineering.

Other objects can be described adequately with two
views. Cylindrical, conical, and pyramidal shapes are ex-
amples of such objects. For example, a cone can be de-
scribed with a front and a top view. A profile view would
be the same as the front view (Figure 5.31 on page 214).

5.5 Multiview Sketches
Multiview drawings can have from one to three or more
views of an object. However, multiview sketches rarely
have more than three views.

Multiview sketches are important in that they provide
more accurate geometric information than a pictorial

sketch, without requiring the time that a formal multiview
drawing would take. If dimensions are provided, they are
usually only for a particular feature(s) and are often only
approximations, since these sketches are used early in
the design process before final specifications have been
made.

As is the goal with all sketches, multiview sketches
should be done quickly and clearly. Straightedges, such as
triangles and T-squares, should be avoided since they only
will slow you down and will compel you toward a level of
finish that is inappropriate in sketches. In addition, you
should draw only as many views as are necessary to show
the features accurately. An initial analysis of the features
should tell you if one, two, or three views are needed to
clearly show the elements of interest.

5.5.1 One-View Sketches

The simplest multiview sketch represents just the front
view of an object. Though not truly a multiview, it is still
meant to represent only two dimensions of the object,
which is the basic concept of multiview drawings. This
sketch can be produced using the techniques shown in
Chapter 2.

5.5.2 Two-View Sketches

Occasionally, an object can be described completely using
only two views. As an example, Figure 5.32 (on page 215)
shows a symmetrical part that can be described using two
views. If the front view is as shown in the pictorial, the top
and side views would be the same. Nothing would be
gained by drawing both the top and side views, so only
one of these views is sketched.

Multiviews and Visualization 211

Vertical
parallel

projectors

Central view
Horizontal

parallel
projectors

Related views

Equal

Equal

RIGHT SIDEFRONT

TOP

2

1 1

2

1

2

Alignment of views
Three-view drawings are aligned horizontally and vertically on
engineering drawings. In this view arrangement, the front view
is the central view. Also notice that surfaces 1 and 2 are the
same distance apart in the related views: top and right side.

Figure 5.25

Step by Step: Creating a Two-View Sketch
Figure 5.32 and the following steps describe how to create
a two-view sketch.
Step 1. In the front view, block in the squares with sides

equal to the diameters of the circles. Since both the front
and right side views show the height dimension, con-
struction lines can be used to project the height of the
squares onto the right side view. Block in the rectangles
representing the details for the side view.

Step 2. Using the squares and center lines as guides,
sketch the circles for each hole and the cylinder, in the
front view. Using the construction lines as guides, sketch
the hidden lines for the holes in the side view.

Step 3. Darken all visible, center, and hidden lines.
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CORRECT INCORRECT
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Do not
intersect
solid line

Do not
intersect

Drawing conventions for hidden linesFigure 5.26

SURFACE
C

1

C
A

C
B

C

Hidden features
The dashed lines on this drawing indicate hidden features. The
vertical dashed line in the front view shows the location of
plane C. The horizontal dashed lines in the front and top views
show the location of the hole.

Figure 5.27

Small dashes
cross at the
center

Extends past
edge of object
8 mm or 3/8"

Center lines
Center lines are used for symmetrical objects, such as cylinders.
Center lines should extend past the edge of the object by 8 mm
or 3⁄8�.

Figure 5.28
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PATH OF MOTION

(E)

SPACE

CENTER LINE IN
LONGITUDINAL
VIEW FOR HOLES

(A) (B)

NO SPACE

SPACE

BOLT CIRCLE

(C) (D)

TOO SMALL TO
BREAK THE
CENTER LINE

SPACE

Standard center line drawing practices for various applicationsFigure 5.29
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PC BoardBushing Sphere Plot PlanWasher

THICKNESS

O.D. I.D. I.D.

LENGTH DIAMETER

THICKNESS=X.X

O.D.

LENGTH

O.D.

One-view drawings
Applications for one-view drawings include some simple cylindrical shapes, spheres, thin parts, and map drawings.

Figure 5.30

Cylindrical parts Cams

Conical parts

I.D.
O.D.

L

R1

R2

R3

ø1

W3

W1

W2

ø2

ø H

Two-view drawings
Applications for two-view drawings include cylindrical and conical shapes.

Figure 5.31

Scale and locate the views on the drawing so that there
is approximately equal spacing between the two views and
between each view and the edge of the paper (Figure 5.33).
Normally, if the front and right side views are used, the
paper is oriented so that the long dimension runs horizon-
tally; if the front and top views are used, the long dimen-

sion of the paper runs vertically. There are exceptions to
this if the object has particularly extreme proportions. Re-
member that the top view always is aligned with and
placed above the front view, and the right side view always
is aligned with and placed to the right of the front view. Do
not rearrange the views just to fit them on the paper.
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5.5.3 Three-View Sketches

When an object is more complex, three views are needed.
The object used in Figure 5.34 (on the next page) was cho-
sen because it has many of the most common features you
will be sketching, such as holes, arcs, lines, and planes.

Multiviews and Visualization 215

Step 1 Step 2

Step 3

Front Right Side

Width Depth

Height

Front Right
Side

Top (not shown)

Creating a two-view sketch
A two-view sketch is created by blocking in the details, then adding center lines, circles, arcs, and hidden lines.

Figure 5.32

A1 A2 A3

B2

B1

A1 = A2 = A3

B1 = B2

Centering a two-view sketch
A two-view sketch is centered on a sheet of paper by equally
dividing the areas between and around the views.

Figure 5.33

Step by Step: Creating a Three-View Sketch
Figure 5.34 and the following steps show how to create a
three-view sketch.
Step 1. Begin by blocking in the front, top, and right side

views of the object, using the overall width, height, and
depth. Sketch the front view first, then use construction
lines to project the width dimension from the front view
to the top view. Also, use construction lines to project the
height dimension from the front view to the right side
view. Leave room between the views so the sketch does
not look crowded; there should be room to add text for
notes and dimensions. The spaces between views
should be approximately the same. Make sure the depth
dimension is equal in the top and side views by measur-
ing the distance using a scale or dividers.

Step 2. Lightly block in the major features seen in each
view. For example, the drilled holes are blocked in on the
views where they look round. The angled edge and the
rounded corner are most clearly seen in the top view.
Begin darkening these major features.

Step 3. Quite often, features will appear in two and some-
times all three of the views, and construction lines can be
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used to project the location or size of a feature from one
view to another. Remember that each view always
shares one dimension with an adjoining view. The depth
dimension can be shared between the top and right side
view with a special construction line called a miter line.
The miter line is drawn at a 45-degree angle and is used
as a point of intersection for lines coming to and from the

Step 2 Step 3

Miter line

Step 1

Width

B1

B2

B3

A1 A2 A3

Depth

Depth

A1 = A2 = A3

B1 = B2 = B3

DEPTHWIDTH

HEIGHT

Step 4 Completed three-view sketch

Top View

Front View
Right Side

View
Depth

Creating a three-view sketch
A three-view sketch is created by blocking in the overall width, height, and depth dimensions for each view, then blocking in the
details, using a miter line to transfer depth dimensions between the top and side views, and then adding the final details, such as
circles, arcs, center lines, and hidden lines.

Figure 5.34

right side and top views. For example, the width of a hole
in the top view can be projected down to the front view.
Then the location of the hole can be passed across the
miter line to the right side view.

Step 4. Finish adding the rest of the final lines. Be careful to
do all hidden lines and center lines for the holes. Darken
all final lines.
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▼ Practice Problem 5.1
Create a three-view sketch of the object using the
grid. The front, top, and right side views have been
blocked in for you.

Depth

Depth

Right Side
ViewFront View

Top View Depth

Width
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DREAM HIGH TECH JOB
Designing Tennis Equipment

T he engineering design process is used in many types of
jobs from the design of consumer product packaging to

the design of tennis gear. An understanding of the design
process, multiview drawings, and visualization along with for-
mal education in a field of engineering can lead to exciting job
opportunities, such as the one described here of an engineer
who started off at a sporting goods company as a co-op student
and became their primary performance tennis racket engineer.

Tennis
“Growing up, I wanted to design roller coasters. It was my
dream. As I began researching how to get there, I learned it
would take a degree in engineering to fulfill this dream. My
grandfather was an engineer, so I felt I already knew a little bit
about what it would take to be an engineer.

“During my freshman year at Purdue University, a required
class dealing with all the various disciplines of engineering in-
troduced me to my major, mechanical engineering. Mechani-
cal seemed to be the most versatile form of engineering, and
that really appealed to me.

“At Purdue, the top one-third of the class is offered the
opportunity to be in a cooperative education (co-op) pro-
gram. Following your freshman year, a student can enroll in
the co-op program and alternate semesters between work-
ing at a company and going to school; basically, turning a
four-year program into a five-year program, but you gradu-
ate with valuable work experience. Wilson Sporting Goods
was my first choice, because tennis has always been one
of my passions. I played competitively through high school
and worked as an assistant tennis professional giving
lessons at a local country club. My tennis experience and
knowledge of racquets, along with my performance in
the classroom at Purdue, helped me get the Wilson co-op
position.

“As a co-op student, I was involved in the testing and an-
alyzing of racquets and tennis balls. I measured the physical
properties, such as length, weight, and inertia, to determine
how a new design was going to perform. There is so much to
learn in this industry that I was constantly fascinated by the
dynamics of the design process.

“After receiving my degree from Purdue I began working
full-time as a design engineer in January of 2003. Wilson
employs three design engineers: the performance racquet
engineer, an accessories engineer, and an indoor sports
(racquetball/badminton/squash) engineer. On any given day, I
often combine the knowledge I acquired at school with the
skills I learned while working as a co-op, to arrive at the best
answer or solution. Only 18 months after graduation, I am
now Wilson’s primary performance racquet engineer. Perfor-
mance racquets are the racquets sold in sporting goods
stores and pro shops without strings. These racquets are typ-
ically more expensive and used by serious recreational play-
ers or professionals. I give my input regarding the design from
start to finish, watching the design process from prototype
through production.”

If tennis is your passion, as an engineer, you can design
racquets, strings, balls, and other new equipment to advance
the game and reduce injuries. Every year, manufacturers
come out with multiple racquet designs to make the game
better for the professionals and more enjoyable for the recre-
ational players. String materials made from cow gut to syn-
thetics are designed to give more power or greater control,
and more than 70 million tennis balls are manufactured and
sold in stores every year. There is a wealth of opportunity in
the tennis industry.

Donald Loeffler, EIT
Performance Racquet Design Engineer, Wilson Sporting
Goods

(Courtesy of Karl Weatherly/Getty Images.)
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Tennis Balls
In tennis, ball design is a complex subject. Professional play-
ers can hit serves as fast as 135 mph. When a ball is hit with
that much force, an engineer must understand what happens
during the impact. How does the ball deform and how does
that affect its resulting performance characteristics? After
considerable deformation, can the ball be used the next day?
Will it offer the same spin ability or, more important, will it
impact the present match?

To answer some of these questions, the United States Ten-
nis Association (USTA) uses a Stevens machine to compress
the tennis balls. Each ball is squash-tested, or compressed,
for 10 seconds and then checked for deformation. If the ball
does not return to a round shape, it is rejected by the USTA.

Engineers often test tennis ball aerodynamics in a wind
tunnel, which blows air over the tennis ball to determine how
the forces act on it. For example, if the tunnel blows air over
the tennis ball at 135 mph, it simulates a ball served at
135 mph. Wind tunnels are fascinating and provide the engi-
neer with important aerodynamic data that would be close to
impossible to obtain any other way.

To understand the basic physics of tennis and to learn how
speed, spin, height, and altitude determine the flight of a ten-
nis ball, visit http://wings.avkids.com. This interactive soft-
ware program is part of the Aeronautics Internet Textbook
and offers a wealth of information on all things aeronautical,
from tennis ball trajectories to careers that use aeronautics.

Tennis Racquets
To a person who doesn’t play tennis, a racquet is a device to
hit a tennis ball over the net. To a tennis racquet designer, a
tennis racquet is a work of art that presents a constant chal-
lenge in creating the “perfect” racquet for each level of player
ability. Many years ago, the average racquet weighed two to
three pounds. A few years ago, the average racquet weighed
11–12 ounces. Today, racquets made with high-tech alloys
weigh only seven or eight ounces. What do you think happens
to the player and to the game when the weight is lowered or
redistributed? More mass or weight usually equals more
power. How would you maintain the power of a stroke despite
a lower racquet weight?

The answer to the problem lies in determining the correct
string tension. The strings on a racquet are another feat of
science and engineering in racquet design. By changing the
position of the strings or by designing different string geome-

try configurations, the “sweet spot” can be enlarged and
more power can be delivered to off-center hits. An average or
low-strength player can still whack the ball proficiently with a
well-designed racket.

Engineers Who Do This:

■ Aeronautical/Aerospace Engineers—May design ten-
nis balls and/or racquets and research the aerodynamics
of tennis play.

■ Civil Engineers—May design courts and other tennis
venues.

■ Materials Engineers—May look for new materials to
make the game more fun or challenging, such as racquet
components (e.g., strings and grips) or balls (cores and
cover materials), and may work with civil engineers to de-
sign new court surfaces that reduce injury while also
slowing or speeding up the game.

■ Mechanical Engineers—May design tennis racquets or
the machines that produce them, or be involved in the man-
ufacturing processes of racquets, ball launchers, or line-call
systems that determine whether a ball is hit in or out of play.

More Resources:

■ Aeronautics Internet Textbook—http://wings.avkids.com

■ International Sports Engineering Association—www.
sports-engineering.co.uk

■ International Tennis Federation—www.itftennis.com

■ Racquet Research—www.racquetresearch.com

■ Tennis Server—www.tennisserver.com

■ United States Tennis Association—www.usta.com

■ United States Racquet Stringers Association—www.
tennisone.com

Portions reprinted with permission, from High Tech Hot Shots, © 2004 IEEE.

This tennis racquet by Head is made of lightweight magnesium
(Courtesy of Jules Frazier/Getty Images.)
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5.5.4 Multiviews from 3-D CAD Models

The computer screen can be used as a projection plane dis-
playing the 2-D image of a 3-D CAD model. The user can
control the line of sight and the type of projection (parallel
or perspective). Most 3-D CAD software programs have
automated the task of creating multiview drawings from
3-D models. With these CAD systems, the 3-D model of the
object is created first. Most CAD programs have predefined
viewpoints that correspond to the six principal views (Fig-
ure 5.35). The views that will best represent the object in
multiview are selected, the viewpoint is changed, a CAD
command converts the projection of the 3-D model into a
2-D drawing, and the first view is created (Figure 5.36).
This view then is saved as a block or symbol. The second
view is created by changing the viewpoint again and then
converting the new projection to a 2-D drawing of the ob-
ject (Figure 5.37). These steps are repeated for as many
views as are necessary for the multiview drawing.

After the required number of 2-D views are created, the
views are arranged on a new drawing by retrieving the
blocks or symbols created earlier. Care must be taken to
bring the views in at the proper scale and correct align-
ment. The views then must be edited to change solid lines

to hidden lines and to add center lines. Other changes may
be required so that the views are drawn to accepted stan-
dards (Figure 5.38 on page 222).

5.6 View Selection
Before a multiview drawing is created, the views must be
selected. Four basic decisions must be made to determine
the best views.

1. Determine the best position of the object. The object
must be positioned within the imaginary glass box
such that the surfaces of major features are either
perpendicular or parallel to the glass planes (Fig-
ure 5.39 on page 222). This will create views with a
minimum number of hidden lines. Figure 5.40 (on
page 223) shows an example of poor positioning:
the surfaces of the object are not parallel to the glass
planes, resulting in many more hidden lines.

2. Define the front view. The front view should
show the object in its natural or assembled state
(Figure 5.41 on page 223). For example, the front
view of an automobile would show the automobile
in its natural position, on its wheels. 

220 CHAPTER 5

Predefined multiviews on a CAD systemFigure 5.35
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3. Determine the minimum number of views needed
to completely describe the object so it can be
produced. For our example, three views are
required to completely describe the object (Fig-
ure 5.42 on page 224).

4. Once the front view is selected, determine which
other views will have the fewest number of hidden
lines. In Figure 5.43 (on page 224), the right side
view is selected over the left side view because it
has fewer hidden lines.

Multiviews and Visualization 221

TITLE:

DRAWING NO.: DATE:

DRAWN BY

SHEET  OF

REVISIONS

Changing the viewpoint on a 3-D CAD model to create a front view
This view is captured, then placed in a title block and border line.

Figure 5.36

TITLE:

DRAWING NO.: DATE:

DRAWN BY

SHEET  OF

REVISIONS

Changing the viewpoint on the 3-D model to create a right side view
This view is captured, then placed in a title block and border line.

Figure 5.37
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TITLE:

DRAWING NO.: DATE:
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Creating a multiview drawing of the 3-D model
The previously captured views are brought together with a standard border and title block to create the final drawing.

Figure 5.38

HORIZONTAL PLANE
TOP VIEW

FRONT VIEW
RIGHT SIDE

VIEW

PROFILE PLANEFRONTAL PLANE

Good orientation
Suspend the object in the glass box so that major surfaces are parallel or perpendicular to the sides of the box (projection planes).

Figure 5.39
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5.7 Fundamental Views of Edges
and Planes for Visualization
In multiview drawings, there are fundamental views for
edges and planes. These fundamental views show the
edges or planes in true size, not foreshortened, so that true
measurements of distances, angles, and areas can be made.

5.7.1 Edges (Lines)

An edge, or corner, is the intersection of two planes, and
is represented as a line on multiview drawings. A normal
line, or true-length line, is an edge that is parallel to a
plane of projection and thus perpendicular to the line of
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FRONTAL PLANE

RIGHT SIDE

VIEW

PROFILE PLANE

HORIZONTAL PLANE
TOP VIEW

FRONT VIEW

No!

Poor orientation
Suspending the object so that surfaces are not parallel to the sides of the glass box produces views with many hidden lines.

Figure 5.40

Natural Position

Unnatural Position
No!

Natural position
Always try to draw objects in their natural position.

Figure 5.41

Practice Exercise 5.2
Using any of the objects in Figure 5.122 in the back of this
chapter, generate three multiview sketches. Each sketch
should use a different view of the object as the front view.
What features of the object become hidden or visible as you
change the front view?
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No!

Minimum number of views
Select the minimum number of views needed to completely describe an object. Eliminate views that are mirror images of other views.

Figure 5.42

No!

Most descriptive views
Select those views that are the most descriptive and have the fewest hidden lines. In this example, the right side view has fewer
hidden lines than the left side view.

Figure 5.43
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sight. In Figure 5.44, edge 1–2 in the top and right side
views is a normal edge.

Principles of Orthographic Projection Rule 3:
True Length and Size
Features are true length or true size when the lines of sight are
perpendicular to the feature.

An edge appears as a point in a plane of projection to
which it is perpendicular. Edge 1–2 is a point in the front
view of Figure 5.44. The edge appears as a point because it
is parallel to the line of sight used to create the front view.

An inclined line is parallel to a plane of projection, but
inclined to the adjacent planes, and it appears foreshort-
ened in the adjacent planes. In Figure 5.44, line 3–4 is

inclined and foreshortened in the top and right side views,
but true length in the front view, because it is parallel to
the frontal plane of projection.

An oblique line is not parallel to any principal plane of
projection; therefore, it never appears as a point or in true
length in any of the six principal views. Instead, an
oblique edge will be foreshortened in every view and will
always appear as an inclined line. Line 1–2 in Figure 5.45
(on the next page) is an oblique edge.

Principles of Orthographic Projection Rule 4:
Foreshortening
Features are foreshortened when the lines of sight are not
perpendicular to the feature.
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1

2

3

4

TOP VIEW

FRONTAL PLANE
PROFILE PLANE

HORIZONTAL PLANE

RIGHT SIDE VIEW

FRONT VIEW

Top View

Line of sight

perpendicular to

line 1–2

Front View

Line of sight

parallel to
 line

1–2

1

2

3 4

TOP

FRONT RIGHT SIDE

1 2

3

4

4

1,2

3

Fundamental views of edges
Determine the fundamental views of edges on a multiview drawing by the position of the object relative to the current line of sight
and the relationship of the object to the planes of the glass box.

Figure 5.44



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

5. Multiviews and 
Visualization

Text238 © The McGraw−Hill 
Companies, 2007

226 CHAPTER 5

1

2

FRONTAL PLANE
PROFILE PLANE

HORIZONTAL PLANE

1

2

1

2 2

1

Oblique line
Oblique line 1–2 is not parallel to any of the principal planes of projection of the glass box.

Figure 5.45
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5.7.2 Principal Planes

A principal plane is parallel to one of the principal planes
of projection and is therefore perpendicular to the line of
sight. A principal plane or surface will be true size and
shape in the view where it is parallel to the projection
plane, and it will appear as a horizontal or vertical line in
the adjacent views. In Figure 5.46A, the surface is parallel
to the frontal projection plane and is therefore a principal
plane. Because the surface appears true size and shape in
the front view, it sometimes is referred to as a normal
plane. This surface also appears as a horizontal edge in
the top view and as a vertical edge in the right side view
(Figure 5.47). This edge representation is an important
characteristic in multiview drawings (Figure 5.48 on the
next page). Principal planes are categorized by the view in
which the plane appears true size and shape: frontal, hori-
zontal, or profile (Figure 5.49 on the next page).
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(C)

(A)

(B)

Normal faces
Projection of normal faces onto the image plane.

Figure 5.46

On edge

On edge

True size
and shape

Normal face projection
A normal face projects on all three principal image planes. On
one image plane, the face appears true size and shape. In the
other two, the face appears on edge and is represented as a line.

Figure 5.47
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Edge view of normal
face becomes an edge
for another view

Edge views of normal face
In a multiview projection, edge views of a normal face become
the outlines of another face.

Figure 5.48

Frontal

FRONT VIEW

Profile

HorizontalTOPVIEW

RIG
HT

SIDE

VIEW

Camera metaphor
The metaphor of cameras can be used to describe capturing three principal views of the object—front, top, and right side—through
the three image planes.

Figure 5.49

Practice Exercise 5.3
Replace the object on the other side of your image plane
with a stiff sheet of cardboard representing a single face of
an object. Align the cardboard sheet so that it is parallel to
the image plane. Ask a second person to hold the card-
board sheet, if necessary. Change your viewing direction
(but don’t move the cardboard sheet), and look at the sheet
as an edge view. Do the same by holding the image plane
still and rotating the cardboard sheet. Rotate the cardboard
less than 90 degrees about either the horizontal or vertical
axis to create an inclined face. Move the image plane
around until you can identify the two standard views where
the inclined face is visible. Find the view where the face is
seen as an edge. How does the amount of rotation affect
the size of the projection seen in the image plane? Rotate
the cardboard so that it is almost normal to the image plane.
How does it look from the three principal views? Do
the same tests with the cardboard sheet rotated about both
the vertical and horizontal axes, creating an oblique face.
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A frontal plane is parallel to the front plane of projec-
tion and is true size and shape in the front view. A frontal
plane appears as a horizontal edge in the top view and a
vertical edge in the profile views. In Figure 5.46A, the sur-
face is a frontal plane.

A horizontal plane is parallel to the horizontal planes
of projection and is true size and shape in the top (and bot-
tom) view. A horizontal plane appears as a horizontal edge
in the front and side views. In Figure 5.46B, the surface is
a horizontal plane.

A profile plane is parallel to the profile (right or left
side) planes of projection and is true size and shape in the
profile views. A profile plane appears as a vertical edge in
the front and top views. In Figure 5.46C, the surface is a
profile plane.

5.7.3 Inclined Planes

An inclined plane is perpendicular to one plane of
projection and inclined to adjacent planes, and it cannot
be viewed in true size and shape in any of the principal
views. An inclined plane appears as an edge in the
view where it is perpendicular to the projection plane
and as a foreshortened surface in the adjacent views
(Figure 5.50 on the next page). To view an inclined plane
in its true size and shape, create an auxiliary view, as de-
scribed in Chapter 6.

5.7.4 Oblique Planes

An oblique plane is not parallel to any of the principal
planes of projection (Figure 5.51 on the next page). An
oblique surface does not appear in its true size and shape,
or as an edge, in any of the principal views; instead, an
oblique plane always appears as a foreshortened plane in
the principal views. A secondary auxiliary view must be
constructed, or the object must be rotated, in order to cre-
ate a normal view of an oblique plane.

Of course, most objects will contain a combination
of principal (normal), inclined, and oblique surfaces. Fig-
ure 5.52 (on page 231) shows an example of an object
with a combination of all of these types of surfaces. By
carefully tracking a surface between all three principal
views, you can identify whether it is projected in true size,
foreshortened, or as an edge. In this way, you can deter-
mine what type of surface it is.
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Practice Exercise 5.4
Two ways to demonstrate an image plane are as follows:

1. Using a camera, take pictures of simple objects
under good light. (If you use an instant camera, the
exercise can be done immediately.) Look at the ob-
ject from exactly the same viewpoint as that used
when the picture was taken. Make sure the lighting is
also the same. On the photograph, highlight the con-
tours of the object, using water-based markers. Iden-
tify different faces of the object by using different
colors. Study the results, then use a damp cloth to
wipe the picture clean, to be used again.

2. Alternatively, place a 12� � 12� sheet of rigid, clear
plastic or a cardboard frame with a transparency
acetate between you and a well-lit object. Brace the
plastic so that you don’t have to hold it and draw the
contours of the object, using water-based markers.
When done, study the results, then use a damp cloth
to wipe the plastic clean.

Using each of these techniques, look at the objects from
a number of different viewpoints, either by moving yourself
or by rotating the object. From which viewpoints can you
see the greatest number of contours? Which viewpoints af-
ford the fewest number of contours? What happens when
you get closer or farther away?

Practice Exercise 5.5
Use the same setup of object and image plane as you used
in the previous exercise. However, instead of drawing di-
rectly on the plastic sheet, use it to “frame” your view of the
object and draw what you see on a piece of paper. (If you do
not have a sheet of clear plastic, make a cardboard frame.)
Instead of drawing the edges in perspective, as you see
them, draw them in parallel projection (i.e., all edges that are
parallel on the object are parallel in the sketch).

Practice Exercise 5.6
Place a 12� � 12� sheet of rigid, clear plastic between you
and the object. Rotate the object 360 degrees about each of
the three axes. Which faces are revealed by each rotation?
Are faces always seen in their true size and shape?
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(A) (B)

(D)(C)

Foreshortened

True
length

True
length

Edge view

Foreshortened

Foreshortened

Foreshortened

Inclined face projection
An inclined face is oriented so that it is not parallel to any of the principal image planes. The inclined face is foreshortened in two
views and is an edge in one view.

Figure 5.50

(A) (B)

Oblique face projection
The projection of an oblique face is foreshortened in all three principal image planes.

Figure 5.51
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FRONTAL PLANE

RIGHT SIDE

VIEW

PROFILE PLANE

HORIZONTAL PLANE
TOP VIEW

FRONT VIEW

A
E

B

D

C

E

D

C

A
E

B D

E

RIGHT SIDEFRONT

Edge
View
of A

Edge View of B

Edge View of D

TOP

Edge View of B

Edge View of A

Edge View of C

B

D

E

E

D

CE

A

Fundamental views of surfaces
Surface A is parallel to the frontal plane of projection. Surface B is parallel to the horizontal plane of projection. Surface C is
parallel to the profile plane of projection. Surface D is an inclined plane and is on edge in one of the principal views (the front
view). Surface E is an oblique plane and is neither parallel nor on edge in any of the principal planes of projection.

Figure 5.52
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5.8 Multiview Representations
for Sketches
Three-dimensional solid objects are represented on 2-D
media as points, lines, and planes. The solid geometric
primitives are transformed into 2-D geometric primitives.
Being able to identify 2-D primitives and the 3-D primi-
tive solids they represent is important in visualizing and
creating multiview drawings. Figure 5.53 shows multi-
view drawings of common geometric solids.

5.8.1 Points

A point represents a specific position in space and has no
width, height, or depth. A point can represent:

The end view of a line.
The intersection of two lines.
A specific position in space.

Even though a point does not have width, height, or
depth, its position still must be marked. On technical
drawings, a point marker is a small, symmetrical cross.
(See Chapter 3, “Engineering Geometry.”)

5.8.2 Planes

A plane can be viewed from an infinite number of vantage
points. A plane surface always will project as either a line
or an area. Areas are represented either in true size or fore-
shortened, and they always will be similar in configuration
(same number of vertices and edges) from one view to
another, unless viewed on edge. For example, surface B in
Figure 5.54 (on page 234) is always an irregular four-
sided polygon with two parallel sides (a trapezoid) in all
the principal views. Since surface B is seen as a foreshort-
ened area in the three views, it is an oblique plane.

Principles of Orthographic Projection Rule 5:
Configuration of Planes
Areas that are the same feature will always be similar in con-
figuration from one view to the next, unless viewed on edge.

In contrast, area C in Figure 5.54 is similar in shape in
two of the orthographic views and is on edge in the third.
Surface C is a regular rectangle, with parallel sides labeled
3, 4, 5, and 6. Sides 3–6 and 4–5 are parallel in both the
top view and the right side view. Also, lines 3–4 and 5–6
are parallel in both views. Parallel features will always be
parallel, regardless of the viewpoint.

Principles of Orthographic Projection Rule 6:
Parallel Features
Parallel features will always appear parallel in all views.

A plane appears as an edge view or line when it is paral-
lel to the line of sight in the current view. In the front view
of Figure 5.54, surfaces A and D are shown as edges.

Principles of Orthographic Projection Rule 7:
Edge Views
Surfaces that are parallel to the lines of sight will appear on
edge and be represented as lines.

A foreshortened plane is neither parallel nor perpen-
dicular to the line of sight. There are two types of fore-
shortened planes, oblique and inclined, as described in
Sections 5.7.3 and 5.7.4. Surface B is foreshortened in all
views of Figure 5.54.
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Practice Exercise 5.7
Using stiff cardboard, cut out the following shapes:

■ Rectangle

■ Circle

■ Trapezoid

■ Irregular shape with at least six sides, at least two of
which are parallel to each other

Sketch the following multiviews of each shape:

■ The line of sight perpendicular to the face

■ Rotated 45 degrees about the vertical axis

■ Rotated 90 degrees about the vertical axis

■ Rotated 45 degrees about the horizontal axis

■ Rotated 90 degrees about the horizontal axis

■ Rotated 45 degrees about both the vertical and horizon-
tal axes

Which views represent true-size projections of the sur-
face? In what views is the surface inclined, oblique, or on
edge? What is the shape of a circle when it is foreshort-
ened? For the inclined projections, how many primary
dimensions of the surface appear smaller than they are in
true-size projection? What is the relationship between the
foreshortened dimension and the axis of rotation? Identify
the parallel edges of the surface in the true-size projection.
Do these edges stay parallel in the other views? Are these
edges always seen in true length?
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Rectangular prism Cone Sphere

Pyramid Cylinder

Truncated cone Partial sphere

Prism and cube

Prism and partial cylinder

Prism and cylinder
Prism and negative

cylinder (hole)

Multiview drawings of solid primitive shapes
Understanding and recognizing these shapes will help you to understand their application in technical drawings. Notice that the cone,
sphere, and cylinder are adequately represented with fewer than three views.

Figure 5.53
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5.8.3 Change of Planes (Edge)

A change of planes, or corner, occurs when two nonpar-
allel surfaces meet, forming an edge (Figure 5.54, Line
3–4). Whenever there is a change in plane, a line must be
drawn to represent that change. The lines are drawn as
solid or continuous if visible in the current view, or dashed
if they are hidden.

5.8.4 Angles

An angle is represented in true size when it is in a normal
plane. If an angle is not in a normal plane, then the angle
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Rule of configuration of planes
Surface B is an example of the Rule of Configuration of Planes. The edges of surface C, 3–4 and 5–6, are examples of the Rule of
Parallel Features.

Figure 5.54

Practice Exercise 5.8
Hold an object that has at least one flat surface (plane) at
arm’s length. Close one eye and rotate the object so that
your line of sight is perpendicular to the flat surface. What
you see is a true-size view of the plane. Slowly rotate the
object while focusing on the flat plane. Notice that the flat
plane begins to foreshorten. As you continue to rotate the
object slowly, the plane will become more foreshortened
until it disappears from your line of sight and appears as a
line or edge. This exercise demonstrates how a flat plane
can be represented on paper in true size, foreshortened, or
as a line.
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will appear either larger or smaller than true size. For ex-
ample, in Figure 5.55A, the 135-degree angle is measured
as 135 degrees in the front view, which is parallel to the
plane containing the angle. In Figure 5.55B, the angle is
measured as less than true size in the front view because
the plane containing the angle is not parallel to the frontal
plane and is foreshortened. Right angles can be measured
as 90 degrees in a foreshortened plane if one line is true
length (Figure 5.55C).

5.8.5 Curved Surfaces

Curved surfaces are used to round the ends of parts and to
show drilled holes and cylindrical features. Cones, cylin-
ders, and spheres are examples of geometric primitives that
are represented as curved surfaces on technical drawings.

Only the far outside boundary, or limiting element, of a
curved surface is represented in multiview drawings. For
example, the curved surfaces of the cone and cylinder in
Figure 5.56 are represented as lines in the front and side
views. Note that the bases of the cone and cylinder are
represented as circles when they are positioned perpendic-
ular to the line of sight.
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Foreshortened
surface

True
size surface

135°

(A) (B) (C)

Not
true
angle

True length

90°

Angles
Angles other than 90 degrees only can be measured in views
where the surface that contains the angle is perpendicular to
the line of sight. A 90-degree angle can be measured in a
foreshortened surface if one edge is true length.

Figure 5.55

Cone Cylinder

Area

Limiting
elements

Axis
(Center line)

Area

Area

Limiting
elements

Axis
(Center line)

Area

Limiting elements
In technical drawings, a cone is represented as a circle in one view and a triangle in the other. The sides of the triangle represent
limiting elements of the cone. A cylinder is represented as a circle in one view and a rectangle in the other.

Figure 5.56
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Partial cylinders result in other types of multiview rep-
resentations. For example, the rounded end of the object in
Figure 5.57 is represented as an arc in the front view. In
the adjacent views, it is a rectangle, because the curve is
tangent to the sides of the object. If the curve were not
tangent to the sides, then a line representing a change
of planes would be needed in the profile and top views
(Figure 5.58).

An ellipse is used to represent a hole or circular feature
that is viewed at an angle other than perpendicular or par-
allel. Such features include handles, wheels, clock faces,
and ends of cans and bottles. Figure 5.59 shows the end of
a cylinder, viewed first with a perpendicular line of sight

and then with a line of sight at 45 degrees. For the perpen-
dicular view, the center lines are true length, and the figure
is represented as a circle (Figure 5.60). However, when
the view is tilted, one of the center lines is foreshortened
and becomes the minor axis of an ellipse. The center line
that remains true length becomes the major axis of the
ellipse. As the viewing angle relative to the circle
increases, the length of the minor axis is further foreshort-
ened (Figure 5.60).
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FRONT

No line
indicates
tangency

Tangent partial cylinder
A rounded end (or partial cylinder) is represented as an arc
when the line of sight is parallel to the axis of the partial
cylinder. No line is drawn at the place where the partial cylinder
becomes tangent to another feature, such as the vertical face of
the side.

Figure 5.57

Practice Exercise 5.9
Hold a 12-ounce can of soda at arm’s length so that your
line of sight is perpendicular to the axis of the can. Close
one eye; the outline of the view should be a rectangle. The
two short sides are edge views of the circles representing
the top and bottom of the can. The two long sides represent
the limiting elements of the curved surface. Hold the can at
arm’s length such that your line of sight is perpendicular to
the top or bottom. Close one eye; the outline should look
like a circle.

FRONT

Line indicates
no tangency

Nontangent partial cylinder
When the transition of a rounded end to another feature is not
tangent, a line is used at the point of intersection.

Figure 5.58

True length
center lines Ellipse

Minor axis
(foreshortened)

Major axis
(true length)

Cylinder viewed at
90° to its top

surface

Cylinder viewed at
45° to its top

surface

Elliptical representation of a circle
An elliptical view of a circle is created when the circle is
viewed at an oblique angle.

Figure 5.59
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5.8.6 Holes

Figure 5.61 (on the next page) shows how to represent
most types of machined holes. A through hole, that is, a
hole that goes all the way through an object, is represented
in one view as two parallel hidden lines for the limiting
elements and is shown as a circle in the adjacent view
(Figure 5.61A). A blind hole, that is, one that is not drilled
all the way through the material, is represented as shown
in Figure 5.61B. The bottom of a drilled hole is pointed,
because all drills used to make such holes are pointed. The
depth of the blind hole is measured to the flat, as shown,
then 30-degree lines are added to represent the drill tip.

A drilled and counterbored hole is shown in Fig-
ure 5.61C. Counterbored holes are used to allow the
heads of bolts to be flush with or below the surface of the
part. A drilled and countersunk hole is shown in Fig-
ure 5.61D. Countersunk holes commonly are used for flat-
head fasteners. Normally, the countersink is represented
by drawing 45-degree lines. A spotfaced hole is shown in
Figure 5.61E. A spotfaced hole provides a place for the
heads of fasteners to rest, to create a smooth surface on
cast parts. For countersunk, counterbored, and spotfaced
holes, a line must be drawn to represent the change of
planes that occurs between the large diameter and the

small diameter of the hole. Figure 5.61F shows a threaded
hole, with two hidden lines in the front view and a solid
and a hidden line in the top view.

5.8.7 Fillets, Rounds, Finished Surfaces, and Chamfers

A fillet is a rounded interior corner, normally found on
cast, forged, or plastic parts. A round is a rounded exterior
corner, normally found on cast, forged, or plastic parts. A
fillet or round can indicate that both intersecting surfaces
are not machine finished (Figure 5.62 on page 239). A fil-
let or round is shown as a small arc.

With CAD, corners initially are drawn square, then fil-
lets and rounds are added using a FILLET command.

Fillets and rounds eliminate sharp corners on objects;
therefore, there is no true change of planes at these
places on the object. However, on technical drawings,
only corners, edge views of planes, and limiting ele-
ments are represented. Therefore, at times it is necessary
to add lines to represent rounded corners for a clearer
representation of an object (Figure 5.63 on page 239).
In adjacent views, lines are added to the filleted and
rounded corners by projecting from the place where the
two surfaces would intersect if the fillets or rounds were
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(D) What you see: ELLIPSE

Line of sight 30°
30°

(C) What you see: ELLIPSE

Line of sight 45°
45°

Fore-
shortened Fore-

shortened

(B) What you see: ELLIPSE

Line of sight 80 °

80°

Minor Diameter

Major Diameter

Foreshortened

(A) What you see: TRUE SIZE

Edge of circle

Line of sight 90°

Minor Diameter
Major Diameter Minor Diameter

Major Diameter

Viewing angles for ellipses
The size or exposure of an ellipse is determined by the angle of the line of sight relative to the circle.

Figure 5.60
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22.17
22.23

(G)  No! (H)  No!

(A) Through hole  (B)  Blind hole (C)  Drilled and counterbored hole

(F) Threaded hole(E)  Drilled and spotfaced hole(D)  Drilled and countersunk hole
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Representation of various types of machined holesFigure 5.61
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R
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Round

R
ough

Fillet

Rough

Removed rough
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Representation of fillets and rounds
Fillets and rounds indicate that surfaces of metal objects have not been machine finished; therefore, there are rounded corners.

Figure 5.62

Projected to
adjacent view
to locate line

Representing fillet and rounded corners
Lines tangent to a fillet or round are constructed and then
extended, to create a sharp corner. The location of the sharp
corner is projected to the adjacent view, to determine where to
place representative lines indicating a change of planes.

Figure 5.63

not used (Figure 5.64 on the next page). This is a con-
ventional practice used to give more realistic representa-
tion of the object in a multiview drawing.

When a surface is to be machined to a finish, a finish
mark in the form of a small v is drawn on the edge view
of the surface to be machined, that is, the finished surface.
Figure 5.65 (on the next page) shows different methods of
representing finish marks and the dimensions used to draw
them.

A chamfer is a beveled corner used on the openings
of holes and the ends of cylindrical parts to eliminate
sharp corners (Figure 5.66 on page 241). Chamfers are
represented as lines or circles to show the change of
plane. Chamfers can be internal or external and are spec-
ified by a linear and an angular dimension. With CAD,
chamfers are added automatically to square corners using
a CHAMFER command.

5.8.8 Runouts

A runout is a special method of representing filleted
surfaces that are tangent to cylinders (Figure 5.67 on
page 241). A runout is drawn starting at the point of tan-
gency, using a radius equal to that of the filleted surface,
with a curvature of approximately one-eighth the circum-
ference of a circle. Examples of runout uses in technical
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drawings are shown in Figure 5.68 (on page 242). If a
very small round intersects a cylindrical surface, the
runouts curve away from each other (Figure 5.68A). If a
large round intersects a cylindrical surface, the runouts
curve toward each other (Figure 5.68C).

5.8.9 Intersecting Cylinders

When two dissimilar shapes meet, a line of intersection
usually results. The conventional practices for represent-

ing intersecting surfaces on multiview drawings are
demonstrated in Figure 5.69 (on page 243), which shows
two cylinders intersecting. When one of the intersecting
cylinders is small, true projection is disregarded (Fig-
ure 5.69A). When one cylinder is slightly smaller than
the other, some construction is required (Figure 5.69B).
When both cylinders are of the same diameter, the in-
tersecting surface is drawn as straight lines (Fig-
ure 5.69C).
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No!

Yes!

Examples of representing filleted and rounded corners
Lines are added to parts with fillets and rounds, for clarity. Lines are used in the top views of these parts to represent changes of
planes that have fillets or rounds at the corners.

Figure 5.64

Edge view of
finished surface

Finish marks

60°
3 1
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3
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60°

Finish mark symbols
Finish marks are placed on engineering drawings to indicate machine-finished surfaces.

Figure 5.65
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5.8.10 Cylinders Intersecting Prisms and Holes

Figure 5.70 (on page 243) shows cylinders intersecting
with prisms. Large prisms are represented using true
projection (Figure 5.70B and C); small prisms are not
(Figure 5.70A). Figure 5.71 (on page 244) shows cylin-
ders intersected with piercing holes. Large holes and slots
are represented using true projection (Figure 5.71B and D);
small holes and slots are not (Figure 5.71A and C).

5.9 ANSI Standards for Multiview Drawings
and Sketches
Standards form the common language used by engineers
and technologists for communicating information. The
standard view representations developed by ANSI for
multiview drawings are described in the following
paragraphs.

Multiviews and Visualization 241

Internal Chamfer External Chamfer

Examples of internal and external chamfers
Chamfers are used to break sharp corners on ends of cylinders
and holes.

Figure 5.66

Point of
tangency

Detail A

Fillets

No fillets

Runout

Fillets

No fillets

Line

No line No line

Fillets

No fillets

Fillets

No fillets

Runout

A

Runouts
Runouts are used to represent corners with fillets that intersect cylinders. Notice the difference in the point of tangency with and
without the fillets.

Figure 5.67
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5.9.1 Partial Views

A partial view shows only what is necessary to completely
describe the object. Partial views are used for symmetrical
objects, for some types of auxiliary views, and for saving
time when creating some types of multiview drawings.
A break line (shown as a jagged line) or center line for

symmetrical objects may be used to limit the partial view
(Figure 5.72 on page 244). If a break line is used, it is placed
where it will not coincide with a visible or hidden line.

Partial views are used to eliminate excessive hidden
lines that would make reading and visualizing a drawing
difficult. At times it may be necessary to supplement a
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(E) (F) (G)

Rounded Flat

(H) (I) (J) (K) (L)

(A) (B) (C) (D)

Flat Rounded RoundedFlat

Flat

Examples of runouts in multiview drawingsFigure 5.68
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partial view with another view. For example, in Fig-
ure 5.73 (on page 245), two partial profile views are used
to describe the object better. What has been left off in the
profile views are details located behind the views.

5.9.2 Revolution Conventions

At times, a normal multiview drawing will result in views
that are difficult to visualize and read. This especially is
true of objects with ribs, arms, or holes that are not aligned
with horizontal and vertical center lines. Figure 5.74 (on
page 245) shows an object with ribs and holes that are
spaced equally, with the two bottom holes not aligned with
the center line of the object. True projection produces an
awkward profile view that is difficult to draw because all

but one rib are foreshortened (Figure 5.74A). ANSI stan-
dard revolution conventions allow the profile view to be
drawn as shown in Figure 5.74B. You must visualize the
object as if the ribs are revolved into alignment with the
vertical center line in the front view. This will produce a
profile view that is easier to visualize and draw.

Revolution conventions also can be used on parts that
have bolt circles. Figure 5.75 (on page 245) shows the true
projection of a plate with a bolt circle. Notice that the pro-
file view becomes difficult to read because of so many hid-
den lines. As shown in Figure 5.75, revolution conventions
dictate that only two of the bolt circle holes must be repre-
sented in the profile view. These two bolt circle holes are
aligned with the vertical center line in the front view and
then are represented in that position in the profile view.
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No curve

R

r

r = R

(A) (B) (C)

Representing the intersection of two cylinders
Representation of the intersection of two cylinders varies according to the relative sizes of the cylinders.

Figure 5.69

Tangent no
line

(A) (B) (C)

Representing the intersection between a cylinder and a prism
Representation of the intersection between a cylinder and a prism depends on the size of the prism relative to the cylinder.

Figure 5.70
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Objects similar to those described in the preceding
paragraphs are frequently represented as section views.
When revolution techniques are used with section views,
the drawings are called aligned sections. (See Chapter 8,
“Section Views.”)

Revolution conventions were developed before CAD.
With the advent of 3-D CAD and the ability to extract views
automatically, it is possible to create a true-projection view,
like that shown in Figure 5.76, quickly and easily. You are
cautioned that, even though a view can be produced auto-
matically by a CAD system, this does not necessarily mean
that the view will be easy to visualize by the user.

244 CHAPTER 5

(B) Large Hole(A) Small Hole

(D) Large Slot(C) Small Slot

Representing the intersection between a cylinder and a hole
Representation of the intersection between a cylinder and a hole or slot depends on the size of the hole or slot relative to the cylinder.

Figure 5.71

Center line Break line

A partial view used on a symmetrical object
The partial view is created along a center line or a break line.

Figure 5.72

Figure 5.76 shows another example of revolution
conventions. The inclined arms in the figure result in a
foreshortened profile view, which is difficult and time con-
suming to draw. Revolution conventions allow the arms to
be shown in alignment with the vertical center line of the
front view, to create the profile view shown in the figure.

Practice Exercise 5.10
In Figures 5.74 through 5.76, a new revolved view was cre-
ated to replace a true projection in the profile view. This was
done in order to represent the features of the object more
clearly. Sketch new front views as if the new profile views
represented true projections.
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Partial ViewTrue View Partial View True View

The use of two partial profile views to describe an object and eliminate hidden linesFigure 5.73

(A) True projection (B) Preferred

Revolution conventions used to simplify the representation of ribs and websFigure 5.74

PreferredTrue projection 

Revolution conventions used on objects with
bolt circles to eliminate hidden lines and improve
visualization

Figure 5.75

Revolution conventions used to simplify the
representation of arms

Figure 5.76
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5.9.3 Removed Views

At times, it is important to highlight or enlarge part of a
multiview. A new view is drawn that is not in alignment
with one of the principal views, but is removed and placed
at a convenient location on the drawing sheet. A removed
view is a complete or partial orthographic view that shows
some details more clearly. A new viewing plane is used to
define the line of sight used to create the removed view,
and both the viewing plane and the removed view are
labeled, as shown in Figure 5.77.

5.10 Visualization for Design
Previous sections of this chapter provided information on
how to document and visualize objects as two-dimensional
views in a multiview drawing. Sections 5.10 through 5.12
provide a more general introduction to 3-D visualization
and its role in the engineering, science, and technology
fields. Section 5.13 describes additional approaches to vi-
sualizing 3-D objects as multiview projections.

The brain has an amazing ability to process visual in-
formation. Unconsciously, your brain is managing the
navigation as you walk through the house or drive down
the street. Your brain’s desire to organize the visual infor-
mation around you allows you to look at the clouds or the
stars and see the shapes of animals, objects, or people.
This natural visualization ability can be put to work in
more structured ways by engineers, scientists, and tech-
nologists to solve problems.

Nikola Tesla, one of the great inventors in electronics,
was said to be able to design exclusively with images in
his head. Leonardo da Vinci, a great inventor of an earlier

generation, used drawings as an integral part of his design
process (Figure 5.78). The famous scientist Albert
Einstein used visual imagery to solve complex problems
in physics. Einstein once said: “The words or the lan-
guage, as they are written or spoken, do not seem to play
any role in my mechanism of thought. The psychical enti-
ties which serve as elements of thought are certain signs
and more or less clear images which can be voluntarily
reproduced and combined.”

We all have the ability to use imagery to solve prob-
lems that are spatial in nature. What you may not have is
Tesla’s ability to do complete designs from beginning to
end in your head. You will find, however, that transform-
ing your ideas into tangible graphic images serves both as
a permanent record of those ideas and as a means of en-
couraging further creative thinking. Though sketching is a
primary method for visualization, the current computer
graphics hardware and software systems are a great equal-
izer for those who do not have a natural ability to express
their ideas visually (Figure 5.79 on page 248).

To effectively use graphics as a vehicle for visual-
izing design ideas, you must understand that the two-
dimensional graphics you draw—whether on paper or a
computer screen—are a representation of information
existing in another form. Exercises at the end of this chap-
ter focus on drawing exactly what you see, as though
there was a direct connection between your hand and

246 CHAPTER 5

View A
SCALE – 1

4

A

A scaled removed view (view A)Figure 5.77

Design visualization
Leonardo da Vinci used drawings as a means of visualizing his
designs.
(© Art Resource.)

Figure 5.78
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Vision
the cornea, which begins to focus light onto the rear of the
eye. Light then passes through the lens, which is a structure
that completes the focusing. Muscles attached to the lens
contract and change the shape of the lens to change the
point of focus on the rear of the eye. The amount of light en-
tering the eye is controlled by a shutter, called the iris, which
is located between the cornea and the lens. The iris reduces
the size of the transparent zone, or pupil, of the eye through
which light passes.

The optic nerve transmits visual stimuli more or less di-
rectly to the brain in the region called the visual cortex. Visual
impulses are processed in the brain to determine intensity,
color, and point-to-point images.

Having two eyes looking at the same object or scene
causes each eye to see slightly different images because they
are viewed from slightly different angles. This slight displace-
ment of the images, called parallax, permits very sensitive
depth perception. By comparing the differences between the
images provided by each eye with the physical distance to
specific objects, humans learn to interpret distance through
stereoscopic vision. We are not born with the ability to perceive
distance; it is a learned trait. Stereoscopic vision develops in
babies over a period of months.

Visualization of CAD drawings and models by humans starts
with our vision. The visual system is explained here so you
can better understand how humans perceive visual informa-
tion, which is very important in the design and engineering
process.

Light travels in straight lines, so visual information can be
used to determine both the direction and distance of an ob-
ject. No other human stimulus provides as much detail as the
human eye. Vision, the perception of light, is carried out
through the eye, which contains receptors that detect pho-
tons of light. The eye is organized similar to a camera. The re-
ceptors are located in the back of the eye and are categorized
as either rods, which are receptors for black and white vision,
or cones, which are receptors for color. There are three differ-
ent kinds of cones, cells that absorb either red, green, or blue
wavelengths of light to give humans color vision. The field of
receptors that line the back of the eye is called the retina. The
retina contains approximately three million cones and one bil-
lion rods. Most of the cones are located in the central region
of the retina called the fovea. The eye forms a sharp image in
the central fovea region of the retina.

The light rays are focused onto the receptors by the lens of
the eye. Light first passes through a transparent layer called
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the object being drawn (Figure 5.80). In fact, the mind
and the information it receives visually play a critical
role in guiding what the pencil draws on the paper
(Figure 5.81).

5.10.1 Problem Solving

Visualization is important and integral to the engineering
design process. Using either the computer or the drafting
board, engineers and technologists must have the ability to
document their completed designs, based on well-defined
technical graphics standards. They must also have the abil-
ity to understand, at a deeper level, the three-dimensional
forms they are documenting.

The ability to visualize forms in your mind enhances
your ability to understand both existing objects and objects
that may not yet have been manufactured. Visualizing
three-dimensional forms allows you to play what-if games
in the early stages of the design process, before there are
physical models. The ability to visualize also allows you to
spatially analyze more detailed problems later on.

248 CHAPTER 5

Computer-generated scientific visualization
Cancer cell in liver tissue.
(Courtesy of Paul Robinson and Bartek Rajwa, Purdue University.)

Figure 5.79

Hand/eye connection
The hand/eye connection is important when sketching.

Figure 5.80

Hand/eye/mind connection
The hand/eye/mind connection more accurately describes the processes used to make sketches. The mind forms a mental picture of
existing or nonexisting objects, which can then be sketched. The feedback loop between the mind and the hand is so powerful that
the object need not exist.

Figure 5.81
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As an engineer or technologist, much of what you will
do professionally will involve solving problems. The
problem drawing may start out as a flowchart (Fig-
ure 5.82), but it soon should evolve into an image of an
object (Figure 5.83).

Now you can begin the what-if games: “What if I move
this part over to the other side?” “What if I lower the
height by half and make it a bit deeper?” You may perform
some of these what-if games as mental images, but even-
tually, there will be too much detail and/or too many vari-
ations of the design to keep in your head. Put them down
on paper as ideation sketches.

Eventually you will use your sketching abilities to cre-
ate problem-solving ideation sketches; at first, however,
you will use those abilities to understand a 3-D object as it
exists. Before you can evolve a design, you must first
understand fully how it exists initially. By reviewing what
you know about an image of an object, mentally building
and synthesizing that information, and drawing the results
of this mental effort, you can visualize a 3-D object and its
future possibilities (Figure 5.81). However, the process
does not stop there; what you have drawn becomes a graph-
ics image for starting the whole process all over again.

5.11 Solid Object Features
The first visualization technique treats objects as you
would normally see and feel them. A closer look at a solid
object reveals features, or attributes, which help you visu-
alize the object’s current form. These attributes also are
useful for transforming the object into something new,
either on paper or in your mind. Figure 5.84 (on the next
page) contains two simple, primitive objects, one a brick
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Flowchart
This flowchart is used to identify requirements of the design.

Figure 5.82

Ideation sketch
An exploded assembly sketch is used to visualize a possible
design solution.

Figure 5.83
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Another important attribute found on the brick is a
corner, or vertex. If an edge is the place where two
faces meet, then vertices are places where more than
two edges meet. By extension, this means that more than
two faces also meet at this point. On the brick primitive
seen in Figure 5.84, there are four vertices visible, each
with three connecting edges. Can you see three faces con-
necting at all of these vertices? 

Going back to the cylinder, does it have any vertices?
The answer is no, because there is no point at which three
edges or three faces come together. 

250 CHAPTER 5

Edge

Face

Limiting
Elements

Vertex

RECTANGULAR PRISM CYLINDER

Edge

Face

Solid object features
These rectangular prism and cylinder primitives show
important features: edge, face, vertex, and limiting element.

Figure 5.84

Practice Exercise 5.11
Put various objects under a strong, directed light. Identify the
edges on the object by looking at them and then feel them
with your hand. Does the gradation of light on various parts of
the object correspond to the “sharpness” of the corners?

Edges are the lines that represent the boundary between
two faces of an object. On real objects, edges exist at a
sharp break in light or dark levels on a surface (see Fig-
ure 5.84). Faces are areas of uniform or gradually chang-
ing lightness and always are bounded by edges. This is an
important rule! Both edges and faces can be curved. For
instance, as you follow around the curved face of the
cylinder, there is gradual change in the lightness of the
surface. Only when you go to the front of the cylinder is
there an abrupt change in lightness, signaling an edge.

Another important attribute demonstrated by the cylin-
der is the limiting element. A limiting element is a line
that represents the farthest outside feature of the curved
surface. It is the last visible part of the curved surface as it
drops away from your line of sight. Even though it is not
a boundary between faces, a line is used to represent the
limiting element. The line is tangent to the curved edge at
each end of the cylinder. If you examine the cylinder, you
will note that, even with an ideal viewing position, a
curved face that curves more than approximately 180 de-
grees will have some of its surface obscured; in other
words, you have a face that is only partially visible. For
the cylinder in Figure 5.84, its curved face is half hidden
and one of its circular faces is completely hidden.

Practice Exercise 5.12
Based on the brick (prism) and cylinder developments found
in Appendix A, pages A-51 and A-52, construct the brick and
cylinder, using tape or glue to hold the paper forms together.
After constructing the two primitive shapes, identify and label:

■ The faces, edges, and vertices of the brick (prism)

■ The faces and edges of the cylinder

Hold the cylinder at arm’s length and identify the limiting ele-
ments on each side of the curved surface. Change the posi-
tion of the cylinder and notice: (a) the limiting elements change
with the cylinder; and (b) you can never view more than
180 degrees of the 360-degree curved surface of the cylinder.

The basic rules of geometry that apply to 2-D shapes also
apply to 3-D objects. Since faces are attached to each
other at common edges, the shape of one face influences
both the number of faces attached to it and the shapes of
those other faces. For the brick primitive in Figure 5.84,
all of the faces are either rectangles or squares, and the ad-
jacent edges on each face are at 90 degrees to each other.

The shapes of 2-D faces can be used to interpret how a
3-D object is shaped. The square end face on the brick has
four edges, which means there are four other faces at-
tached to it. If the end face were a hexagon instead of a
square (Figure 5.85), how many faces would be attached
to it? What if the end face had one edge instead of four?
Since one shape that has a single edge is a circle, the brick
would become a cylinder and the end face would have
only one curved face attached to it.

Practice Exercise 5.13
Have someone put various objects in a paper or cloth bag.
Feel the objects without looking at them. Can you identify:
(a) the edges, (b) the faces, and (c) the objects? Try sketch-
ing or describing the object based on what you feel when
touching it.

or rectangular prism, and the other a cylinder. These two
primitives clearly demonstrate several important charac-
teristics, or attributes, of objects.
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Object faces
This hexagonal prism has an end face attached to six other
faces.

Figure 5.85

5.12 Solid Object Visualization

5.12.1 Combinations and Negative Solids

Solid objects can be combined as if they were building
blocks (Figures 5.86A and 5.86B). To be considered a
true combination, a flat face of one object must join a
flat face of the other object. This face-to-face rule guides
the number of possible combinations you can make from
two solid objects. A combination such as that shown
in Figure 5.86C is not a true combination. For example,
“a tire on a road” is thought of as two separate objects,
not one.

Practice Exercise 5.14
Based on the cube development found at the end of this
chapter, construct the cube, using tape or glue to hold the
paper form together. Using either sketches or physical
blocks shaped like those shown in Figure 5.86, explore all
the possible combinations of these two objects. Are all of
them unique?

Suppose, for example, that the cylinder is pushed through
the cube and cube material comes out ahead of the cylin-
der, like a plug from a hole. The plug of removed cube
material perfectly matches the void left in the cube (Fig-
ure 5.87 on the next page). It is also a replica of the cylin-
der. There is a perfect negative/positive relationship
between the void in the cube and the removed cylindrical
plug. The plug can be thought of as a negative solid. If the
plug is put back in the hole, it will fill the void perfectly,
recreating the original cube.

If a smaller brick is removed instead of a cylindrical plug
(Figure 5.88Aon the next page), the effect would be similar,

(A)

(B) (C) No!

Combining solid objects
Additive combinations of primitives can be used to create new
forms. This example shows acceptable (A and B) and
unacceptable (C) ways a cylinder could be added to a cube to
form a new object.

Figure 5.86

except the hole would have four straight sides, to match the
four sides of the removed brick plug (Figure 5.88B).

Negative solids also can be taken off the corners, rather
than from the middle. This notching produces several
possibilities (Figure 5.89 on the next page), especially
when you expand beyond cylinders and bricks to wedges
(Figure 5.90 on page 253) and pyramids (Figure 5.91 on
page 253).
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To summarize, there are two fundamental techniques for
combining solids: (1) the additive technique, in which
one object is added to another to increase its volume; and
(2) the subtractive technique, in which one object is
removed from the other.

252 CHAPTER 5

Removing solid objects
The cylinder subtracted from the cube is equal in volume and
shape to the hole left in the cube.

Figure 5.87

(A)

(B)

Subtracting a square prism
When a square prism is subtracted from the cube, the edges of
the hole match the end face of the square prism.

Figure 5.88

Subtracting progressively larger prisms
Subtraction of progressively larger prisms from the brick
creates entirely different geometric forms.

Figure 5.89

coming off the corners. The difficult shapes to remove are the
plugs from the middle of the brick. Observe that the new
faces created on the original brick correspond to faces on
the removed shapes. The other faces on the removed shapes
should form seamless surfaces with faces on the original
brick when the shapes are put back. Pictorially sketch some
of the new geometric forms you have created.

Instead of a physical model, use a 3-D CAD program that
has primitives and Boolean operations. Create the brick as
the base model, then subtract various primitive shapes
(such as cubes, cylinders, and wedges) to create new geo-
metric forms. Print pictorial views of some of the new forms.

Practice Exercise 5.15
Using clay or Styrofoam, form a number of blocks approxi-
mating the brick primitive. Using a knife, remove various
shaped primitives from your original brick, saving what you
have cut off. The easiest shapes to remove are the ones
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Used together, the two techniques for combining
objects become a powerful tool for visualizing solids and
creating complex geometric forms using a CAD solid-
modeling program. Complex objects (Figure 5.92A on the
next page) can be “decomposed” into a combination of
solid primitives. Starting with an initial primitive, new
primitives can be either added or subtracted (Figure 5.92B).

5.12.2 Planar Surfaces

Another tool that can be used for visualizing objects is
planar surfaces. Such surfaces can interact with a solid ob-
ject or can be used to represent the object itself.

Cutting Planes One planar surface that will be introduced
later in this chapter is the cutting plane. For our purposes
here, a cutting plane is like a blade that is flat, razor thin,
and infinitely large. Two pieces of the object can be left

together, instead of being separated, and the cutting plane
can be thought of as having created a new surface inside
the object (Figure 5.93 on the next page).

In essence, the cutting plane is a 2-D plane that exists in
a 3-D world. Now instead of combining two 3-D solids to-
gether, you can combine a 3-D solid with a 2-D plane. The
orientation of the plane to the object determines what kind
of cut is made; that is, the shape of the new face. For
example, in Figure 5.93 the cutting plane is either perpen-
dicular or parallel to all of the major faces on the primitive.
This new face is called a normal face and is an exact
replica of the end face of the primitive. If you rotate the
cutting plane about one axis (Figure 5.94 on page 255) (but
less than 90 degrees) and cut all the way through the object,
you create an inclined face. The inclined faces become
longer and longer until the cutting plane is rotated 90 de-
grees. At this point, the plane is parallel to the top face of
the object, and mirrors the shape of that face perfectly; the
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Subtracting progressively larger wedges
Subtraction of progressively larger wedges from the brick
creates new geometric forms.

Figure 5.90 Subtracting progressively larger pyramids
Subtraction of progressively larger pyramids from the brick
creates new geometric forms.

Figure 5.91
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cutting plane has again become a normal face. If you rotate
the cutting plane so that it is neither parallel nor perpendic-
ular to any of the faces of the object, the face created by the
cutting plane is called an oblique face (Figure 5.95).

When you rotate the cutting plane, the inclined face
only lengthens along one of its two dimensions. This ef-
fect can be seen in both the brick primitive and the cylin-
der (Figure 5.96). In the cylinder, when the cutting plane
is parallel to the end face, a normal face in the shape of a
perfect circle is generated. As the plane rotates around the
axis marked A, the dimension along axis A does not
change; it stays the diameter of the circle. However, the

dimension along axis B, which is perpendicular to axis A,
gets longer and longer and the face becomes an ellipse.

Next, visualize the cutting plane actually cutting the
object like a knife and making multiple slices along
the long dimension. For a cylinder (Figure 5.97A on
page 256) all of the slices are the same diameter. For a
cone, however, (Figure 5.97B), the edges along the long di-
mension are not parallel to each other, and the slices from
the point to the base of the cone get larger and larger, until
the last slice equals the diameter of the base. For a sphere
(Figure 5.97C), all of the edges are curved and the size of
the slices is largest at the middle rather than at one end.
These examples demonstrate that, on simpler objects,
those edges running parallel to the cutting plane dictate the
shape of the slices; those edges running in the direction
that the cutting plane moves dictate the size of the slices.
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(A) (B)

Subtract

Subtract

Add

Additive and subtractive techniques can be used to make a solid geometric form.Figure 5.92

Normal cutting plane
A normal cutting plane in the brick will create a new surface
called a normal face. This new surface is exactly the same as
the end face.

Figure 5.93

Practice Exercise 5.16
Using clay or Styrofoam, form a number of blocks approxi-
mating various primitive objects, such as cones, cylinders,
spheres, cubes, bricks, etc. Use a knife to cut each object
into normal slices of uniform thickness. Lay the slices out
in the order they came off the object. Compare their sizes
and shapes and put them back together again, reforming
each solid. What happens if you cut the slices at an incline
to the end face of the solid? Do they differ from the normal
slices? Do they vary from each other the same way the
normal slices do? Do the end inclined slices differ from the
others? Why?
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Cutting plane rotated about single axis
A cutting plane is rotated about a single axis in the brick. This
creates inclined faces until the plane has rotated 90 degrees,
creating a face normal to the top view.

Figure 5.94

Cutting plane rotated about two axes
Rotating a cutting plane about two axes in the brick creates a
new face called an oblique face.

Figure 5.95

AB

A
B

A

B

Cutting plane rotation
Rotating a cutting plane in a cylinder creates circular and
elliptical faces.

Figure 5.96
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5.12.3 Symmetry

Symmetry describes the relationship between the two
halves of a solid object. For a symmetrical object, both
halves are identical. If you rotate the cylinder 180 degrees
so that the other circular face is toward you, the cylinder
will look the same because both halves of the cylinder are
identical.

One way to evaluate two halves of an object without
rotating it is to bisect the object with a thin sheet, or cut-
ting plane (Figure 5.98). If the plane acts as a mirror and
the mirror reflection of one half looks identical to that of
the other half, the halves are symmetrical. Objects can
have more than one plane of symmetry. For example, the
cylinder can be cut in half by a plane that goes through the
center of the circular ends (Figure 5.98B).

Mentally rotating an object is one way to imagine planes
of symmetry. For example, if you imagine rolling the cylin-
der like you would a log, you will see that it does not look
any different when you roll it 90 degrees, or even 180 de-
grees. This demonstrates that there are multiple planes of
symmetry passing through the long axis of the cylinder.

256 CHAPTER 5

(A) (B) (C)

Progressive slicing of a cylinder, cone, and sphere
This creates different-sized progressions of circular faces for the three primitives.

Figure 5.97

(A) (B)

Planes of symmetry
Planes of symmetry for a cylinder are created by passing a plane through the midpoint of the cylinder (A) or by passing the plane
through the centers of the circular ends (B).

Figure 5.98

Practice Exercise 5.17
Using physical objects, such as the brick and cylinder con-
structed in Practice Exercise 5.12, try rotating the objects so
that they look as though they were in the same position as
they were before. Determine how many planes of symmetry
can be identified in these objects. Sketch the objects and
show the planes of symmetry.
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5.12.4 Surface Models (Developments)

Place the cutting plane on a surface of the object (Fig-
ure 5.99A). The face on the cutting plane would be the
same as the object’s face. If you put a cutting plane on
every surface of the object (Figure 5.99B), the collection
of cutting planes would form a wrap, or skin, around the
object. Visualizing this skin is another way to visualize the
solid object. The skin is flexible and conforms to the exact
shape of the faces of the object. It wraps around curved
surfaces and creases wherever there is an edge. To deter-
mine what the primitive would look like, “remove” the
skin by cutting it at the edges, not on any of the faces, and
then flatten the skin out (Figure 5.100).

The flattened skin, called the development, clearly
shows all of the object’s faces, in their true size and shape.
It also provides information concerning how those faces
are connected. In some cases, the edges still are connected
in the development. In other cases, they are cut in order to
allow the skin to unfold and lay flat. Those edges that
would be reattached if the development again were
wrapped around the solid are indicated by dashed lines
(Figure 5.101 on the next page). It is important to note that
the edges cut to unfold the development can vary. For
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(B)

(A)

Surface cutting planes
Cutting planes can be used to cover the surface of the brick.

Figure 5.99

Development
Development of the brick is accomplished by cutting the skin of
the brick along some of the edges, then unfolding the skin and
flattening it.

Figure 5.100
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example, Figure 5.102 shows another possibility for de-
veloping the brick. However, do not cut a face completely
free from the rest of the development.

Developments also can be made for objects that have
curved surfaces, and the nature of the curved surface di-
rectly affects the ease with which the development is
made. A single-curved surface is a surface that only
curves in one dimension (such as a cylinder). A develop-
ment for this type of curved face can be made without

many cuts (Figure 5.103A). A sphere, on the other hand, is
a double-curved surface, that is, one which curves in two
dimensions (Figure 5.103B). This surface only can be ap-
proximated in a development and only after the face is cut
in a number of places. 

Visualization techniques are specific to certain types of
objects and manufacturing processes. For example, the
visualization with solids technique would be helpful to a
machining operation that removes material from an object.
In contrast, the development technique would be indispens-
able in sheet metal and package design work. For technical
drawings, cutting planes are useful in creating sectional
views of complicated parts or structures, such as buildings.

258 CHAPTER 5

Brick edges that are attached to form the brick skin are
indicated by dashed lines.

Figure 5.101

There are many alternative methods of creating the
development for the brick, such as the one shown here.

Figure 5.102

(A)

(B)

Single- and double-curved surface
development
The difference between developing a single-curved surface (a
cylinder) and a double-curved surface (a sphere).

Figure 5.103

Practice Exercise 5.18
Using some of the primitive objects you have made, create
developments by wrapping the objects in paper. Start by
placing the paper on the object. Fold the paper around a
few of the edges, creasing the paper lightly as you go. As
you proceed, trim the paper and cut the edges at the
creases. For the rectilinear forms, such as the cube or the
brick, make more than one development and cut different
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5.13 Multiview Drawings Visualization
With sufficient practice, it is possible to learn to read 2-D
engineering drawings, such as the multiview drawings in
Figure 5.104 (on the next page), and to develop mental
3-D images of the objects. Reading a drawing means being
able to look at a two- or three-view multiview drawing and
form a clear mental image of the three-dimensional object.
A corollary skill is the ability to create a multiview drawing
from a pictorial view of an object. Going from pictorial to
multiview and multiview to pictorial is an important process
performed every day by technologists. The following
sections describe various techniques for improving your
ability to visualize multiview drawings. Additional infor-
mation on visualizing 3-D objects is found in Sections 5.10
through 5.12.

5.13.1 Projection Studies

One technique that will improve multiview drawing visual-
ization skills is the study of completed multiviews of vari-
ous objects, such as those in Figure 5.104. Study each object
for orientation, view selection, projection of visible and
hidden features, tangent features, holes and rounded sur-
faces, inclined and oblique surfaces, and dashed line usage.

5.13.2 Physical Model Construction

The creation of physical models can be useful in learning to
visualize objects in multiview drawings. Typically, these
models are created from modeling clay, wax, or Styrofoam.
The two basic techniques for creating these models are cut-
ting the 3-D form out of a rectangular shape (Figure 5.105
on page 261) and using analysis of solids (Figure 5.106 on
page 261) to divide the object into its basic geometric prim-
itives and then combining these shapes. (See Section 5.9.8
for more information on analysis of solids.)

5.13.3 Adjacent Areas

Given the top view of an object, as shown in Fig-
ure 5.107 on page 261, sketch isometric views of several
possible 3-D forms. Figure 5.108 (on page 262) shows
just four of the solutions possible, and demonstrates the
importance of understanding adjacent areas when read-
ing multiview drawings. Adjacent areas are surfaces
which reside next to each other. The boundary between
the surfaces is represented as a line indicating a change
in planes. No two adjacent areas can lie in the same
plane. Adjacent areas represent either:

1. Surfaces at different levels.

2. Inclined or oblique surfaces.

3. Cylindrical surfaces.

4. A combination of the above.

Going back to Figure 5.107, the lines separating sur-
faces A, B, and C represent three different surfaces at
different heights. Surface A may be higher or lower than
surfaces B and C; surface A also may be inclined or cylin-
drical. This ambiguity emphasizes the importance of using
more than one orthographic view to represent an object
clearly.

5.13.4 Similar Shapes

One visualization technique involves identifying those
views in which a surface has a similar configuration and
number of sides. (See Section 5.8.2, Rule 5, “Configura-
tion of Planes,” and Rule 6, “Parallel Features.”) Similar
shape or configuration is useful in visualizing or creating
multiview drawings of objects with inclined or oblique
surfaces. For example, if an inclined surface has four
edges with opposite edges parallel, then that surface will
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edges. Make developments of cylinders, cones, and other
objects with single-curved surfaces. Try making a develop-
ment of a sphere. Can you wrap the paper around it without
wrinkling the paper? With a sphere, how many separate sur-
faces are you actually developing?

Practice Exercise 5.19
Figure 5.105 shows the steps for creating a physical model
from a rectangular block of modeling clay, based on a multi-
view drawing.

Step 1. Create a rectangular piece of clay that is propor-
tional to the width, height, and depth dimensions shown
on the multiview drawing.

Step 2. Score the surface of the clay with the point of the
knife to indicate the positions of the features.

Step 3. Remove the amount of clay necessary to leave the
required L-shape shown in the side view.

Step 4. Cut along the angled line to remove the last piece
of clay.

Step 5. Sketch a multiview drawing of the piece of clay.
Repeat these steps to create other 3-D geometric forms.
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(A) (C) (D)

(E)

(I)

(M)

(Q)

(U)

(F)

(J)

(N)

(R)

(V)

(G)

(K)

(O)

(S)

(W)

(H)

(L)

(P)

(T)

(X)

(B)

Examples of the standard representations of various geometric formsFigure 5.104
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Orthographic (A) (B)

(C) (D) (E)

Creating a real model
Using Styrofoam or modeling clay and a knife, model simple 3-D objects to aid the visualization process.

Figure 5.105

Analysis of solids
A complex object can be visualized by decomposing it into
simpler geometric forms.

Figure 5.106

Top

Front Right side

Isometric

? ?

?
A

B

C

Adjacent areas
Given the top view, make isometric sketches of possible 3-D
objects.

Figure 5.107



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

5. Multiviews and 
Visualization

Text274 © The McGraw−Hill 
Companies, 2007

appear with four sides with opposite edges parallel in
any orthographic view, unless you are viewing the sur-
face on edge. By remembering this rule, you can visually
check the accuracy of an orthographic drawing by com-
paring the configuration and number of sides of surfaces
from view to view. Figure 5.109 shows objects with
shaded surfaces that can be described by their shapes. In
Figure 5.109A, the shaded surface is L-shaped and ap-
pears similar in the top and front views, but it is an edge
in the right side view. In Figure 5.109B, the shaded sur-
face is U-shaped and is configured similarly in the front
and top views. In Figure 5.109C, the shaded surface is
T-shaped in the top and front views. In Figure 5.109D,
the shaded surface has eight sides in both the front and
top views.

5.13.5 Surface Labeling

When multiview drawings are created from a given picto-
rial view, surfaces are labeled to check the accuracy of the
solution. The surfaces are labeled in the pictorial view
and then in each multiview, using the pictorial view as a
guide. Figure 5.110 is the pictorial view of an object with
each of the visible surfaces labeled with a number; for
example, the inclined surface is number 5, the oblique
surface is number 8, and the hole is number 4. The multi-
view drawing is then created, the visible surfaces in each
view are labeled, and the results are checked against the
pictorial.

5.13.6 Missing Lines

Another way of becoming more proficient at reading and
drawing multiviews is by solving missing-line problems.
Figure 5.111 (on page 264) is a multiview drawing with at
least one line missing. Study each view, then add any

5.13.7 Vertex Labeling

It is often helpful to label the vertices of the isometric
view as a check for the multiview drawing. In the isomet-
ric view in Figure 5.112 (on page 264), the vertices, in-
cluding hidden ones, are labeled with numbers, then the
corresponding vertices in the multiviews are numbered. In
the multiviews, hidden vertices are lettered to the right of
the numbered visible vertices. For example, the vertices of
surface A are numbered 1, 2, 3, and 4. In the front view,
surface A appears on edge, and vertices 1 and 4 are in front
of vertices 3 and 2. Therefore, in the front view, the ver-
tices of surface A are labeled 4, 3 and 1, 2.

5.13.8 Analysis by Solids

A common technique for analyzing multiview drawings is
analysis by solids, in which objects are decomposed into
solid geometric primitives, such as cylinders, negative
cylinders (holes), square and rectangular prisms, cones,
spheres, etc. These primitives are shown in Figure 5.53.
Their importance in the understanding and visualization
of multiview drawings cannot be overemphasized.

Figure 5.113 (on page 265) is a multiview drawing of a
3-D object. Important features are labeled in each view.
Planes are labeled with a P subscript, holes (negative
cylinders) with an H subscript, and cylinders (positive)
with a C subscript.
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Possible solutions to Figure 5.107Figure 5.108

Step by Step: Locating Missing Lines in an Incomplete
Multiview Drawing
Step 1. Study the three given views in Figure 5.111.
Step 2. Use analysis by solids or analysis by surfaces, as

described earlier in this text, to create a mental image of
the 3-D form.

Step 3. If necessary, create a rough isometric sketch of the
object to determine the missing lines.

Step 4. From every corner of the object, sketch construc-
tion lines between the views. Because each projected
corner should align with a feature in the adjacent view,
this technique may reveal missing details. For the Fig-
ure 5.111, corner A in the right side view does not align
with any feature in the front view, thus revealing the loca-
tion of the missing line.

missing lines to the incomplete views. Lines may be miss-
ing in more than one of the views. It may be helpful to cre-
ate a rough isometric sketch of the object when trying to
determine the location of missing lines.
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(A) (B) (C) (D)

Similar-shaped surfaces
Similar-shaped surfaces will retain their basic configuration in all views, unless viewed on edge. Notice that the number of edges of a
face remains constant in all the views and that edges parallel in one view will remain parallel in other views.

Figure 5.109
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Surface labeling
To check the accuracy of multiview drawings, surfaces can be
labeled and compared to those in the pictorial view.

Figure 5.110

Step by Step: Analysis by Solids
Step 1. Examine all three views as a whole and then each

view in detail. In the top view, there is a rectangular
shape labeled AP and three circles labeled GH, HC, and
IH. On the left end of the rectangular area are dashed
lines representing hidden features. These hidden fea-
tures are labeled DP, EC, and FH.

Step 2. In the front view, there is an L-shaped feature labeled
BP. At opposite ends of the L-shaped area are dashed lines
representing hidden features labeled GH and FH. On top of
the L-shaped area is a rectangular feature with dashed
lines representing more hidden features. The rectangular
feature is labeled HC, and the hidden feature is labeled IH.

Step 3. In the right side view, there are two rectangular
areas and a U-shaped area with a circular feature. The
rectangular feature adjacent to and above the U-shaped
area is labeled CP and has hidden lines labeled GH. The
rectangular feature above CP is labeled HC and contains
dashed lines labeled IH. The U-shaped area is labeled DP,
and the arc is labeled EC. The circular feature in the
U-shaped area is labeled FH.

This general examination of the views reveals some
important information about the 3-D form of the object.
Adjacent views are compared to each other and parallel
projectors are drawn between adjacent views to help fur-
ther analysis of the object.

Step 4. In the top view, rectangular area AP extends the full
width of the drawing, can only be aligned with area BP in
the front view, and appears as an edge in the front and
right side views. Area BP in the front view is aligned with
area CP in the right side view. BP appears as a vertical
edge in the right side view and a horizontal edge in the
top view. The conclusion is that areas AP, BP, and CP are
top, front, and right side views, respectively, of a rectan-
gular prism, which is the main body of the part.
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A

Completed multiview

A

Missing feature

Missing-line problems
One way to improve your proficiency is to solve missing-line problems. A combination of holistic visualization skills and systematic
analysis is used to identify missing features.

Figure 5.111
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Numbering the isometric pictorial and the
multiviews to help visualize an object

Figure 5.112

Step 5. Circular area GH in the top view is aligned with the
hidden lines labeled GH in the front view. Because these
hidden lines go from top to bottom in the front view, it is
concluded that the circle represents a hole. This can be
verified by the dashed lines GH in the right side view.

Step 6. In the front view, rectangular area HC projects
above the main body of the part; therefore, it should be
visible in the top view. This rectangular area is in align-
ment with circular area HC in the top view, and with rec-
tangular area HC in the right side view. The conclusion is
that area HC is a cylinder, because it appears as a circle
in one view and as a rectangle in the other two views.

Step 7. The circle IH in the top view is aligned with dashed
lines IH in the front view and is inside cylinder HC. This in-
dicates that circle IH in the top view is a negative cylinder
(hole) centered within cylinder HC. The dashed line la-
beled Z in the front and right side views shows the depth
of the negative cylinder IH.

Step 8. In the top view, the dashed lines at the left end of
rectangular area AP represent one or more feature(s)
below the main body of the part. Hidden line DP in the top
view is aligned with visible line DP in the front view, and
dashed lines FH in the top view are directly above dashed
lines FH in the front view. Area EC in the top view is aligned
with area EC in the front view. So the features hidden in
the top view must be DP and EC in the front view. 

DP and EC in the front view are aligned with DP and EC

in the right side view. The right side view appears to be the
most descriptive view of these features. In this view, area
EC is a partial cylinder represented by arc EC. The side
view also reveals that dashed lines FH in the top and front
views represent the diameter of hole FH. Therefore, area
DP and partial cylinder EC are a U-shaped feature with a
hole whose width is revealed in the front and top views.
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Analysis by solids should result in a clear mental image
of the 3-D form represented in a 2-D multiview drawing.
Figure 5.114 (on the next page) is a pictorial view of the
object in the multiview drawing, and it should be similar
to the mental image created after following the preceding
eight steps.

5.13.9 Analysis by Surfaces

Figure 5.114 (on the next page) lends itself to analysis by
solids because there are no inclined or oblique surfaces.
With inclined and oblique surfaces, such as those shown
in Figure 5.115 (on the next page), analysis by surfaces
may be more useful.
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Visualizing a multiview drawing using analysis by solidsFigure 5.113

areas A and B are separated by lines; therefore, they are
not in the same plane. The same is true for areas C and
D in the front view, and areas E and F in the right side
view. The reason for this is that no two contiguous (adja-
cent) areas can lie in the same plane. If they were in the
same plane, a line would not be drawn to separate them.
This is an example of Rule 8.

Step 2. The lines of projection between the top and front
views indicate that area B corresponds to area D. Areas B
and D also are similar in shape in that they both have six
sides, thus reinforcing the possibility that areas B and D
are the same feature. Similarly, areas A and C are aligned
and are similar in shape, so they could be the same fea-
ture. However, before accepting these two possibilities,
the side view must be considered.

Step 3. Area D aligns with area F, but they are not similar in
shape; area F is three-sided and area D is six-sided.
Therefore, areas D and F are not the same feature. In the
right side view, area D must be represented as an edge

Step by Step: Analysis by Surfaces
Step 1. Examine all three views in Figure 5.115. There are

no circular or elliptical features; therefore, all the areas
must be bounded by planar surfaces. In the top view,
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FRONT

VIEW

RIGHT SIDE
VIEW

TOPVIEW

CP

DP
B

P

A
P

HC

IH

G
H

FH

EC

A pictorial view of the multiview drawing in Figure 5.113, revealing its three-dimensional formFigure 5.114
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Visualizing a multiview drawing using
analysis by surfaces

Figure 5.115

view separating areas E and F; therefore, area D is the in-
clined plane in the right side view. Area C aligns with area
E, but they are not similar in shape; area C is four-sided
and area E is three-sided. In the right side view, area C
must be represented as an edge view and is the vertical
line on the left side of the view.

Step 4. Areas E and F are not represented in the top or
front views; therefore, areas E and F are edge views in
the front and top views (Figure 5.116). Because areas E
and F are visible in the right side view, they are at the
right end of the front and top views. Therefore, they must
be located at the right end of the object.

Step 5. Based on alignment and similarity of shape, sur-
faces B and D must be the same surface.

Step 6. Area A in the top view is an edge view represented
as a horizontal line in the front and side views. Area C in
the front view is a horizontal edge view in the top view
and a vertical edge view in the right side view. Therefore,
areas A and C are not the same.

Figure 5.117 is a pictorial view of the object. Areas B
and D are the same inclined plane, area A is a horizontal
plane, and areas C, E, and F are vertical planes.

Principles of Orthographic Projection Rule 8:
Contiguous Areas
No two contiguous areas can lie in the same plane.
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5.14 Summary
Multiview drawings are an important part of technical
graphics. Creating multiview drawings takes a high degree
of visualization skill and considerable practice. Multiview
drawings are created by closely following orthographic
projection techniques and ANSI standards. The rules of or-
thographic projection are listed here for your reference.

Rule 1: Every point or feature in one view must be
aligned on a parallel projector in any adjacent view.

Rule 2: Distances between any two points of a feature in
related views must be equal.

Rule 3: Features are true length or true size when the
lines of sight are perpendicular to the feature.

Rule 4: Features are foreshortened when the lines of sight
are not perpendicular to the feature.

Rule 5: Areas that are the same feature will always be
similar in configuration from one view to the next, un-
less viewed as an edge.

Rule 6: Parallel features will always appear parallel in all
views.

Rule 7: Surfaces that are parallel to the lines of sight will
appear on edge and be represented as a line.

Rule 8: No two contiguous areas can lie in the same
plane.

Auxiliary views are a type of orthographic projection used
to determine the true size and shape of inclined and
oblique surfaces of objects. Normally, auxiliary views are
projected from existing principal views. Successive auxil-
iary views can be created by projecting from an existing
auxiliary view.
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A

B = D

C

D = B

E

F

C

E

A

C

A

D

E

F

F

Conclusions drawn about Figure 5.115Figure 5.116

A

EC

F

B = D

A pictorial view of Figure 5.115, revealing
its three-dimensional form

Figure 5.117

■ Learning Objectives
■ Chapter Outline
■ Chapter Overview
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Key Terms
■ Flashcards

■ Website Links
■ Animations
■ Image Library
■ AutoCAD Exercises
■ Case Studies
■ Stapler Design Problem
■ Visualization Exercises
■ Graphics in Motion

Online Learning Center (OLC) Features

There are a number of Online Learning Center features listed below that you can use to supplement your text reading to
improve your understanding and retention of the material presented in this chapter.
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Historical Highlight
Multiview Drawings

mainly for his beautiful engravings (Figure 1.17), but he demon-
strated the principles of multiview drawings in a book that did
not have much appeal to those who would have benefited most
from his work. Toward the end of his life, he wrote a book on

geometry that was mainly a summary of what
was already known but did contain some in-
teresting drawings. In this book were elemen-
tary drawings such as sections through cones
and the principles of orthographic projection.

Dürer began another series of books on
geometry titled The Four Books on Human
Proportions, published posthumously in 1528.
For this book, he made careful measure-
ments of the proportions of human figures,
then averaged them before recording his
findings. The problem he faced was how to
graphically represent these human propor-
tions. Dürer chose to use orthogonal multiview
drawings to represent human proportions as
shown in Figure 1. His drawings bear a lot of
similarity to multiview drawings used today,
but it was very new at his time. Although
Dürer demonstrated the usefulness of orthog-
onal multiview drawings, they were not widely
practiced until Gaspard Monge refined this
projection system in 1795.

Excerpted from The History of Engineering Drawing, by
Jeffrey Booker, Chatto & Windus, London, England, 1963.

Rudimentary plan views of buildings have been used since an-
cient times. (See Figure 1.15.) However, elevations or multi-
views of buildings would take many more years before they
were in common use. Albrecht Dürer (1471–1528) is known

(A) Dürer’s systematic use of orthographic
projection to define the human head and its
features’ proportions. Most of the dimensions
given should be read as their reciprocals,
taking the whole man’s height as unity. 
(B) A foot defined in terms of its three
orthographic projections systematically
arranged. Notice that Dürer arranged these in
“first angle” while his heads in (A) are in
“third angle.” The two shapes “f” and “e”
to the right are vertical sections through the
foot at f and e in the elevation and plan.

Figure 1

(A)

(B)
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Goals Review
1. Explain orthographic and multiview projection. Sec-

tions 5.1, 5.2

2. Identify frontal, horizontal, and profile planes. Sec-
tions 5.2.1, 5.2.2, 5.2.3

3. Identify the six principal views and the three space
dimensions. Section 5.4

4. Apply standard line practices to multiview drawings
and sketches. Section 5.4.6

5. Create a multiview drawing by sketching or CAD.
Section 5.5

6. Identify normal, inclined, and oblique planes in multi-
view drawings. Sections 5.7.2, 5.7.3, 5.7.4

7. Represent lines, curves, surfaces, holes, fillets,
rounds, chamfers, runouts, and ellipses in multiview
sketches. Section 5.8

8. Identify how ANSI standard drawing representation
sometimes diverges from true projection. Section 5.9

9. Apply different visualization techniques used to the
representation of 3-D objects. Sections 5.10, 5.11,
5.12

10. Apply visualization by solids and surfaces to multi-
views. Sections 5.13.8, 5.13.9

11. Explain the importance of multiviews. Section 5.3

12. Identify limiting elements, hidden features, and inter-
sections of two planes in multiviews. Section 5.8

Questions for Review
1. Define orthographic projection.

2. How is orthographic projection different from per-
spective projection? Use a sketch to highlight the
differences.

3. Define multiview drawings. Make a simple multiview
sketch of an object.

4. Define frontal, horizontal, and profile planes.

5. List the six principal views.

6. Define fold lines.

7. List the space dimensions found on a front view, top
view, and profile view.

8. Define a normal plane.

9. Define an inclined plane.

10. Define an oblique plane.

11. List the eight rules of orthographic projection.

12. Why is visualization important in engineering and
technical graphics? Is it useful in any other fields? Are
you born with the ability to visualize, or is it learned?

13. What is the relationship between faces and edges in
the visualization of an object?

14. Do planar and curved surfaces reveal themselves dif-
ferently on an object?

15. Explain the different visual results of additive and
subtractive combinations of two solids. Are there
ways of arranging additive or subtractive combina-
tions such that the resulting object doesn’t look any
different?

16. What are the differences in the way normal, inclined,
and oblique faces are visualized? How are cutting
planes used to generate these faces?

17. Define a development. How is it used in visualization?

18. Name the person credited with demonstrating multi-
view projections in a book published in 1528.

Further Reading
Rauderbaugh, R. A. Visualization, Sketching and Freehand

Drawing for Engineering Design. Schroff Development
Corp., 1999.

Sorby, S. A., K. J. Manner, and B. J. Baartrams. 3-D Visualiza-
tion for Engineering Graphics. Upper Saddle River, NJ:
Prentice-Hall, 1998.
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Workbook Problems

Workbook Problems are additional exercises to help you
learn the material presented in this chapter. The problems
are located at the back of the textbook and can be removed
from the book along the perforated edge.

5.1 Surface Identification. In the table, match the
given surface letter from the pictorial drawing with
the corresponding surface number from the multi-
view drawing for each view.

5.2 Object Feature Identification. Identify the feature
on the object as either an edge (E), face (F), vertex
(V), or limiting element (L) in the space provided.

5.3 Surface Labeling. Draw or sketch the front, top,
and right side views of the object shown. Number
each visible surface of the multiviews to corre-
spond to the numbers shown in the given view.

5.4 Object Rotation. Target shapes P and Q are to be
matched with the correct rotated three-dimensional
representations of the letters P and Q. Write the let-
ter P or Q in the square below the rotated letter.

5.5 Multiview Sketching 2. Sketch the front, top, and
right side views using the gridded space.

Hints for Multiview Sketching
■ Identify the major features and overall dimensions of

the object.
■ Use clean, crisp strokes.
■ Do not use straightedges or scales when sketching.
■ Start by drawing bounding boxes and a miter line,

using construction lines.
■ Align the views.
■ Use light construction lines to locate vertices and

edges.
■ Only measure dimensions along the primary axes.
■ Map inclined and oblique faces between all three

views.
■ Follow the precedence of lines.
■ Double-check to make sure there are no missing hidden

or center lines.
■ Darken all visible, hidden, and center lines.

Problems

The website contains starter files for most of the drawing
problems in either your native CAD file format or as a
DXF file which can be imported into most CAD software
programs. If you are sketching the problems, use either
paper recommended by your instructor or the workbook
that accompanies this text.

5.1 (Figure 5.118) Draw or sketch the front, top, and
right side views of the object shown in the pictorial.
Number each visible surface in each of the multi-
views to correspond to the numbers given in the
pictorial view.

9

8
5

10 14
15

17

12

3

1

7 6

4

2

16

11

13

Solid object for Problem 5.1Figure 5.118
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5.2 (Figure 5.119) Given the front view shown in the
figure, design at least six different solutions. Sketch
your solutions in pictorial and in front and side
views.

5.3 (Figure 5.120) Given the two views of a multiview
drawing of an object, sketch or draw the given
views or use CAD, and then add the missing view.
As an additional exercise, create a pictorial sketch
of the object.

5.4 (Figure 5.121) Given three incomplete views of a
multiview drawing of an object, sketch or draw the
given views or use CAD, and then add the missing
line or lines. As an additional exercise, create a pic-
torial sketch of the object.

5.5 (Figure 5.122) Sketch, or draw with CAD multi-
views of the objects shown in the pictorials.

5.6 (Figure 5.123) Sketch or use CAD to draw the
given views and an auxiliary view of the inclined
surfaces.

5.7 (Figures 5.124 through 5.161) Sketch or draw with
CAD multiviews of the objects, or create 3-D CAD
models for the parts shown.

5.8 On square grid paper, sketch a series of multiviews
of a cube, at least eight squares on a side. Visualize
the following modifications to the cube and draw

the resulting multiviews:

a. Looking at the front view, drill a hole 3 squares
in diameter and parallel to the line of sight.

b. Take the result of (a) and drill another hole 2
squares in diameter to the right of the first hole.

c. Take the result of (a) and drill another hole 3
squares in diameter above the first hole.

d. Take the result of (a) and drill a hole 5 squares
in diameter in the same location as the first
hole, but only halfway through the cube.

e. Instead of drilling a 3-square-diameter hole
through the object, create a cylinder projecting
2 squares out of the cube and parallel to the line
of sight of the front view. Compare this to the
views in (a).

f. Same as (e), except raise the cylinder along the
line of sight of the top view.

g. Same as (a), except remove a square feature,
rather than a round hole. Compare this to the
views in (a).

h. Same as (a), except place the center 2 squares
to the right. Enlarge the drill to a diameter of
5 squares; 7 squares; 9 squares.

i. Find the midpoints of the top and right side
edges of the front view. Draw a line connecting
these points and project it along the line of sight
for the front view to create a cutting plane. Re-
move this corner of the cube.

j. Same as (i), except rotate the cutting plane to
be 15°, 30°, 60°, and 75° to the horizontal.
Compare the dimensions of the inclined surface
projections at each of these angles (including
the original 45° angle).

k. Same as (i), except move the cutting plane to-
ward the lower left corner of the front view, in
2-square increments. When is the inclined sur-
face the largest?

l. Same as (i), except the cutting plane is defined
by the midpoints of the top and right side edges
of the front view and the midpoint of the top
edge of the right side view.

m. Same as (l), except move the cutting plane in
2-square increments toward the opposite corner
of the cube.

EXAMPLE

Front view for Problem 5.2Figure 5.119
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(3)(2)

(4) (5) (6)

(7) (8) (9)

(10) (11)

(1)

(12)

Two-view drawings of several objects for Problem 5.3Figure 5.120
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(13) (14) (15)

(16) (17) (18)

(19) (20) (21)

(22) (23) (24)

ContinuedFigure 5.120
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(2) (3)

(4) (5) (6)

(7) (8) (9)

(10) (11)

(1)

(12)

Three incomplete views of a multiview drawing of an object for Problem 5.4Figure 5.121
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(13) (14) (15)

(16) (17) (18)

(19) (20) (21)

(22) (23) (24)

ContinuedFigure 5.121
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(1) (2) (3)

(6)(5)(4)

(7) (8) (9)

(12)(11)(10)

Problem 5.5 multiview sketching problems
Assume all holes to be through.

Figure 5.122
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(13) (14) (15)

(16) (17) (18)

(20) (21)

(24)(23)(22)

(19)

ContinuedFigure 5.122
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(36)(35)(34)

(25) (26) (27)

(30)(29)(28)

(31) (32) (33)

ContinuedFigure 5.122
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(38)(37) (39)

(42)(41)(40)

(43) (44) (45)

(48)(47)(46)

ContinuedFigure 5.122
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(49) (50) (51)

(52) (53) (54)

(56) (57)(55)

(58) (59) (60)

ContinuedFigure 5.122
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(66)(64) (65)

(61) (63)(62)

(70) (71) (72)

(67) (68) (69)

ContinuedFigure 5.122
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(84)

(73) (74) (75)

(76) (77) (78)

(79) (80) (81)

(82) (83)

ContinuedFigure 5.122
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(96)(95)

(85) (86) (87)

(88) (89) (90)

(91) (92) (93)

(94)

ContinuedFigure 5.122
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(1) (2) (3)

(6)(5)(4)

(7)

Objects with inclined surfaces and multiviews for Problem 5.6Figure 5.123
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(8)

(12)

(15)

(18)(17)

ContinuedFigure 5.123
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Tool blockFigure 5.124
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4.00 ø 2.00

ø 1.50

5X .03 X 45°

ø 2.375
4.625

2.125

R .50

.70

RetainerFigure 5.127
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METRIC
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5.9 Same as 5.8 (a–k), except use a cylinder 8 squares
in diameter, 8 squares deep, and seen in its circular
form in the front view.

5.10 Using any of the objects shown in the exercises in
the back of this chapter, decompose the objects into
primitive geometric shapes. Color code these
shapes to show whether they represent positive
material added to the object or negative material
removed from it. This can be done by:
■ Drawing isometric pictorial sketches of the

objects.
■ Overdrawing on top of photocopies of the

drawings.
■ Tracing over the drawings.

5.11 Gather real examples and/or magazine photographs
of both single and multiple objects. The objects
should vary in complexity of form. Some should
have only simple planar features, while others
should have curved, sculpted surfaces. Larger
objects or scenes around school or home can sim-
ply be identified. These objects, photographs, and
scenes will be used in the rest of the problems in
this chapter. Some ideas are as follows:

Motor vehicles

Farm equipment

Household appliances

Aircraft and nautical vessels

Computer equipment

Audiovisual equipment

Furniture

Lighting fixtures

Sports and exercise equipment

Hand tools

Stationary and hand-held power tools

5.12 Using a photograph of a single, complex object, cre-
ate a tracing, showing a single contour line around
the object. Then create another tracing and add two
more contours outlining what you consider to be the
two most important features on the object. Repeat
the process until you have five or six sketches, each
time adding two or more contours to the sketch. At
what point can you identify the object in the sketch
without looking at the photograph?

5.13 Using real scenes and photographs showing multi-
ple items, or using objects created from the patterns
on the end pages at the back of the book, create
sketches using contour lines to identify the bound-

aries between the elements. First, use photographs,
and then real-world scenes or objects. Trace the con-
tour lines, and then create more sketches of the same
scenes, objects, or photographs, drawing contour
lines that divide the scenes into different groupings.

5.14 Make two photocopies of each sketch created in
Problem 5.13 and shade in:

■ The positive space (the objects in the scene)
■ The negative space (the background)

5.15 Repeat Problem 5.13 and Problem 5.14, using
CAD or other computer graphics software to draw
the contours and fill in the negative and positive
spaces.

5.16 Choose a photograph of a complex scene showing
familiar objects and/or people and sketch it without
tracing. Now, sketch the same scene with the photo-
graph upside down. Do not try to identify the objects
in the photograph. Concentrate on the individual
contours and their relationships to each other.

5.17 Choose either four objects representing basic geo-
metric forms (e.g., a book, a rolling pin, a pencil,
etc.), or primitive objects made from the patterns
on the end pages at the back of the book. The
lighter their color, the better. Place the objects in a
strong light coming from behind you, over your
shoulder (or equivalent).

a. Sketch the contours of the object.

b. Shade the surfaces of the object to show the
darkness as it appears.

c. Move to a new location and sketch them again.

d. Move the light source to a new position.

e. Repeat (c) and (d), but this time imagine the
movement in your mind rather than actually
moving the object. Create the sketches from
what you imagine they would look like.

5.18 Using the objects and setup from Problem 5.17,
create the following series of contour and shaded
sketches:

a. Systematically move the object in 90-degree
increments about all three axes.

b. Systematically move the object in 5-degree
increments through 90 degrees.

c. Repeat (a) and (b) with a different object, but
do the rotations in your mind.

d. Make photocopies of the 5-degree increment
sketches. Pick one face of the object and shade it
in all of the sketches. How does it change shape?
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5.19 Repeat Problem 5.18a through 5.18c, with two or
three objects in the scene. Rotate the objects around
a common imaginary axis. Try setting them on a
lazy susan. Make photocopies of the 5-degree in-
crements and darken in the contours that divide one
object from another. Do their locations on the back-
ground stay the same in the different sketches?

5.20 Figures 5.162 through 5.164. Match objects with
target shapes.

5.21 Figures 5.165 through 5.167. In the table, match the
given surface letter from the pictorial drawing with
the corresponding surface number from the multi-
view drawing for each view.

5.22 Figure 5.168A–E. In this exercise, a development
(unfolded) is to be matched to one of five three-
dimensional objects. The development shows the
inside surfaces of a three-dimensional object with
the shaded portion being the bottom surface.

5.23 Figure 5.169A–E. In this exercise, the figure that
appears first is rotated into a new position. The fig-
ure that follows is rotated exactly the same way as
the first figure. Indicate which of the numbered fig-
ures shows the second figure rotated like the first
one is.

5.24 Figure 5.170A–E. In this problem, the dot repre-
sents your position in relation to the object in a
glass box. Match the correct view of the object to
one of the alternative views. 

5.25 Object Feature Identification. Identify the feature
on the object as either an edge (E), face (F), vertex
(V), or limiting element (L) in the space provided
(Figure 5.171).

5.26 Sketch a reflection of the object on isometric grid
paper as if plane M were a mirror (Figures 5.172 to
5.177).

17 18 19 20

1 2 3 4

5 6 7 8 9 10

11 12 13 14 15 16

TARGET

A. B.

 SHAPES

Match objects with target shapes.

Figure 5.162
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Write the letter “p” or “q” in the square near the rotated letter.

Figure 5.164
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(Reproduced with permission from the Purdue Spatial Visualization Test by Roland Guay, Ph.D. Copyright 1976, Purdue Research Foundation.)

Figure 5.168
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(Reproduced with permission from the Purdue Spatial Visualization Test by Roland Guay, Ph.D. Copyright 1976, Purdue Research Foundation.)

Figure 5.169
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All fillets and rounds .125� or 2 mm unless otherwise
indicated.

1. Pieces to be drawn freehand in orthographic
projection.

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J) (K) (L)

(M) (N) (P)

(Q)

(O)

Draw freehand orthographic projectionsProblem 1

Classic Problems

The following classic problems were taken from Engi-
neering Drawing & Graphic Technology, 14th Edition, by
Thomas E. French, Charles J. Vierck, and Robert Foster.
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2. Draw three views of the bearing rest.

3. Draw three views of the swivel yoke.

4. Draw three views of the truss bearing.

5. Draw three views of the wire thimble.

6. Draw three views of the hanger jaw.

7. Draw two views of the shifter fork.

8. Draw three views of the bedplate stop.

9. Draw three views of the tube hanger.

10. Draw three views of the end plate.

11. Draw three views of the angle connector.

12. Make working drawing of shifter fork. Cast steel.

13. Make working drawing of rubber support anchor.

14. Make working drawing of relief-valve body. Cast
brass.

15. Make working drawing of bearing block, cast
iron.

16. Make a unit-assembly working drawing of the
wing-nose rib.

Bearing restProblem 2
Swivel yokeProblem 3

Truss bearingProblem 4 Wire thimbleProblem 5 Metric
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Hanger jawProblem 6 Metric

Shifter forkProblem 7

Bedplate stopProblem 8 Tube hangerProblem 9 Metric

End plateProblem 10 Metric Angle connectorProblem 11
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Shifter forkProblem 12 Metric Rubber support anchorProblem 13 Metric

Relief-valve bodyProblem 14
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Bearing blockProblem 15

Wing-nose ribProblem 16

Multiviews and Visualization 309



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

6. Auxiliary Views Text322 © The McGraw−Hill 
Companies, 2007

Design in Industry
“Total” Industrial Design Strategy Cuts Overall Costs, Boosts Quality

At the end of the development phase, the industrial de-
sign data produced was integrated with engineering data
produced with another CAD package. Thanks to Alloy’s
total product design philosophy of anticipating down-
stream development requirements, final release of data for
tooling was possible only two days after final release of
the industrial design data. Six months after Alloy started
on the Jornada project, Hewlett-Packard was torture test-
ing pre-production samples. By the time Microsoft
launched its operating system, HP was ready with global
stocks of a fully proven, reliable product. Business Week
magazine called the Jornada “the sleekest and most stylish
of the new Pocket PC devices.”

310

This case study describes the design of the HP Jornada
handheld PC using 3-D modeling and CAD. In this case
study, you will see examples of how the design process is
used and the importance of 3-D modeling to shorten the
design cycle, create photographic realistic renderings, and
prepare the parts for manufacturing. Here Alloy cuts down-
stream engineering costs 40 to 60 percent and assures
manufacturing quality.

Alloy Total Product Design
Leading global technology solutions provider Hewlett-
Packard wanted to launch its next-generation handheld
PC, the Jornada 540, at a Microsoft introduction of the lat-
est Pocket PC operating system. That gave HP 10 months
to create a combined phone/personal digital assistant that
would offer a host of new features in a smaller, more
stylish housing compared to existing devices.

When conventional design approaches came up with
products that either looked good but couldn’t be made
economically, or could be made but would be difficult to
sell because of their bulky design, HP brought in Alloy.

The Alloy team developed multiple design concepts,
making use of modeling and analysis tools to check criti-
cal factors such as draft and interference as well as general
surface and model quality. Four weeks after receiving the
initial technical design package, the design team was
ready with photorealistic visualizations as well as physical
models of four design concepts CNC machined from 3-D
design data.

The physical models were shipped to the United States
for design evaluation while the digital design files were
transmitted to the HP engineering team in Singapore via
the Internet for preliminary technical feasibility evaluation.
Alloy’s use of 3-D modeling technology was essential in
keeping the development schedule on track. It allowed
very fast response to large, late changes to some technical
aspects of the design. HP Jornada 540 with replaceable color lids: a single data-

base enables external manufacturing, color visualization
and Web-site point of sale.

www.ugs.com

(Courtesy of Alloy Ltd., Total Product Design.)
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6
Auxiliary Views

For the vision of one man lends not its wings
to another man.

—Kahlil Gibran

Objectives and Overview
After completing this chapter, you will be able to:

1. Create auxiliary views of inclined planes.

2. Use reference planes and fold lines when creating
auxiliary views.

3. Explain auxiliary view projection theory.

4. Define primary, secondary, and tertiary auxiliary
views.

5. Define width, height, and depth auxiliary views.

6. Create successive auxiliary views.

7. Solve dihedral angle problems.

8. Create a partial auxiliary view.

9. Plot curves in auxiliary views.

10. Use auxiliary views for reverse construction.

11. Create a view in a specified direction using auxiliary
views.

12. Understand the difference between 2-D methods and
3-D CAD in creating auxiliary views.

There are times when one of the six principal views will
not completely describe an object. This is especially true
when there are inclined or oblique planes or features on an
object. Refer to Chapter 5 for definitions for inclined and
oblique planes. For these cases, a special orthographic
view called an auxiliary view can be created. This chapter
describes how to create auxiliary views for objects that
cannot be represented clearly by the six principal views.
Also described is the use of auxiliary views to solve
spatial geometry problems, such as the point and true-length
views of lines and edges, and the true-size views of planes.

CHAPTER

311
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6.1 Auxiliary View Projection Theory
An auxiliary view is an orthographic view that is pro-
jected onto any plane other than one of the six principal
views. Figure 6.1A shows three principal views of an
object. Surface ABCD is an inclined plane and therefore is
never seen in true size or shape in any of these views. In a
multiview drawing, a true size and shape plane is shown
only when the line of sight (LOS) used to create the view
is perpendicular to the projection plane. To show the true
size and shape of surface ABCD, an auxiliary view can be
created by positioning a line of sight perpendicular to the
inclined plane, then constructing the new view (Fig-
ure 6.1B). Two methods of creating auxiliary views are the
fold-line method and the reference plane method. These
are discussed in the following sections.

6.1.1 Fold-Line Method

In Figure 6.2, the object is suspended in a glass box to show
the six principal views, created by projecting the object
onto the planes of the box. The box then is unfolded, result-
ing in the six principal views. However, when the six views
are created, surface ABCD never appears true size and
shape; it always appears either foreshortened or on edge.

Figure 6.3 shows the object suspended inside a glass
box, which has a special or auxiliary plane that is parallel
to inclined surface ABCD. The line of sight required to
create the auxiliary view is perpendicular to the new pro-
jection plane and to surface ABCD. The auxiliary plane is
perpendicular to and hinged to the frontal plane, creating a
fold line between the front view and the new auxiliary
view.

In Figure 6.4, the auxiliary glass box is unfolded, with
the fold lines between the views shown as phantom lines.
In the auxiliary view, surface ABCD is shown true size
and shape and is located at distance M from the fold line.

312 CHAPTER 6
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An auxiliary view of an inclined plane is not one of the principal views.

Figure 6.1

Practice Exercise 6.1
On a flat surface, place a small object that has an inclined
plane, such as the part shown in Figure 6.1. Determine the
principal views for this object for a three-view multiview
drawing. Position a rigid, clear plastic sheet in front of and
parallel to a principal view such that the inclined plane
appears foreshortened. Using a water-soluble color marker,
trace the outline of the inclined surface on the clear plastic

sheet. Then, position the clear plastic sheet in front of and
parallel to the inclined surface. Trace the outline of the
inclined surface on the clear plastic sheet. Use a ruler to
measure the perimeters of the two views of the inclined sur-
face. Explain why the distances are not equal.
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Object distance from fold line
Object distance from the frontal plane determines the distance
from the fold lines in the right side, auxiliary, and top views.

Figure 6.5

Reference planes
Reference planes can be positioned anywhere relative to the object.

Figure 6.6

The line A–D in the top view and right side view is also
located at distance M from its fold line. Changing the
position of the object, such as moving it closer to the
frontal plane, changes distance M (Figure 6.5).

6.1.2 Reference Plane Method

The reference plane method of creating an auxiliary view
is simply a variation of the fold-line method. The refer-
ence plane method is a technique that locates a plane rela-
tive to the object, instead of suspending the object in a
glass box. This single plane then is used to take measure-
ments to create the auxiliary view. In Figures 6.3 and 6.4,
the frontal plane of projection is the frontal fold line in the
multiview drawing that is used to construct the auxiliary
view. This fold line is used as a reference plane for trans-
ferring distances from the top view to the auxiliary view.
The reference plane can be positioned anywhere relative
to the object, as shown in Figure 6.6. In Figure 6.6A, the
reference plane coincides with the front surface of the ob-
ject, so it appears on edge in the top and auxiliary views
and is drawn as a line. The reference line then is used to
take measurements that are transferred from the top view
to the auxiliary view.

The advantage of the reference plane method is that, if
positioned correctly, it can result in fewer measurements
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when constructing auxiliary views. When using reference
planes or fold lines always remember the following:

1. Reference or fold lines always are drawn perpen-
dicular to the projection lines between the views.

2. Transfer measurements always are taken parallel
to the projection lines and perpendicular to the ref-
erence or fold lines.

3. Reference planes always appear on edge as lines
in the views adjacent to the central view but never
in two adjacent views.

4. Distances from the object to the reference or fold
lines in the auxiliary view and the measuring view
are the same.

6.2 Auxiliary View Classifications
Auxiliary views are created by positioning a new line of
sight relative to the object. It is possible to create any
number of successive auxiliary views, including a new

auxiliary view from an existing auxiliary view. Therefore,
auxiliary views first are classified as: primary, secondary,
or tertiary (Figure 6.7).

A primary auxiliary view is a single view projected from
one of the six principal views.

A secondary auxiliary view is a single view projected
from a primary auxiliary view.

A tertiary auxiliary view is a single view projected from
a secondary or another tertiary auxiliary view.

Auxiliary views also are classified by the space
dimension shown in true size in the primary auxiliary
view. For example, the auxiliary view shown in Fig-
ure 6.5 is classified as a depth auxiliary because the depth
dimension is shown true length. Auxiliary views pro-
jected from the top view are classified as height auxiliary
views (Figure 6.7). Auxiliary views projected from a
profile view are classified as width auxiliary views. (See
Figure 6.10 on page 319.)
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6.2.1 Reference or Fold-Line Labeling Conventions

The labeling convention for the reference or fold lines in
auxiliary view construction can vary. However, the labels
normally are descriptive in nature. For the example in Fig-
ure 6.7, the fold line located between the front and top
views is labeled T–F, where the F means front and the T
means top. The fold line located between the top and the
primary auxiliary view is labeled T–1, where T is for the
top view and 1 represents the first auxiliary view. Alterna-
tively, the fold lines can be labeled by the projection

planes. Since the horizontal projection plane contains the
top view, the alternate labeling would be H–F and H–1.

The fold line located between the primary (i.e., first)
and secondary auxiliary views is labeled 1–2. Similarly,
the fold line between the secondary and tertiary auxiliary
views is labeled 2–3.

6.2.2 Depth Auxiliary View

A depth auxiliary view is projected from the front view,
and the depth dimension is shown true length. Figure 6.8
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Step by Step: Constructing a Height Auxiliary View
Step 1. Given the front, top, and right side views, draw fold

line H–1 using a phantom line parallel to the edge view of
the inclined surface. Place the line at any convenient dis-
tance from the top view.

Step 2. Draw fold line H–F between the front and top
views, perpendicular to the projectors between the views
and at a distance X from the bottom edge of the front
view. Draw fold line H–P between the top and right side
views, perpendicular to the projectors between the views
and at the same distance X from the rear edge of the
right side view. The distance of fold line H–F to the front
view must equal the distance from fold line H–P to the
right side view. Draw parallel projectors between each
principal view, using construction lines.

Step 3. Project the length of the inclined surface from the top
viewto theauxiliaryview,usingconstruction lines.Thepro-
jectors are perpendicular to the edge view and projected
well into the auxiliary view from corners A,B and D,C.

Step 4. Transfer the height of the inclined surface from
the front view to the auxiliary view by first measuring the
perpendicular distance from fold line H–F to the bottom
edge of the front view. For this example, point C is mea-
sured at distance X from fold line H–F, and distance X is
then measured along the projectors perpendicular to fold
line H–1. From point C in the auxiliary view, draw a line
perpendicular to the projectors.

Step 5. Height dimension Y then is transferred from the
front view in a similar manner, measuring the perpen-
dicular distance from fold line H–F to point A (or D) of

shows an auxiliary view that is projected from the front
view of an object, using the fold-line method. Since plane
ABCD is an inclined plane in the principal views, an aux-
iliary view is needed to create a true-size view of that
plane. A depth auxiliary view of plane ABCD is created as
described in the following steps.

Step by Step: Constructing a Depth Auxiliary View
Step 1. Given the front, top, and right side views, draw fold

line F–1 using a phantom line parallel to the edge view of
the inclined surface. Place line F–1 at any convenient
distance from the front view.

Step 2. Draw fold line F–H between the front and top
views. Line F–H should be perpendicular to the projec-
tors between the views and at a distance X from the rear
edge of the top view. Draw fold line F–P between the
front and right side views, perpendicular to the projec-
tors between the two views and at the distance X from
the rear edge of the right side view. The distance from
fold line F–H to the top view must be equal to the
distance from fold line F–P to the right side view. Draw
parallel projectors between the principal views, using
construction lines.

Step 3. Project the length of the inclined surface from the
front view to the auxiliary view, using construction lines.
The projectors are perpendicular to the edge view and
projected well into the auxiliary view from corners A,B
and D,C.

Step 4. Transfer the depth of the inclined surface from the
top view to the auxiliary view by first measuring the
perpendicular distance from fold line H–F to point C at
the rear of the top view. This is distance X. Measure this
same distance on the projectors in the auxiliary view,
measuring from fold line F–1. The measurement used to
locate point C could have been taken from the profile
view.

Step 5. From point C in the auxiliary view, draw a line per-
pendicular to the projectors. Depth dimension Y is trans-
ferred from the top view by measuring the perpendicular
distance from fold line H–F to point A (or D) in the top
view and transferring that distance to the auxiliary view
along the projectors perpendicular to fold line F–1. Draw
a line at the transferred point A (or D) in the auxiliary view,
perpendicular to the projectors.

Step 6. To complete the auxiliary view of the inclined sur-
face, darken lines A–B and D–C.

Only the inclined plane has been drawn in the auxiliary
view; the rest of the object is not represented. When only
the feature of interest is drawn in an auxiliary view and not
the whole object, the view is called a partial auxiliary
view. Most auxiliary views will be partial. Also, hidden
features are not shown unless absolutely necessary.

6.2.3 Height Auxiliary View

A height auxiliary view is an auxiliary view projected
from the top view, and the height dimension is shown true
length. Figure 6.9 (on the next page) shows an auxiliary
view that is projected from the top view of an object, using
the fold-line method. Since surface ABCD is an inclined
plane in the principal views, an auxiliary view is needed to
create a true-size view of that surface. A height auxiliary
view is created as described in the following steps.
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6.2.4 Width Auxiliary View

A width auxiliary view is an auxiliary view projected from
the profile view, and the width dimension is shown true
length. Figure 6.10 shows an auxiliary view that is pro-
jected from the profile view of an object, using the fold-
line method. Since plane ABCD is an inclined plane in the
principal views, an auxiliary view is needed to create a
true-size view of the plane. A width auxiliary view is cre-
ated as described in the following steps.
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Constructing a partial height auxiliary view of an inclined surfaceFigure 6.9

the front view and transferring this distance to the
auxiliary view, measuring along the projectors perpen-
dicular to fold line H–1. From the transferred point A
in the auxiliary view, draw a line perpendicular to the
projectors.

Step 6. Darken lines A–B and D–C to show the true size of
the inclined surface and to complete the partial auxiliary
view.
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Constructing a partial width auxiliary view of an inclined surfaceFigure 6.10

Step by Step: Constructing a Width Auxiliary View
Step 1. Given the front, top, and left side views, draw fold

line P–1 using a phantom line parallel to the edge view of
the inclined surface. Place the line at any convenient dis-
tance from the profile view.

Step 2. Draw fold line F–P between the front and profile
views, perpendicular to the projectors between the views
and at a distance X from the left edge of the front view.
Draw fold line H–P between the top and profile views,
perpendicular to the projectors between the views, and at

a distance X from the rear edge of the top view. The dis-
tance from fold line H–P to the top view must equal the
distance from fold line F–P to the front view. Draw parallel
projectors between each view, using construction lines.

Step 3. Project the length of the inclined surface from the
profile view to the auxiliary view, using construction lines.
The projectors are perpendicular to the edge view and pro-
jected well into the auxiliary view from corners A,B and D,C.

Step 4. Transfer the width of the inclined surface from the
front view by first measuring the perpendicular distance
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6.2.5 Partial Auxiliary Views

In auxiliary views, it is normal practice not to project
hidden features or other features that are not part of the
inclined surface. When only the details for the inclined
surface are projected and drawn in the auxiliary view,
the view is called a partial auxiliary view. A partial
auxiliary view saves time and produces a drawing that is
much more readable. Figure 6.11 shows a partial and a
full auxiliary view of the same object. The full auxiliary
view is harder to draw, read, and visualize. In this exam-
ple, some of the holes would have to be drawn as
ellipses in the full auxiliary view. Sometimes a break
line is used in a partial auxiliary view. When drawing

320 CHAPTER 6

from fold line P–F to the left side of the front view. For this
example, point B is measured at distance X from fold
line P–F and is then transferred to the auxiliary view
along the projectors perpendicular to fold line P–1. From
point B in the auxiliary view, draw a line perpendicular to
the projectors.

Step 5. Width dimension Y is then transferred from the
front view in a similar manner, measuring the perpendic-
ular distance from fold line P–F to point A (or D) of the
front view and transferring this distance to the auxiliary
view along the projectors perpendicular to fold line P–1.
From the transferred point A in the auxiliary view, draw a
line perpendicular to the projectors.

Step 6. Darken lines A–B and C–D to show the true size of
the inclined surface to complete the partial auxiliary view.

Full
Auxiliary

Partial
Auxiliary

F
H

H I

H I

A full auxiliary view, including hidden lines,
and a partial auxiliary view with no hidden lines

Figure 6.11

Half
Auxiliary

H
F

I
F

A half auxiliary view of a symmetrical
feature

Figure 6.12

Step by Step: Constructing a Curve in an Auxiliary
View
Step 1. In the right side view, locate a reference plane at

the vertical center of the cylinder. The reference plane
will be coincident to the axis of the cylinder and is there-
fore shown as an edge view in the right side view. The
reference plane is located in the center so that all dimen-
sions can be located on either side of the corresponding
reference plane in the auxiliary view.

break lines, do not locate them coincident with a visible
or hidden line.

6.2.6 Half Auxiliary Views

Symmetrical objects can be represented as a half auxiliary
view; that is, only half of the object is drawn. Construction
of a half auxiliary view is the same as described earlier
for full auxiliary views. Figure 6.12 shows an object that
could be represented in a half auxiliary view.

6.2.7 Curves

Figure 6.13 shows a cylindrical part that is cut by an in-
clined plane. The resulting surface is an ellipse that only
can be shown true size and shape with an auxiliary view.
The process for drawing curves in an auxiliary view is
described in the following steps.
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6.2.8 Auxiliary Views Using CAD

Auxiliary views can be created with 2-D CAD using the
same basic steps outlined in this chapter. Commands such
as PARALLEL, PERPENDICULAR, and SNAP are use-
ful in creating auxiliary views. Some 2-D CAD systems
can rotate their grids so that they are parallel to the projec-
tors, which makes the creation of auxiliary views much
easier. With 3-D CAD, it is possible to create an auxiliary
view by changing the viewing direction to be perpendicu-
lar to the inclined or oblique surface of interest. Many 3-D
CAD systems allow you to define this view by selecting
the surface or edges that lie in the same plane. This view
can be saved and then added to the multiview drawing of
the part. When an auxiliary view is created from a 3-D
model, a full auxiliary view can be created in a much
shorter time than when using traditional means.
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Constructing a curve in an auxiliary viewFigure 6.13

Step 2. Locate the edge view of the reference plane in the
auxiliary view by drawing a line parallel to the edge view
of the ellipse and at any convenient distance from that
edge. The reference plane will coincide with the location
of the major axis of the ellipse. The location of the refer-
ence plane should leave sufficient room for the auxil-
iary view to be plotted without running into any of the
multiviews.

Step 3. Plot points along the circumference of the circle in
the right side view, and project these points onto the
edge view of the ellipse in the front view. Number the
points to assist in plotting the corresponding points in
the auxiliary view.

Step 4. Project the points from the ellipse edge view in the
front view through the reference plane in the auxiliary
view. The projectors should be perpendicular to the
edge view and the reference plane. The projector from
the point for the center line of the cylinder in the front
view coincides with the minor axis of the ellipse in the
auxiliary view. Measure and transfer the depth dimen-

sions from the right side view to the projectors in the
auxiliary view.

Step 5. Using a French curve, connect the points to create
the true size and shape of the curved surface.
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▼ Practice Problem 6.1
Create a 3-view and auxiliary view of the given
object on the square grid.
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6.3 Auxiliary View Applications
Auxiliary views are used to determine the true size and
shape of features that would appear foreshortened in any
of the principal views. The applications for auxiliary
views can be grouped into the following five areas:

■ Reverse construction
■ True length of a line
■ Point view of a line
■ Edge view of a plane
■ True size of a plane

Detailed descriptions of lines and planes are found in
Chapter 5.

6.3.1 Reverse Construction

For some objects, an auxiliary view must be created
before a principal view can be drawn, using a technique
called reverse construction. Figure 6.14 shows an exam-
ple of such a part. The inclined plane cannot be drawn in
the right side view unless the auxiliary view is drawn
and the measurements are transferred. For example, the
hole in the part is drawn first in the auxiliary view, then
measurements are taken from it and those measurements
are transferred to the right side view, creating the elliptical
view of the hole.

6.3.2 View in a Specified Direction:
Point View of a Line

Auxiliary views can be used to draw a view in a specified
direction. To create a view of an object in a specified direc-
tion, find the point view of the line of sight. Figure 6.15 (on
the next page) shows the top and front views of an object,
with arrow AB indicating the desired view. Arrow AB
becomes the line of sight for the desired view.
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Step by Step: Constructing a View in a Specified
Direction
Step 1. For the example in Figure 6.15, the line indicating

the specified direction in the front and top views is an
oblique line. This means that the true direction of the line
must be found before a point view can be created. This
is done by creating an auxiliary view that is perpendicu-
lar to the line, from either the top or front view. For this
example, the line of sight in the top view is chosen. Pro-
jection lines are drawn perpendicular to the line of sight.
Draw reference plane H–1 perpendicular to these projec-
tors. From each corner of the object in the top view, draw
projectors into the auxiliary view, perpendicular to refer-
ence plane H–1. Draw projection plane H–F between the
front and top views, perpendicular to projectors between
those views. Number each corner of the block to assist
in the drawing of the auxiliary view.

Step 2. Measure the perpendicular distances from refer-
ence plane H–F to each point of the object and line A–B in
the front view. Transfer these distances along the projec-
tors in auxiliary view 1 from reference plane H–1. Number
each point in view 1 and connect them with lines, creating
a new view of the object. Line 1–5 is drawn as a dashed
line in the auxiliary view because it is a hidden feature. The
line of sight A–B also is shown in true length in view 1.

Step 3. Find the point view of line A–B by drawing a pro-
jector parallel to it in view 1. Project all points in view
1 parallel to the projector for line A–B, into a new auxiliary
view called view 2. Draw a new reference plane perpen-
dicular to the projectors and label it 1–2.

Step 4. In the top view, measure the perpendicular dis-
tances from reference plane H–1 to each point. Transfer
these distances along the projectors in view 2 from refer-
ence plane 1–2. Number each point in the new view and
connect them with lines. This creates the desired view in
the specified direction, that is, the direction of the arrow
AB. The line of sight A–B will appear as a point in this
view. Lines 1–6, 6–7, and 6–10 are hidden features and
are represented as dashed lines.
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6.3.3 Dihedral Angles

A dihedral angle is the angle between two planes. Deter-
mining the true measurement of a dihedral angle is a com-
mon application for auxiliary views. To draw and measure
the angle between two planes, create a point view of the
line of intersection between the two planes.
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Constructing a view in a specified direction: point view of a lineFigure 6.15

Step by Step: Determining the True Measurement
of a Dihedral Angle
The following steps describe how to find the true angle
between surfaces A and B in Figure 6.16.
Step 1. Line 1–2 is the line of intersection between sur-

faces A and B. Line 1–2 is true length in the top view;

therefore, a point view of that line can be found by creat-
ing an auxiliary view using projectors parallel to that view
of the line.

Step 2. Draw the fold line H–1 perpendicular to line 1–2 at
any convenient distance from the top view. Draw the fold
line H–F between the front and top views such that it is
perpendicular to the projectors between the two views,
at any convenient distance. 

Step 3. Measure the perpendicular distances in the front
view from fold line H–F and transfer those distances to
the projectors in the auxiliary view, measuring from fold
line H–1. This creates a new view of the object, and the
true angle between planes A and B can be measured in
this new view.
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6.3.4 Successive Auxiliary Views: True Size of Oblique
Surfaces

An infinite number of auxiliary views can be created from
any given view. In Figure 6.17 (on the next page), the arrows
surrounding the primary auxiliary view indicate just some
of the lines of sight that can be used to create other auxiliary
views, and with each new auxiliary view, others can be cre-
ated. Successive auxiliary views are multiple auxiliary
views of an object created by projecting from previous aux-
iliary views. Figure 6.17 shows the front and top principal
views and three successive auxiliary views of an object.

Successive auxiliary views can be used to draw an
oblique surface in true size and shape. The first step is to
construct a new view from one of the principal views, par-
allel to a true-length line of the oblique plane. In this new
view, the oblique surface will be an edge. A secondary
auxiliary view is then created, perpendicular to projectors
from the edge view of the oblique surface, and the sec-
ondary view shows the true size and shape of the surface.

The following steps describe how to create a true-size
view of the oblique surface in Figure 6.18 (on page 327).
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Determining the true measurement of a dihedral angleFigure 6.16

Step by Step: Constructing Successive Auxiliary Views
to Determine the True Size of an Oblique Surface
Step 1. For the first auxiliary view, place the line of sight par-

allel to a true-length line of the oblique surface in one of the
principal views. For this example, side A–B of the oblique
triangular surface ABC is a true-length line in the top view.
Draw a projector from point B, parallel to line A–B. Draw a
line parallel to this projector from point C. Draw reference
plane H–1 perpendicular to these projectors. Place an-
other reference plane H–F between the front and top views,
perpendicular to the projectors between the two views.

In the front view, measure the perpendicular distances
from reference line H–F to points A and C. Transfer these
measurements to the auxiliary view, measuring along the
projectors, from reference line H–1. This will produce an
edge view of the oblique surface, labeled B, A–C.

Step 2. Create a secondary auxiliary view by projecting
lines from points A, B, and C perpendicular to the edge
view of the surface. Draw a reference line 1–2 perpendic-
ular to these projectors. Measure the perpendicular dis-
tances from reference line H–1 to points B,A, and C in
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6.4 Summary

Auxiliary views are a type of orthographic projection used
to determine the true size and shape of inclined and
oblique surfaces of objects. Normally, auxiliary views are
projected from existing principal views. However, auxil-
iary views also can be drawn first and then used to create
a principal view. This is done when a true measurement
only can be obtained by an auxiliary view and that mea-
surement is needed in order to create a principal view.
This technique is called reverse construction. Any number
of auxiliary views of an object can be created. Successive
auxiliary views can be created by projecting from an ex-
isting auxiliary view.
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Creating successive auxiliary views
The blue arrows surrounding the primary view indicate a few of the possible lines of sight that can be used to generate successive views.

Figure 6.17

the top view. Transfer these measurements to the sec-
ondary auxiliary view, measuring along the projectors,
from reference line 1–2. Darken lines A–B, B–C, and C–A
to produce a true-size view of the oblique surface ABC.

Practice Exercise 6.2
Using an object with an oblique surface, look at the object
from the three principal views. How is the oblique surface
seen in the three views? Is it ever seen in true size? Is it ever
seen as an edge view? Rotate the object to get an edge
view of the oblique surface. Then rotate the object 90 de-
grees about one of the edges bounding the oblique surface
to obtain a true-size view of the surface.



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

6. Auxiliary Views Text 339© The McGraw−Hill 
Companies, 2007

Auxiliary Views 327

1

Step 1 Step 2

A

B

C

TRUE LENGTH

A B

C

H

F

H
1

B,A
C

EDGE VIEW

1
2

TRUE

SIZE

C

B

A

B

A
C

B

A C
A

B

C

TRUE LENGTH

A B

C

H

F

H B,A
C

X

X

EDGE VIEW
Y

Y

Constructing successive auxiliary views to determine the true size of an oblique surfaceFigure 6.18

■ Learning Objectives
■ Chapter Outline
■ Chapter Overview
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Key Terms

■ Flashcards
■ Website Links
■ Image Library
■ AutoCAD Exercises
■ Case Studies
■ Visualization Exercises
■ Graphics in Motion

Online Learning Center (OLC)

There are a number of Online Learning Center features listed below that you can use to supplement your text reading to
improve your understanding and retention of the material presented in this chapter.

Goals Review
1. Create auxiliary views of inclined planes. Sec-

tions 6.2.2, 6.2.3, and 6.2.4

2. Use reference planes and fold lines when creating
auxiliary views. Sections 6.1.1 and 6.1.2

3. Explain auxiliary view projection theory. Section 6.1

4. Define primary, secondary, and tertiary auxiliary
views. Section 6.2
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Historical Highlight
Early Technical Drawings Become More Refined

The figure shows further development of technical drawings
compared to the drawing shown in the Historical Perspective
in Chapter 5. This is a drawing of a trébuchet, which was a
stone-throwing machine used in warfare. The drawing is dated
from about 1450 and shows a very important development in
technical drawing; the recognition that objects farther away
appear to be smaller than the nearer objects. The drawing al-
most looks like a perspective drawing but it is not. A trébuchet
was a very large machine, often up to 30 feet high, so the view
is not a natural one. This might very well be an important stage
that paved the way for perspective drawings.

The drawing shows quite distinctly various parts laid out
horizontally and vertically to show lengths and heights. Other
parts are drawn smaller and raised up to depict depth. This
drawing represents the last stage in development from simply
drawing obvious attributes. True shapes have been progres-
sively replaced by apparent shapes until the drawing is almost
like the view of a real object as seen through a window.

Excerpted from The History of Engineering Drawing, by Jeffrey Booker, Chatto
& Windus, London, England, 1963.

A line drawing based on a painting in the University of
Göttingen Library of about 1405. It shows a trébuchet, a
military stone-throwing machine of the Middle Ages. The
proportions are only approximately correct.

Questions for Review
1. Define auxiliary views.

2. Define primary, secondary, and tertiary auxiliary views.

3. Define width, height, and depth auxiliary views.

4. Explain how to find a view in a specified direction.

5. What is a partial auxiliary view?

6. List the five applications for auxiliary views.

7. Describe how to find the true angular measurement
for a dihedral angle.

5. Define width, height, and depth auxiliary views. Sec-
tions 6.2.2, 6.2.3, and 6.2.4

6. Create successive auxiliary views. Section 6.3.4

7. Solve dihedral angle problems. Section 6.3.3

8. Create a partial auxiliary view. Section 6.2.5

9. Plot curves in auxiliary views. Section 6.2.7

10. Use auxiliary views for reverse construction. Sec-
tion 6.3.1

11. Create a view in a specified direction using auxiliary
views. Section 6.3.2

12. Understand the difference between 2-D methods and
3-D CAD in creating auxiliary views. Section 6.2.8
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Workbook Problems

Workbook Problems are additional exercises to help you
learn the material presented in this chapter. The problems
are located at the back of the textbook and can be removed
from the book along the perforated edge.

6.1 Auxiliary View 1. Draw the two given views, then
create a partial auxiliary view of the inclined sur-
face. Each grid space equals 0.5�.

6.2 Auxiliary View 2. Draw the two given views, then
create a partial auxiliary view of the inclined surface.

Problems

6.1 Using instruments or CAD, sketch or draw the two
given views and a partial auxiliary view of the
inclined surfaces in Figure 6.19.

6.2 Using instruments or CAD, sketch or draw the two
given views and a complete or partial auxiliary
view of the inclined surfaces in Figure 6.20.

6.3 Using instruments or CAD, sketch or draw the nec-
essary views, including a complete auxiliary view
(Figures 6.21 through 6.34 on the following pages).

(1) (2) (3)

(6)(5)(4)

(7)

Objects with inclined surfaces and multiviewsFigure 6.19



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

6. Auxiliary Views Text342 © The McGraw−Hill 
Companies, 2007

330 CHAPTER 6

(2) (3)

(6)(4)

(7) (9)

(12)

(1)

(5)

(8)

(11)(10)

MultiviewsFigure 6.20
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(14) (15)

(18)(16)

(19) (20) (21)

(24)(23)(22)

(13)

(17)

ContinuedFigure 6.20
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Design in Industry
Concept to Victory in 7 Months

Sagan used the new integrated paint function in Studio
to sketch out different 3-D views of the bike’s frame over
Pro-E centerlines created by Trek Lead Engineer Doug
Cusack. After concepts were reviewed and a direction
decided, a complete 3-D digital frame was created.
Advanced Concept Group modelmakers used the digital
information to cut a phenolic resin prototype using
SurfCAM. Then the prototype was taken to Texas A&M
University for wind tunnel testing.

The test was conducted by aeronautical engineer John
Cobb and Cusack, with Armstrong riding the experimen-
tal model in the tunnel. Variations were tried by adding
clay to the model, but the original prototype delivered the
best performance. “We nailed it right off the bat,” said
Sagan. “We did make more changes later to improve the
lateral stiffness, but we had such a high confidence level in
our digital model that we didn’t feel the need to make an-
other prototype and could proceed directly to tooling. It
really was a concept to victory.”

About the Bike
The USPS Time Trial bike frame is made of Optimum
Compaction Low Void (OCLV) carbon, a compressed,
super-light fiber. OCLV minimizes air pockets and max-
imizes strength. The only thing close to it is a fighter
aircraft wing. The frame features an aerodynamic down-
tube, a steeper seat tube, and flared chain stays for a
power-generating and wind-splitting riding position.
The complete design results in a bike that is not only
fast, light and strong, but also more comfortable for the
rider.

336

This case study describes the design of a special bike frame
designed for Lance Armstrong using 3-D modeling and
CAD. In this case study, you will see examples of how the
design process is used and the importance of 3-D modeling
to shorten the design time from 12 months to 7 months.

Designing a Winning Tour de France Bike
The courageous story of recovering cancer victim Lance
Armstrong centered the world’s attention on the U. S. Postal
Service team in the 2000 Tour de France® bicycle road race.
Could Armstrong repeat his win and wear the yellow jersey
again? Not only did he emerge victorious from the Tour de
France, but just a month later he captured a bronze medal at
the Sydney, Australia, Summer Olympics™.

You might think the bicycle a champion like Armstrong
rides would take a long time to develop, with a team of engi-
neers puzzling over the design, tweaking and re-tweaking
time after time. The USPS Team Time Trial carbon fiber
bike, made by world class bicycle manufacturer, Trek®

Bicycle, moved from initial concept to finished product in
just seven months. “That’s a first,” said Michael Sagan, In-
dustrial Designer of Trek’sAdvanced Concept Group. “Nor-
mally it takes12 to14months tocompleteaproject like this.”

A Single Prototype
Sagan believes Trek was able to achieve the dramatically
fast turnaround in large part because the company had the
right people and the right computer tools. Trek has been
using Alias|Wavefront™ Studio™ for the past five years,
and for this project the company moved to an NT system
and paired it with the latest release of Studio.

(Courtesy of Michael Sagan, Senior Industrial Designer, Trek Bicycle Corp.)
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7
Pictorial
Projections

A picture shows me at a glance what it takes dozens of
pages of a book to expound.

—Ivan S. Turgenev,
Fathers and Sons, 1862

Objectives and Overview
After completing this chapter, you will be able to:

1. Define axonometric, isometric, dimetric, and trimet-
ric projection.

2. Explain the difference between an isometric projec-
tion and an isometric sketch.

3. Create an isometric sketch.

4. Apply the theory of oblique projection to create
oblique sketches.

5. Create a one-point perspective sketch.

6. Describe one-, two-, and three-point perspective
projection theory.

7. Define horizon line, station point, picture plane,
vanishing point, and ground line.

8. Describe and draw bird’s eye, human’s eye, ground’s
eye, and worm’s eye views.

9. Describe the four perspective variables that are
determined before creating a perspective sketch.

A pictorial projection is a type of technical illustration
that shows several faces of an object at once. Such draw-
ings are used by any industry that designs, sells, manu-
factures, repairs, installs, or maintains a product. Axono-
metric and oblique pictorial drawings use a parallel

CHAPTER
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projection technique and are used frequently in technical
documents, sales literature, maintenance manuals, and
documentation supplements in technical drawings. Per-
spective pictorial drawings use a converging projection
technique and are found more commonly in architectural
drawings.

Perspective drawings are the most realistic types of
drawings used in engineering and technology. A perspec-
tive drawing creates a pictorial view of an object that
resembles what you see. It is the best method for repre-
senting an object in three dimensions.

Pictorial drawings do not have the limitation of multi-
view drawings, which show only two dimensions of the
object in each view and must be mentally combined to
form a 3-D image of the object. This chapter explains the
projection theory and standard practices used to create
axonometric, oblique, and perspective drawings.

7.1 Axonometric Projection
The Greek word axon means axis and metric means to
measure. Axonometric projection is a parallel projection
technique used to create a pictorial drawing of an object
by rotating the object on an axis relative to a projection, or
picture plane (Figure 7.1). Axonometric projection is one
of the four principal projection techniques: multiview,

axonometric, oblique, and perspective (Figure 7.2). In
multiview, axonometric, and oblique projection, the ob-
server is theoretically infinitely far away from the projec-
tion plane. In addition, for multiviews and axonometric
projections, the lines of sight are perpendicular to the
plane of projection; therefore, both are considered ortho-
graphic projections. The differences between a multiview
drawing and an axonometric drawing are that in a multi-
view, only two dimensions of an object are visible in each
view and more than one view is required to define the
object, whereas in an axonometric drawing, the object is
rotated about an axis to display all three dimensions, and
only one view is required. The axonometric projection is
produced by multiple parallel lines of sight perpendicular
to the plane of projection, with the observer at infinity and
the object rotated about an axis to produce a pictorial view
(Figure 7.2B).

7.1.1 Axonometric Projection Classifications

Axonometric drawings are classified by the angles be-
tween the lines comprising the axonometric axes. The ax-
onometric axes are axes that meet to form the corner of
the object that is nearest to the observer. Figure 7.3 (on
page 340) shows the axonometric axes on an object and
contains three different axonometric views of that object.
Although there are an infinite number of positions that can

338 CHAPTER 7

Y
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Parallel Lines of
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Rotated
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Y-axis

PICTURE PLANE

Axonometric projection 
An axonometric view is created by rotating the object about one or more axes.

Figure 7.1
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Figure 7.2

be used to create such a drawing (Figure 7.4 on the next
page), only a few of them are useful.

When all three angles are unequal, the drawing is clas-
sified as a trimetric projection. Trimetric drawings are
the most pleasing to the eye, and they are also the most
difficult to produce. When two of the three angles are
equal, the drawing is classified as a dimetric projection.

Dimetric drawings are less pleasing to the eye, but they
are easier to produce than trimetric drawings. When all
three angles are equal, the drawing is classified as an iso-
metric (equal measure) projection. The isometric is the
least pleasing to the eye, but it is the easiest to draw and
dimension, and it is therefore the one that will be de-
scribed in the following sections.
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7.2 Isometric Axonometric Projections
An isometric projection is a true representation of the iso-
metric view of an object. An isometric view of an object is
created by rotating the object 45 degrees about a vertical
axis, then tilting the object (in this case, a cube) forward
until the body diagonal (AB) appears as a point in the front
view (Figure 7.5). The angle the cube is tilted forward is
35 degrees 16 minutes. The three axes that meet at A,B
form equal angles of 120 degrees and are called the iso-
metric axes. Each edge of the cube is parallel to one of the
isometric axes. Any line that is parallel to one of the legs
of the isometric axis is an isometric line. The planes of the
cube faces and all planes parallel to them are isometric
planes.

The forward tilt of the cube causes the edges and planes
of the cube to become foreshortened as it is projected onto
the picture plane. The lengths of the projected lines are
equal to the cosine of 35 degrees 16 minutes, or 0.81647
times the true length. In other words, the projected lengths
are approximately 80 percent of the true lengths. A draw-
ing produced using a scale of 0.816 is called an isometric

projection and is a true representation of the object.
However, if the drawing is produced using full scale, it is
called an isometric drawing, which is the same propor-
tion as an isometric projection, but is larger by a factor of
1.23 to 1 (Figure 7.6). Isometric drawings are preferred
almost always over isometric projection for technical
drawings because they are easier to produce.

Pictorial Projections 341
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(B) Cube rotated 45° about axis. (C) Cube rotated forward 35°16' (35.27°).
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Theory of isometric projection
The object is rotated 45 degrees about one axis and 35 degrees 16 minutes on another axis.

Figure 7.5
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The different scales of an isometric projection
and an isometric drawing

Figure 7.6
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Figure 7.7 shows an isometric scale produced by posi-
tioning a regular scale at 45 degrees to the horizontal and
projecting lines vertically to a 30-degree line. This fore-
shortens the true distances, creating an isometric scale
along the 30-degree line, which then can be used to create
a true isometric projection of an object. A 3⁄4 scale also can
be used to approximate an isometric scale.

With CAD, isometric views of a 3-D model can be
created automatically by using the angular rotations of
45 degrees on one axis and 35 degrees 16 minutes on another
axis to change the viewpoint.

equals 120 degrees and the scale used is full scale (Fig-
ure 7.8). Isometric axes can be positioned in a number of
ways to create different views of the same object. Fig-
ure 7.9A is a regular isometric, in which the viewpoint is
looking down on the top of the object. In a regular isomet-
ric, the axes at 30 degrees to the horizontal are drawn up-
ward from the horizontal. The regular isometric is the
most common type of isometric drawing.

For the reversed axis isometric, shown in Figure 7.9B,
the viewpoint is looking up on the bottom of the object,
and the 30-degree axes are drawn downward from the
horizontal. For the long axis isometric, the viewpoint is
looking from the right (Figure 7.9C) or from the left (Fig-
ure 7.9D) of the object, and one axis is drawn at 60 de-
grees to the horizontal.

In an isometric drawing, true-length distances only can
be measured along isometric lines, that is, lines that run
parallel to any of the isometric axes. Any line that does not
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Creating an isometric scaleFigure 7.7

Practice Exercise 7.1
Place a 12� � 12� sheet of clear, rigid plastic or glass be-
tween you and a cube. Brace the glass against a desk or
other piece of furniture. Position the cube such that one of
the faces is parallel with the glass. Draw the contour of the
cube on the glass, using a water-based marker. Move the
cube a few inches to the left or right, rotate it 45 degrees
about a vertical axis, then tilt it forward approximately
30 degrees, using your 30/60 triangle as a guide. Brace the
cube in its new position and draw the contour of the cube
on the glass. This new view is an isometric projection of the
cube on the glass. Compare the measurements of the verti-
cal lines in the isometric projection with the original projec-
tion. The isometric projection should be slightly smaller than
the original (multiview) projection.

7.2.1 Isometric Axonometric Drawings

As previously defined, an isometric drawing is an axono-
metric pictorial drawing for which the angle between axes

30

Isometric projection

Isometric drawing
approximately 20%
larger

°30°

Size comparison of isometric drawing and
true isometric projection

Figure 7.8

30

(A) Regular isometric (B) Reversed axis isometric

(C) Long axis isometric (D) Long axis isometric

30°

120°

120° 120°
°

60°60°

Positions of isometric axes and their effect on
the view created

Figure 7.9
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run parallel to an isometric axis is called a nonisometric
line (Figure 7.10). Nonisometric lines include inclined
and oblique lines and cannot be measured directly. In-
stead, they must be created by locating two endpoints.

Figure 7.11 is an isometric drawing of a cube. As pre-
viously defined, the three faces of the isometric cube are
isometric planes, because they are parallel to the isometric
surfaces formed by any two adjacent isometric axes.
Planes that are not parallel to any isometric plane are
called nonisometric planes (Figure 7.12).

7.2.2 Standards for Hidden Lines, Center Lines,
and Dimensions

In isometric drawings, hidden lines are omitted unless
they are absolutely necessary to completely describe the
object. Most isometric drawings will not have hidden
lines. To avoid using hidden lines, choose the most
descriptive viewpoint. However, if an isometric viewpoint

cannot be found that clearly depicts all the major features,
hidden lines may be used (Figure 7.13).

Center lines are drawn only for showing symmetry or
for dimensioning. Normally, center lines are not shown
because many isometric drawings are used to communi-
cate to nontechnical people and are not used for engineer-
ing purposes (Figure 7.14 on the next page).

Dimensioned isometric drawings used for production
purposes must conform to ANSI Y14.4M-1989 standards
(Figure 7.15 on the next page). These standards state that:

1. Dimensions and tolerances shall be per ANSI
Y14.4M standards.

2. Dimension lines, extension lines, and lines being
dimensioned shall lie in the same plane.

Pictorial Projections 343

Nonisometric lines

Isometric lines

Isometric axis

Isometric and nonisometric linesFigure 7.10

Isometric
axis

Isometric planes

Isometric planes relative to isometric axesFigure 7.11

Nonisometric plane

Isometric axis

Isometric plane

Nonisometric planeFigure 7.12

An isometric drawing with hidden lines for
details not otherwise clearly shown

Figure 7.13
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3. All dimensions and notes should be unidirec-
tional, reading from the bottom of the drawing
upward, and should be located outside the view
whenever possible. The text is read from the bot-
tom, using horizontal guide lines.

Dimensioned drawings used for illustration purposes
may use the aligned method (Figure 7.16). Extension lines,
dimension lines, and lettering are all drawn in the plane of
one of the faces of the object. In the aligned system, text
takes on more of a pictorial look. Many of the illustrations
at the end of Chapters 5 and 10 are examples of isometric
dimensioning practices. See Chapter 9, “Dimensioning
and Tolerancing Practices,” for more information.

7.3 Isometric Pictorial Sketches
An isometric pictorial sketch is a type of parallel projec-
tion that represents all three dimensions in a single image.
Though there are a number of ways of orienting an object
to represent all three dimensions, isometric pictorials have
a standard orientation that makes them particularly easy to
sketch.

344 CHAPTER 7

Center lines used for dimensioningFigure 7.14
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Step by Step: Making an Isometric Sketch
Make an isometric sketch of the object shown in Figure 7.17

(on page 346).

Sketching the isometric axis

Step 1. Isometric sketches begin with defining an isometric
axis, which is made of three lines, one vertical and two
drawn at 30 degrees from the horizontal. These three lines
of the isometric axis represent the three primary dimen-
sions of the object: width, height, and depth. Though they
are sketched at an angle of only 60 degrees to each other,
they represent mutually perpendicular lines in 3-D space.

Step 2. Begin the sketch by extending the isometric axes
shown in Step 1, Figure 7.17 (on page 346). Sketch a
horizontal construction line through the bottom of the ver-
tical line. Sketch a line from the base of the vertical line to
the right, at an approximate angle of 30 degrees above the
horizontal construction line. Sketch a line from the base
of the vertical line to the left, at an approximate angle of
30 degrees above the horizontal construction line.
The corner of the axis is labeled point 1; the end of the

width line is labeled point 2; the end of the depth line is
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labeled point 4; and the top of the height line is labeled
point 3. The lengths of these lines are not important since
they will be treated as construction lines, but they should be
more than long enough to represent the overall dimensions
of the object. Estimate the overall width, height, and depth
of the object. Use these dimensions to sketch a block that
would completely enclose the object.

Blocking in the object

Step 3. Sketch in the front face of the object by sketching a
line parallel to and equal in length to the width dimension,
passing the new line through point 3. Sketch a line paral-
lel to and equal in length to the vertical line (1–3) through
points 5–2. The front face of the object is complete.

Step 4. From point 3, block in the top face of the object by
sketching a line parallel to and equal in length to line 1–4.
This line is labeled 3–6. Sketch a line parallel to and
equal in length to line 3–5, from point 6. This line is la-
beled 6–7. Sketch a line from point 5 to point 7. This line
should be parallel to and equal in length to line 3–6.
Block in the right side face by sketching a line from point
6 to point 4, which is parallel to line 1–3. The bounding
box of the object, sketched as construction lines, is now
finished.

Adding details to the isometric block

Step 5. Begin by estimating the dimensions to cut out the
upper front corner of the block and mark these points
as shown in Step 4. Sketch the height along the front
face by creating a line parallel to line 1–2; label it 8–9.
Sketch 30-degree lines from points 8 and 9 and label
these lines 9–10 and 8–11. Now sketch a line from point
10 to point 11. Sketch vertical lines from points 10 and
11 and label the new lines 10–12 and 11–13. Sketch a
line from point 12 to point 13 to complete the front
cutout of the block.
With a simple sketch, you often can lay out all of your

construction lines before having to darken in your final
linework. With more complicated sketches, the sheer num-
ber of construction lines often can cause confusion as to
which line belongs to which feature. The confusion can be
worse in an isometric sketch, where the lines represent
three dimensions rather than two. Therefore, after the marks
are made for the last two features in Step 5, you can begin
darkening in some of the lines representing the final form.
Step 6. Estimate the distances to create the angled surface

of the block and mark these points, as shown in Step 5.
From the marked point on line 11–13, sketch a 30-
degree line to the rear of the block on line 4–6. Label this
new line 14–15. From the marked point on line 12–13,
sketch a 30-degree line to the rear of the block on line

6–7. Label this new line 16–17. Sketch a line from point
14 to point 16 and from point 15 to point 17, to complete
the sketching of the angled surface. Lines 14–16 and
15–17 are referred to as nonisometric lines because they
are not parallel to the isometric axis.
Estimate the distances for the notch taken out of the front

of the block and mark these points, as shown in Step 5.
Draw vertical lines from the marked points on line 1–2 and
line 8–9. Label these lines 18–19 and 20–21, as shown in
Step 6. Sketch 30-degree lines from points 19, 20, and 21 to
the estimated depth of the notch. Along the top surface of
the notch, connect the endpoints of the 30- degree lines and
label this new line 22–23. The 30-degree line extending back
from point 20 is stopped when it intersects line 18–19, as
shown in Step 6. To complete the back portion of the notch,
drop a vertical line from point 22, as shown in Step 6. Stop
this new line at the intersection point of line 19–23. The
rough isometric sketch of the block is complete. 

Note that we have not mentioned hidden features repre-
senting details behind the visible surfaces. The drawing
convention for isometric sketches calls for disregarding hid-
den features unless they are absolutely necessary to
describe the object.
Step 7. Darken all visible lines to complete the isometric

sketch. Since the construction lines are drawn light,
there is no need to lighten them in the completed sketch.

7.4 Isometric Ellipses
Isometric ellipses are a special type of ellipse used to repre-
sent holes and ends of cylinders in isometric drawings. In an
isometric drawing, the object is viewed at an angle, which
makes circles appear as ellipses. When sketching an isomet-
ric ellipse, it is very important to place the major and minor
axes in the proper positions. Figure 7.18 (on page 347) is an
isometric cube with ellipses drawn on the three visible sur-
faces: top, profile, and front. Remember Figure 7.18A, be-
cause thoseare the threepositionsof isometricellipses found
on most isometric sketches and drawings. The following are
the key features of the isometric ellipse on each plane:

■ The major and minor axes are always perpendicular to
each other.

■ On the top plane, the major axis is horizontal and the
minor axis is vertical.

■ On the front and profile planes, the major axes are mea-
sured 60 degrees to the horizontal.

■ The major axis is always perpendicular to the axis run-
ning through the center of the hole or cylinder.
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Horizontal
or top plane

Minor axis

Profile
plane

Front plane

Minor axis

Major axis

Major axis

Minor axis

Major axis

60°30°

(A) Correct (B) Incorrect

60° 30°

Isometric representation of circles
Circular features appear as ellipses in isometric sketches. The orientation of the ellipse is set according to the face on which the
circle lies. The correct orientation is shown in (A) and examples of incorrect orientations are shown in (B).

Figure 7.18

Step by Step: Sketching an Isometric Ellipse
Figure 7.19 (on the next page) shows the steps for creating
an isometric ellipse. Notice that the steps are almost identi-
cal to those for sketching a circle as explained in Chapter 2.
The difference is in the orientation and proportion of the
primary axes.
Step 1. This isometric ellipse will be drawn on the front

plane. Begin by sketching an isometric square whose
sides are equal to the diameter of the circle.

Step 2. Add construction lines across the diagonals of the
square. The long diagonal is the major axis and the
short diagonal is the minor axis of the ellipse. The two
diagonals intersect at the center of the square, which is
also the center of the isometric ellipse.

Step 3. Sketch construction lines from the midpoints of the
sides of the square through the center point. These lines
represent the center lines for the isometric ellipse. The mid-
points of the sides of the isometric square will be tangent
points for the ellipse and are labeled points A, B, C, and D.

Step 4. Sketch short, elliptical arcs between points B and
C and points D and A.

Step 5. Finish the sketch by drawing the elliptical arcs be-
tween points C and D and points A and B, completing
the ellipse.

Step by Step: Sketching an Isometric Cylinder
Figure 7.20 (on page 349) shows the steps for creating an
isometric view of a cylinder.
Step 1. Sketch the isometric axis. To sketch the bounding

box for the cylinder, begin on one 30-degree axis line
and sketch an isometric square with sides equal to the

diameter of the cylinder. This square will become the end
of the cylinder. Next, mark the length of the cylinder on
the other 30-degree axis line and sketch the profile and
top rectangles of the bounding box. For the profile rec-
tangle, the length represents the length of the cylinder
and the height represents the diameter of the cylinder.
For the top rectangle, again the length represents the
length of the cylinder, but the width represents the diam-
eter of the cylinder. Note that only three long edges of the
bounding box are drawn (the hidden one is not), and only
two lines for the back end of the bounding box are drawn
(the two hidden ones are not).

Step 2. Draw diagonals and center lines on the isometric
square and sketch in the ellipse to create the end of the
cylinder, as described in “Sketching an Isometric Ellipse.”

Step 3. Where the center lines intersect with the top and
front sides of the isometric square, mark points A and B.
Sketch construction lines from points A and B to the
back end of the bounding box and mark points C and D.
Sketch an arc between points C and D.

Step 4. On the isometric square, locate the two points
where the long diagonal intersects with the ellipse. From
those two points, sketch two 30-degree lines to the back
of the bounding box. (These 30-degree lines are tangent
to the ellipse on the front of the cylinder.) Then, sketch
short elliptical arcs from points C and D to the tangent
lines, as shown in Figure 7.20. The cylinder now should
be visible in the boundary box.

Step 5. Darken all visible lines to complete the cylinder.
Note that the major axis of the ellipse is perpendicular to
the axis running through the center of the cylinder, and
the minor axis is coincident to it.



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

7. Pictorial Projections Text360 © The McGraw−Hill 
Companies, 2007

7.5 Isometric Grid Paper
The use of isometric grid paper can improve your tech-
nique and decrease the time necessary to create an isomet-
ric sketch. Isometric grid paper is made of vertical and
30-degree grid lines, as shown in Figure 2.10B (on page 42).
There are two primary advantages to using isometric grid
paper. First, there is the advantage obtained by using any
kind of grid paper. Proportions of the object’s features can
be translated into certain numbers of blocks on the grid.

348 CHAPTER 7

Step by Step: Sketching Semi-Ellipses
Figure 7.21 shows how to sketch a semi-ellipse.
Step 1. This isometric ellipse will be drawn on the profile

plane. Begin by sketching an isometric square whose
sides are equal to the diameter of the arc. Add construc-
tion lines across the diagonals of the square. The two
diagonals intersect at the center of the square, which is
also the center of the isometric ellipse. Sketch construc-
tion lines from the midpoints of the sides of the square
through the center point. These lines represent the cen-
ter lines for the isometric ellipse.

Step 2. The midpoints of the sides of the isometric square
will be tangent points for the ellipse and are labeled
points A, B, and C. The long diagonal is the major axis
and the short diagonal is the minor axis. Sketch short,
elliptical arcs between points B and C and points B and
A, which creates the elliptical arc on the near side of the
object. The back part of the semi-ellipse can be
sketched by constructing 30-degree parallel lines that
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Sketching an isometric ellipse
The steps used to create a sketch of an isometric ellipse begin with constructing an isometric box whose sides are equal to the
diameter of the circle. The center of the box and the midpoints of the sides are found, and arcs then are drawn to create the ellipse.

Figure 7.19

are equal in length to the depth of the part, from
points A, B, and C. This locates points A�, B�, and C� on
the back side of the object. Add the back ellipse by
sketching an arc between points B� and C� and points
B� and A�.

Step 3. Finish by darkening the final lines and lightening
the construction lines.
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Steps used to construct a sketch of an isometric cylinderFigure 7.20
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This can be useful especially when transferring the di-
mensions of a feature from one end of the object to the
other. Unlike square grid paper, each intersection on an
isometric grid has three lines passing through it, one for
each of the primary axis lines. This can create some con-
fusion when counting out grid blocks for proportions. Just
remember which axis line you are using and count every
intersection as a grid block.

The second advantage of the isometric grid is the assis-
tance it provides in drawing along the primary axis lines.
Though estimating a vertical line is not difficult, estimating
a 30-degree line and keeping it consistent throughout the
sketch is more challenging. Remember that the only
dimensions that can be transferred directly to an isometric
sketch are the three primary dimensions. These dimensions
will follow the lines of the grid paper. When blocking in an
isometric sketch, lay out the dimensions on construction
lines that run parallel to the grid lines. Angled surfaces are
created using construction lines that are nonisometric; that
is, they do not run parallel to any of the grid lines and are
drawn indirectly by connecting points marked on isometric
construction lines.

If there is a disadvantage to using isometric grid paper,
it is the distraction of having the grid in the finished draw-
ing. As with square grid paper, this problem can be solved
in a number of ways. You could use tracing paper over the
grid paper, allowing the grid paper to be used over and
over. You could work out a rough sketch on grid paper and
then trace over it. You also could use grid paper with grid
lines printed in a special color that does not reproduce in
photocopies. Grid paper with a very dark grid can be
flipped over and the sketch can be made on the back side.
You can see the grid through the paper, but it won’t repro-
duce on the photocopier.

CAD systems will display isometric grids on screen
and the user can use them as an aid in creating isomet-
ric drawings. In addition, a special ELLIPSE com-
mand is used to create isometric ellipses of any size and
orientation. 7.6 Oblique Planes in Isometric Views

The initial steps used to create an isometric sketch of an
object with an oblique plane are the same as the steps used
to create any isometric view. The sides of the oblique
plane will be nonisometric lines, which means that their
endpoints will be located by projections along isometric
lines. After each endpoint is located, the oblique plane is
drawn by connecting the endpoints.

The following steps describe how to create an isomet-
ric view of the multiview drawing with an oblique plane
shown in Figure 7.23.

350 CHAPTER 7

Practice Exercise 7.2
Using isometric grid paper, sketch common, everyday
objects. Some examples are given in Figure 7.22. Sketch
objects with a variety of features. Some should require
sketching isometric ellipses, while others should have
angled surfaces that require nonisometric lines. Start with
simpler forms that only contain isometric lines and work
toward more complex forms. Another approach is simply

Trackball

Screwdriver Cassette Tape

Stapler

Isometric sketches of common objectsFigure 7.22

to leave out some of the details. You can capture the
essence of the form by representing just its primary fea-
tures. This is a common approach in creating ideation
sketches.

The cost and availability of isometric grid paper can be a
discouraging factor in using it to create lots of sketches. You
can minimize the expense by using roll tracing paper over a
sheet of grid paper. The two sheets can be held together
with low-tack tape or put in a clipboard. With practice, you
will find that grid paper is not needed and you can create
sketches on the tracing paper alone.
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Step by Step: Constructing Oblique Planes in an
Isometric Sketch
Step 1. Determine the desired view of the object, then

sketch the isometric axes. For this example, it is deter-
mined that the object will be viewed from above, and the
axes shown in Figure 7.9A (on page 342) are used.

Step 2. Construct the front isometric plane using the W
and H dimensions.

Step 3. Construct the top isometric plane using the W and
D dimensions.

Step 4. Construct the right side isometric plane using the D
and H dimensions.

Step 5. Locate the slot across the top plane by measuring
distances E, F, and G along isometric lines.

Step 6. Locate the endpoints of the oblique plane in the top
plane by locating distances A, B, C, and D along the lines
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Constructing an isometric sketch having an oblique surfaceFigure 7.23
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The shaded surface in Step 8 has the same configura-
tion as the shaded surface in the multiview drawing. Lines
5–6 and 7–8 are parallel lines that lie on the parallel front
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Constructing angles in an isometric sketchFigure 7.24

created for the slot in Step 5. Label the endpoint of line A
as 5, line B as 1, line C as 4, and line D as 7. Locate dis-
tance H along the vertical isometric line in the front plane
of the isometric box and label the endpoint 6. Then locate
distance I along the isometric line in the profile isometric
plane and label the endpoint 8. Connect endpoints 5–7
and endpoints 6–8. Connect points 5–6 and 7–8.

Step 7. Sketch a line from point 4 parallel to line 7–8. This
new line should intersect at point 3. Locate point 2 by
sketching a line from point 3 parallel to line 4–7 and equal
in length to the distance between points 1 and 4. Sketch
a line from point 1 parallel to line 5–6. This new line
should intersect point 2. 

Step 8. Darken lines 4–3, 3–2, and 2–1 to complete the iso-
metric view of the object.

and rear planes. Also, lines 5–7 and 6–8 are not parallel;
they lie on nonparallel faces of the isometric box. Two
principles of orthographic projection are thus demon-
strated: (1) Rule 5, configuration of planes, and (2) Rule 6,
parallel features. See Chapter 5 for a more complete ex-
planation of these and other principles of orthographic
projection.

7.7 Angles in Isometric Views
Angles only can be sketched true size when they are
perpendicular to the line of sight. In isometric sketches,
this usually is not possible; therefore, angles cannot be
measured directly in isometric drawings. To sketch an
angle in an isometric drawing, locate the endpoints of the
lines that form the angle and sketch the lines between the
endpoints.

Figure 7.24 and the following steps demonstrate the
method for sketching an isometric angle.
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Notice that the 45-degree angles do not measure 45 de-
grees in the isometric view. This is an example of why no
angular measures are taken from a multiview to construct
an isometric sketch.

7.8 Irregular Curves in Isometric Views
Irregular curves are sketched in isometric views by con-
structing points along the curve in the multiview drawing,
locating those points in the isometric view, and then con-
necting the points by sketching or using a drawing instru-
ment such as a French curve. The multiview drawing of
the curve is divided into a number of segments by creating
a grid of lines and reconstructing the grid in the isometric
drawing. The more segments chosen, the longer the curve
takes to draw, but the curve will be represented more
accurately in the isometric view.

Pictorial Projections 353

Step by Step: Constructing Angles in an Isometric
Sketch
Step 1. Determine the desired view of the object, then

sketch the isometric axes.
Step 2. Construct the front isometric plane using the W

and H dimensions. Construct the top isometric plane
using the W and D dimensions. Construct the right side
isometric plane using the D and H dimensions.

Step 3. Determine dimensions X and Y from the front view
and transfer them to the front face of the isometric draw-
ing. Project distance X along an isometric line parallel to
the W line. Project distance Y along an isometric line par-
allel to the H line. Point Z will be located where the pro-
jectors for X and Y intersect.

Step 4. Sketch lines from point Z to the upper corners of
the front face. Project point Z to the back plane of the
box on an isometric line parallel and equal in length to
the D line. Sketch lines to the upper corner of the back
plane to complete the isometric sketch of the object.

Step by Step: Constructing Irregular Curves in an
Isometric Sketch
Figure 7.25 (on the next page) and the following steps
describe how to create an irregular isometric curve.
Step 1. On the front view of the multiview drawing of the

curve, construct parallel lines and label the points 1–12.
Project these lines into the top view until they intersect
the curve. Label these points of intersection 13–18, as
shown in Figure 7.25. Sketch horizontal lines through
each point of intersection to create a grid of lines.

Step by Step: Constructing an Ellipse Using
a Template
The steps used to draw an isometric ellipse using a tem-
plate are as follows.
Step 1. The ellipse templates have markings which are

used for alignment with the isometric center lines on
the drawing (Figure 7.27 on page 355). Do not align the
ellipse template with the major or minor diameter mark-
ings. Locate the center of the circle, then draw the iso-
metric center lines.

Step 2. Find the correct isometric ellipse on the template.
Align the isometric distance markings on the ellipse with
the center lines, and use a pencil to trace around the
elliptical cut in the template.

7.9 Isometric Ellipse Templates
Isometric ellipses also can be drawn using templates
(Figure 7.26 on page 355). Make sure the template is an
isometric ellipse template, that is, one that has an exposure
angle of 35 degrees 16 minutes. Although many different-
sized isometric ellipses can be drawn with templates, not
every size isometric ellipse can be found on a template.
However, it may be possible to approximate a smaller size
by leaning the pencil in the ellipse template when drawing
the ellipse.

Step 2. Use the W, H, and D dimensions from the multiview
sketch to create the isometric box for the curve. Along
the front face of the isometric box, transfer dimension A
to locate and draw lines 1–2, 3–4, 5–6, 7–8, 9–10,
and 11–12.

Step 3. From points 2, 4, 6, 8, 10, and 12, sketch isometric
lines on the top face parallel to the D line. Then, measure
the horizontal spacing between each of the grid lines
in the top multiview as shown for dimension B, and
transfer those distances along isometric lines parallel to
the W line. The intersections of the lines will locate
points 13–18.

Step 4. Sketch the curve through points 13–18, using an ir-
regular curve. From points 13–18, drop vertical isometric
lines equal to dimension H. From points 1, 3, 5, 7, 9, and
11, construct isometric lines across the bottom face to
intersect with the vertical lines dropped from the top face
to locate points 19–24. Connect points 19–24 by sketch-
ing or with an irregular curve.

Step 5. Erase or lighten all construction lines to complete
the view.
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7.10 Section Views in Isometric Drawings
Section views are used to reveal the interior features of
parts and structures (see Chapter 8, “Section Views”). Iso-
metric sketches of sections use isometric cutting planes
to reveal interior features. Section lines normally are
sketched in the direction that gives the best effect, which
is usually in the direction of the long diagonal of a square
drawn on the section surface (Figure 7.28).

To sketch a full-section isometric view, first construct
the sectioned surface (Figure 7.29). Then add the portion
of the object that lies behind the sectioned surface.

To sketch a half-section isometric view, construct the
whole object (Figure 7.30 on page 356). Add the cut sur-
faces to the sketch; then erase the portion that is to be re-
moved. Darken all features; then add section lines to com-
plete the section view. Half sections are used more often

354 CHAPTER 7
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Constructing irregular curves in an isometric sketchFigure 7.25
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Constructing an ellipse using a templateFigure 7.27

Long Diagonal
of a Square

Constructing section lines on the right side,
top, and front surfaces
Section lines are usually drawn parallel to the long diagonal of
a square drawn on the isometric surface.

Figure 7.28

Full-section isometric sketchFigure 7.29
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than full sections because they show more of the outside
features, making it easier to visualize the whole object.

7.11 Isometric Assembly Drawings
Isometric assembly drawings are classified as either
assembled or exploded (Figures 7.31 and 7.32 on page 358).
Such drawings are included in the instruction manuals that

come with many household items and children’s toys. Iso-
metric assembly drawings used for production purposes
normally have circles, called balloons, that contain num-
bers and are attached to leader lines pointing to the various
parts. The numbers correspond to numbers in a parts list
(Figure 7.32). See Chapter 10 for more information.

Isometric assembly drawings also can be created using
3-D CAD. Animation software can show the parts assem-
bled, then coming apart to create an exploded assembly
drawing. Cutting planes also can be passed through the as-
sembly to create sectioned assembly views.

7.12 Oblique Projections
Oblique projections are a form of pictorial drawing in
which the most descriptive or natural view is treated as the
front view and is placed parallel to the plane of projection.
For example, oblique drawing is the pictorial method
favored by the furniture manufacturing and cabinetmak-
ing industry (Figure 7.33 on page 358). However, because
of the excessive distortion that occurs, oblique drawings
are not used as commonly as other types of pictorials.

356 CHAPTER 7

Half-section isometric sketchFigure 7.30

3-D model isometric assembly drawing
(Courtesy of Alventive, Inc.)

Figure 7.31
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▼ Practice Problem 7.1
Create an isometric sketch of the three-view
drawing using the isometric grid shown. Double the

size of the isometric sketch by making one square
grid equal to two isometric grids.
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7.12.1 Oblique Projection Theory

Oblique projection is the basis for oblique drawing and
sketching. Oblique projection is a form of parallel projec-
tion in which the projectors are parallel to each other but
are not perpendicular to the projection plane. The actual
angle that the projectors make with the plane of projection
is not fixed; thus, different angles can be used (Fig-
ure 7.34). However, angles of between 30 degrees and
60 degrees are preferable because they result in minimum
distortion of the object.

Exploded isometric assembly drawing and parts list
(Courtesy of Alventive, Inc.)

Figure 7.32

Typical furniture industry oblique drawingFigure 7.33

If the principal view of the object is placed parallel to
the projection plane and the line of sight is something
other than perpendicular to the projection plane, the re-
sulting projection is an oblique pictorial. The path of the
projectors follows the receding edges of the object. A
comparison of orthographic projection and oblique pro-
jection is illustrated in Figures 7.35 and 7.36.

7.12.2 Oblique Drawing Classifications

There are three basic types of oblique drawings: (1) cava-
lier, (2) cabinet, (3) general. All three types are similar in
that their front surfaces are drawn true size and shape, and
parallel to the frontal plane. The receding angles can be
anywhere from 0 to 90 degrees, although angles of less
than 45 degrees or greater than 60 degrees cause extreme
distortion. The difference between the three types relates to
the measurements made along the receding axis. The cav-
alier oblique is drawn true length along the receding axis.
The cabinet oblique is drawn half the true length along the
receding axis. The general oblique can be drawn any-
where from full to half length along the receding axis (Fig-
ure 7.37 on page 360). The half-size receding axis on the
cabinet oblique reduces the amount of distortion (Fig-
ure 7.38 on page 360); therefore, the cabinet oblique
drawing is the one used for most illustrations. The angle of
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30° 45° 60°

Oblique drawing angles
Typical oblique drawing angles used are 30, 45, or 60 degrees from the horizontal.

Figure 7.34

PICTURE PLANE PICTURE PLANE

Orthographic

Orthographic projection
In orthographic projection, the projectors are perpendicular to the projection plane.

Figure 7.35

PICTURE PLANE

Oblique

(A) (B)

PICTURE PLANE

Oblique projection
In oblique projection, the projectors are never perpendicular to the projection plane.

Figure 7.36
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the receding axis also can be changed to reduce distortion
and to emphasize significant features of the drawing. Fig-
ure 7.39 illustrates various receding axis angles for a cava-
lier oblique drawing.

7.12.3 Object Orientation Rules

In oblique projection, the object face that is placed parallel
to the frontal plane will be drawn true size and shape. Thus,
the first rule in creating an oblique drawing is to place com-
plex features, such as arcs, holes, or irregular surfaces, par-
allel to the frontal plane (Figure 7.40). This allows these
features to be drawn more easily and without distortion.

The second rule in developing oblique drawings is that
the longest dimension of an object should be parallel to
the frontal plane (Figure 7.41). If there is a conflict
between these two rules, the first rule takes precedence,
because representing complex geometry without distor-
tion is more advantageous (Figure 7.42).

360 CHAPTER 7

FULL
SCALE

Cavalier oblique Cabinet oblique General oblique
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FULL
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SCALE

HALF AND
FULL SCALE

FULL
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DRAW
AT 45°

DRAW
AT 45°

DRAW
AT 45°

Types of oblique drawingsFigure 7.37

Cabinet obliqueCavalier oblique

(B)(A)

Comparison of cavalier and cabinet oblique
drawings

Figure 7.38

60° 45°

30°

Orthographic

135° 120°

150°

210°

225° 240° 300°

330°

315°

Receding axis angles
An object can be drawn with a variety of angles, to emphasize
different features.

Figure 7.39

Parallel to frontal plane
Yes

Not parallel to frontal plane
No!
(B)(A)

Object orientation
Place holes and arcs parallel to the frontal plane whenever
possible to avoid distortion and to minimize having to draw
circles as ellipses.

Figure 7.40
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Longest feature parallel
to frontal plane

Yes

Longest feature perpendicular
to frontal plane

No!

(B)(A)

Long dimension orientation
Place the longest dimension of the object parallel to the frontal
plane to avoid distortion.

Figure 7.41

Rule #1-Parallel to
frontal plane

Yes

Rule #2-Longest feature parallel
to frontal plane

No!
(B)(A)

Cylinder rule
The cylinder rule overrides the longest-dimension rule when
creating an oblique drawing.

Figure 7.42

Oblique

Circle

Isometric

Ellipse

Isometric versus oblique sketches
In oblique sketching, the front face of the object (showing the height and width dimensions) is squared with the paper, and the depth
dimension is drawn at an angle to the horizontal. This is different from an isometric sketch, where no faces are squared with the paper.

Figure 7.43

7.13 Oblique Pictorial Sketching
Oblique sketching attempts to combine the ease of sketch-
ing in two dimensions with the need to represent the third
dimension. In an oblique sketch, the front face is seen in its
true shape and is square with the paper, and only the depth
axis is drawn at an angle (Figure 7.43).As with an isometric
pictorial, the lines of projection are parallel to each other.

Because of the ease with which the front face is drawn,
oblique sketching is useful when the majority of the
features are on the front face of the object. Many types of
furniture are drawn conveniently in oblique, especially
cabinets with a lot of detailing on the front. On the other
hand, oblique sketching should not be used if the object
has many features (especially, circular ones) on faces
other than the front.

As with isometric sketches, hidden features are not
shown on most oblique sketches, unless absolutely neces-
sary to describe the object. Because of the difference in
how the depth dimension is drawn, scaling the depth to
half or two-thirds its actual size helps the visual propor-
tions of the sketch.

Step by Step: Creating an Oblique Sketch
Figure 7.44 (on the next page) shows the steps used to
create an oblique sketch. The object is oriented so that
most of the details are represented in the front view.
Step 1. Begin the sketch by boxing in the front face of the

object as if you were creating a front view. Estimate dis-
tances and box in features to create a proportional
sketch.
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7.14 Perspective Projections
Perspective projections are pictorial drawings used to rep-
resent 3-D forms on 2-D media. Such drawings create the
most realistic representations of objects because the human
visual system creates images that closely resemble perspec-
tive drawings. To prove this, find a long hall in a building or
stand in the middle of a long, flat road. Look at the edges of
the road or the points where the ceiling intersects the walls,
and follow those lines into the horizon. You will see that the
lines appear to converge at a common point on the horizon
(Figure 7.45 on page 364). Obviously, the edges of the road
and the ceiling do not actually converge at a single point.
Yet, the human optical system receives the light from an en-
vironment and creates an image in our mind that portrays
them doing so; that is, it shows these edges in perspective.

Perspective projection techniques developed in the
fourteenth and fifteenth centuries in Europe. Paolo Ucello
(1397–1474), Albrecht Dürer, Leonardo da Vinci, and
Leon Alberti are credited with developing the theory and
techniques. Alberti’s book, On Painting, published in
1436, laid out the basics of a system for creating a draw-
ing that assumes one viewer and one viewpoint. Perspec-
tive drawings and modern photography are constructed as
if the viewer has only one eye. Binocular-view images are
called stereograms and require special viewing devices.

Leonardo da Vinci used perspective techniques for
many of his sketches (Figure 7.46 on page 364). Albrecht
Dürer perfected a technique to create perspective projec-
tions using a grid of wires in a frame that was placed
between the subject and the artist (Figure 7.47 on page 364).
The frame of wires created a grid pattern, which overlaid
the subject. The grid pattern was drawn, then used as a
guide to create the subject behind the grid. This device
assisted in the creation of a perspective drawing.

362 CHAPTER 7

Step 2. To view the object from the right and above, sketch
depth construction lines at an angle of 30 to 45 degrees
above the horizontal and to the right of the front face
(Figure 7.44, Step 2). To view the object from below,
sketch the depth lines below the horizontal. To view the
object from the left side, sketch the depth lines to the left
of the front face. Sketch only corners that will be visible.

Estimate the distance for the depth along the
sketched lines. Full-length depth lines may make the
object look out of proportion. Two-thirds or one-half-size
depth lines will create a better-proportioned sketch. If
full-sized depth dimensions are used, the sketch is called
a cavalier oblique. If the depth is one-half size, the sketch
is called a cabinet oblique. For example in Figure 7.44,
one-half-size depth is marked along each depth line.

Step 4

Object to be
sketched

Step 1

Determining
visibility of holes

Step 3

Parallel

Step 2

30°– 45°

1/2–2/3
of true depth

The construction of an oblique sketch is a multistep process that
begins by boxing in the front view, adding details, and then
boxing in the depth dimension.

Figure 7.44

Step 3. Draw a line between each depth mark to create the
back edge of the object. These lines are parallel to the
edges of the front view. The next step is to determine if
any part of the hole on the rear of the object can be seen
from the front. This is done by marking the locations of
the centers of the holes on the front and sketching depth
lines from those center points. The depth is marked on
the depth lines, the marks are used as centers for the
back holes, and circles equal in diameter to the front
circles are sketched.

Step 4. If any part of a back circle is inside a front circle,
that part will be visible in the oblique drawing and is
darkened along with the other visible lines.
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▼ Practice Problem 7.2
Create an oblique sketch of the three-view drawing
using the grid shown.
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7.15 Perspective Projection Terminology
Analyzing a perspective scene will reveal the important
components and terms used in perspective drawing. Fig-
ure 7.48 shows a perspective drawing of a road, as well as
the orthographic side view of the same road. In the per-
spective view, the sky meets the ground at a line called the
horizon or eye level. The position of the horizon also rep-
resents the observer’s eye level, which is shown in the or-
thographic side view. The horizon line is the position that
represents the eye level of the observer, or the station
point; that is, the station point in a perspective drawing is
the eye of the observer. The station point is shown in the
orthographic side view.

Convergence as seen in a photograph
This photograph shows parallel railroad lines receding to a
point on the horizon. 
(Courtesy of Anna Anderson.)

Figure 7.45

Da Vinci sketch drawn in perspective
(By permission of Art Resource, NY.)

Figure 7.46

Perspective projection device
Albrecht Dürer used a projection device to create perspective
drawings.
(From A History of Engineering Drawing, P. J. Booker.)

Figure 7.47

Practice Exercise 7.3
You can test both Albrecht Dürer’s method and the human
perspective vision system by placing a piece of clear plastic
between yourself and a small object. Position yourself about
a foot away from the plastic and, on the plastic, use a
marker to sketch the object as you see it. The sketch will be
in perspective, proving that humans view the environment in
perspective. Change your line of sight and sketch another
view of the object to see how moving left, right, up, and
down affects the perspective view created.
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The plane upon which the object is projected is called
the picture plane, where lines of sight from the object
form an outline of the object. In the perspective view of
Figure 7.48, the picture plane is the sheet of paper on
which the scene is drawn. In the orthographic side view,
the picture plane’s position relative to the observer deter-
mines the size of the object drawn.

In Figure 7.48, telephone pole AB is projected onto the
picture plane and appears foreshortened as A�B�. Like-
wise, telephone pole CD is projected onto the picture
plane and appears foreshortened as C�D�. Object distance
relative to the picture plane can be summarized as
follows:

1. As objects move further behind the picture plane,
they are projected as smaller images.

2. As objects move further in front of the picture
plane, they are projected as larger images.

3. Objects positioned in the picture plane are shown
true size (Figure 7.49 on the next page).

All parallel lines that are not parallel to the picture
plane, such as the edges of the road in Figure 7.48, con-
verge at the vanishing point. All parallel lines that are par-
allel to the picture plane, such as the telephone poles in
Figure 7.48, remain parallel and do not recede to a vanish-
ing point.

An object positioned at an infinite distance from the
picture plane appears as a point, called the vanishing
point. A vanishing point is the position on the horizon
where lines of projection converge. Placing the vanishing
point directly behind the object, as shown in Figures 7.48
and 7.50B, creates a view looking straight at the object.
Placing the vanishing point to the right of the object, as
shown in Figure 7.50A (on the next page), produces a

view showing the right side. Similarly, placing the vanish-
ing point to the left of the object produces a view showing
the left side, as shown in Figure 7.50C.
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line (GL)
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point (VP)

Picture
plane

Orthographic Profile View
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Projected image

Picture plane
(Paper or computer screen) Object

Human or
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Station point (SP)

Point view

Projectors

C

D

B

A

Perspective View

Perspective and orthographic profile views of a sceneFigure 7.48

Practice Exercise 7.4
Cover Figure 7.51 (on page 367) with a sheet of tracing
paper and, using a triangle, begin to extend the converging
ends of the long vertical lines of the building. After extend-
ing five or six, you will notice that all the lines converge at a
single point, called the vanishing point.

The ground line shown in Figure 7.49 represents the
plane on which the object rests. The type of perspective
view created depends on the position of the ground line
relative to the horizon line. Figure 7.52 (on page 367)
shows the different types of views created by raising or
lowering the ground line. A bird’s eye view shows the ob-
ject from above by placing the horizon line above the
ground line. A human’s eye view shows the object from a
human adult’s perspective by placing the horizon line ap-
proximately 6 feet above the ground line. This commonly
is used in scaled architectural drawings. The ground’s eye
view shows the object as if the observer were lying on the
ground; that is, the horizon and ground lines are in the
same position. A worm’s eye view shows the object from
below by placing the ground line above the horizon line.

7.16 Perspective Projection Classifications
Perspective views are classified according to the number
of vanishing points used to create the drawing. Figure 7.53
(on page 368) shows one-, two-, and three-point perspective
drawings. A one-point perspective drawing, sometimes
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Picture plane

in front of object

(smaller image size)

Observer (station point)
One viewpoint

Picture plane

behind object

(larger image

size)

Object in picture plane

(object image true size)

Object’s position
Changing the object’s position relative to the picture plane determines the size of the object drawn.

Figure 7.49

HL

GL

VP HL

GL

VP HL

GL

VP

(A) (B) (C)

Vanishing point position
Changing the vanishing point changes the perspective view.

Figure 7.50

referred to as a parallel perspective, is created when one
face of the object is parallel to the plane of projection. A
two-point perspective drawing, sometimes referred to as an
angular perspective, is created when the object is posi-
tioned at an angle to the plane of projection and the vertical

edges are parallel. In a three-point perspective drawing, no
edges of the object are parallel to the plane of projection.

By varying the number of vanishing points, the posi-
tions of the vanishing points, and the position of the ground
line relative to the horizon, you can create virtually any
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duce a view from below the object. Ground lines
placed below the horizon will produce a view from
above the object (see Figure 7.52).

4. Number of vanishing points. To create a one-, two-,
or three-point perspective, you would select one,
two, or three vanishing points, respectively.

7.18 CAD Perspective Drawings
CAD software can be used in four ways to create perspec-
tive drawings. The first method involves constructing a
perspective view using the same techniques described

Pictorial Projections 367

Determining the vanishing point in a
photograph
Trace this photograph onto tracing paper to determine the
vanishing point.
(© Photri Inc.)

Figure 7.51

VP HL

VP HL

VP HL

GL

GL

VP GL + HL

GL

Bird's Eye View—Ground Line below Horizon Line

Human's Eye View—Ground Line 6' below Horizon

Ground's Eye View—Ground Line on the Same Level as the Horizon
Line

Worm's Eye View—Ground Line above the Horizon Line

6'– 0"

perspective viewpoint of an object. There are two basic sys-
tems for creating perspective drawings using hand tools:

1. The plan view method

2. The measuring line method

7.17 Perspective Drawing
Variables Selection
Before starting on any type of perspective drawing or
sketch, you first must visualize the desired view, then set
the variables that will produce that view. The variables in
perspective drawings are:

1. Distance of object from picture plane. Normally,
you would like the object to be drawn without dis-
tortion, so the object is positioned on or very near
the picture plane. As object distance behind the
picture plane increases, object size gets smaller.
As object distance in front of the picture plane in-
creases, object size gets larger (see Figure 7.49).

2. Position for station point. Normally, you would
want the station point directed toward the center of
the object, sometimes called the center of interest.
The station point usually is positioned slightly
above and to the left or right of the object, at a dis-
tance that produces a cone of vision of approxi-
mately 30 degrees (Figure 7.54 on page 369).

3. Position of ground line relative to horizon.
Ground lines placed above the horizon will pro-

Ground line position
Changing the ground line relative to the horizon line changes
the perspective view created.

Figure 7.52
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earlier, using the CAD software to replace the traditional
tools. To construct the perspective ellipses, use the
ELLIPSE option by drawing a perspective square and
locating the ellipse through three points.

In the second method, use a CAD program that has a
perspective grid option. The grid is used to construct a
perspective pictorial of the part (Figure 7.55).

The third method creates a 3-D model using a CAD
program that automatically creates perspective views. The

perspective view shown in Figure 7.56 (on page 370) was
created automatically, using a display option.

A fourth method of creating a perspective drawing with
CAD is with an integrated or add-on illustration software
program. The illustration software reads the CAD  3-D
model file for editing. The model is assigned material prop-
erties, colors, light types and sources, and other variables.
Once the material and light properties are assigned, the
model is processed and then displayed on screen. Using

368 CHAPTER 7

VPR HL

GL

VPL

VP HL

GL

VPR HL

GL

VPL

VPV

One-point perspective

Two-point perspective

Three-point perspective

Classification of perspective drawings
Perspective views are classified by the number of vanishing points.

Figure 7.53
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this method, photorealistic perspective renderings can be
produced, as shown in Figure 7.57 (on the next page).

Pictorial Projections 369

30°

SP

30° cone of vision
The cone of vision for most perspective drawings should be
approximately 30 degrees.

Figure 7.54

A CAD perspective pictorial constructed using a perspective gridFigure 7.55

Step by Step: Creating a One-Point Perspective Sketch
Refer to Figure 7.58 (on page 371) to create a one-point
perspective sketch.
Step 1. Sketch a ground line (GL) across the paper.
Step 2. Sketch the horizon line (HL) parallel to the ground

line. The location of the ground line will determine the
view of the object in the sketch. For this example, sketch
the horizon line above the ground line to create a bird’s
eye view.

Step 3. Sketch the front view of the object using the
ground line as the base of the object. The placement of
the sketch along the ground line and the position of the
vanishing point (VP) will determine which side of the
object will be viewed. In this example, it is important to
see the right side of the object, so the front is sketched
to the far left of the paper along the ground line.
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7.19 Summary
The three classifications of pictorial drawings are axono-
metric, oblique, and perspective. Isometric drawings are
the most popular among the various axonometric draw-
ings because they are the easiest to create. Both axono-
metric and oblique drawings use parallel projection. As
the axis angles and view locations are varied, different
pictorial views of an object can be produced.

There are three types of perspective drawings: one-,
two-, and three-point. Each type refers to the number of
vanishing points used to construct the drawings. Three-
point perspectives are the most difficult to construct but
are the most realistic. Other variables, such as position of
the ground line in relation to the horizon line, can be con-
trolled to produce virtually any view of an object.

370 CHAPTER 7

A CAD 3-D model displayed in perspective
view

Figure 7.56

Rendered perspective illustration of a CAD
3-D model

Figure 7.57

Step 4. Locate the vanishing point to the far right of the
paper along the horizon line to see the right side of the
object.

Step 5. Sketch construction lines from the corners of the
object to the vanishing point. The lower-left corner of
the object will not need a construction line sketched to
the vanishing point because the corner will not be seen
in the perspective view being constructed.

Step 6. Mark along one of the construction lines drawn to
the vanishing point the depth of the object. Sketch the
depth of the object by drawing lines parallel to the
edges of the front of the object between the construc-
tion lines. Darken all the lines that make up the object
to complete the one-point perspective sketch of the
object.

■ Learning Objectives
■ Chapter Outline
■ Chapter Overview
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Key Terms

■ Flashcards
■ Website Links
■ Image Library
■ AutoCAD Exercises
■ Case Studies
■ Visualization Exercises
■ Stapler Design Problem

Online Learning Center (OLC) Features

There are a number of Online Learning Center features listed below that you can use to supplement your text reading to
improve your understanding and retention of the material presented in this chapter.
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GL

HL
VP

GL

HL
VP

GL

HL

GL

HL
VP

GL

Step 1

GL

HL

Step 3

Step 2

Step 4

Step 5

Step 6

Creating a one-point perspective sketchFigure 7.58
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Historical Highlight
Isometric Drawings

lectures at Cambridge (Figure 1). Although he called his draw-
ings “isometrical perspectives,” they are in fact isometric
drawings based on orthographic projection and not perspec-
tive. The term perspective often was used loosely to describe
any type of drawing which was pictorial.

Figure 2 shows in great detail the use of ellipses in isomet-
ric drawings. Farish’s isometric drawings method languished

The Reverend William Farish generally is accepted as the per-
son who systematized the use of isometric drawings. William
Farish was born in 1759 in England and was a brilliant math-
ematician and professor of chemistry at Cambridge Univer-
sity. Farish refined what was known about isometric projec-
tion at that time. He used isometric projections to create
pictorial drawings of mechanical devices to supplement his

Plate 2 from Farish’s Isometrical Perspective, 1820. It shows in isometric projection some of the demonstration apparatus assembled
to illustrate power transmission principles.

Figure 1
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for many years, hidden in the Cambridge Philosophical Soci-
ety Transactions manuscript. Slowly the technique began to
be used, especially in architectural drawings. Although Farish
is acknowledged as the first person to systematically deal
with isometric drawings, there is evidence of isometric

drawings being used as early as the fifteenth century in both
the Western and Arabic worlds.

Excerpted from The History of Engineering Drawing, by Jeffrey Booker, Chatto
& Windus, London, England, 1963.

Plate 1 from Farish’s Isometrical Perspective 1820. His figures are: 1, Drawing board, T-square, and special 30 degree ruler; 2, The
isometric cube; 3, Orientation of ellipses representing circles; 4, Scale for determining ellipse axes lengths; 5, Template to be used
for tracing isometric ellipses; 6, Construction for an isometric ellipse; 7, Compass bearings and scale for isometric maps; 8, Isomet-
ric construction lines for an urn.

Figure 2
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Goals Review
1. Define axonometric, isometric, dimetric, and trimetric

projection. Section 7.1

2. Explain the difference between an isometric projec-
tion and an isometric drawing or sketch. Section 7.2

3. Create an isometric sketch. Section 7.3

4. Apply the theory of oblique projection to create
oblique sketches. Section 7.12

5. Create a one-point perspective sketch. Section 7.18

6. Describe one-, two-, and three-point perspective
projection theory. Section 7.16

7. Define horizon line, station point, picture plane, van-
ishing point, and ground line. Section 7.15

8. Describe and draw bird’s eye, human’s eye, ground’s
eye, and worm’s eye views. Section 7.15

9. Describe the four perspective variables that are
determined before creating a perspective sketch.
Section 7.17

Questions for Review
1. Define oblique projection.

2. List and describe the differences between the three
types of oblique drawing.

3. Define axonometric.

4. Define isometric, dimetric, and trimetric drawings.

5. Sketch the axes used for an isometric drawing.

6. Sketch the axes used for regular, reversed, and long
axis isometric drawings.

7. What is the general rule for hidden lines in isometric
drawings?

8. Give examples of pictorial drawings used in industry.

9. Sketch an isometric cube, then show how isometric
ellipses would be drawn on each face of the cube.
Add center lines to the ellipses.

10. What are the three angular measurements of isomet-
ric drawing axes?

11. Describe perspective projection theory. Use sketches
if necessary.

12. Identify the horizon line, station point, picture plane,
vanishing point, and ground line in Figure 7.59.

13. Sketch and label bird’s eye, human’s eye, ground’s
eye, and worm’s eye views.

Identify important parts of a perspective drawing.

Figure 7.59

14. List the four perspective variables that should be
considered before drawing a perspective view.

15. Name the person who is generally given credit for
systemitizing isometric drawings.

Further Reading
Helms, M. Perspective Drawing. Englewood Cliffs, NJ:

Prentice-Hall, 1990.
Thomas, T. A. Technical Illustration. 3d ed. New York:

McGraw-Hill, 1978.
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Workbook Problems

Workbook Problems are additional exercises to help you
learn the material presented in this chapter. The problems
are located at the back of the textbook and can be removed
from the book along the perforated edge.

7.1 Isometric Drawing 1. Given the orthographic
views, sketch or draw the object in isometric using
the isometric grid. Double the object size on the
isometric grid.

7.2 Isometric Drawing 2. Given the multiviews and
each grid equal to 0.5�, sketch or draw the object as
an isometric view. Double the object size on the
isometric grid.

7.3 Oblique Drawing. Given the isometric view,
sketch or draw the object as a cabinet oblique using
the grid. Double the object size on the rectangular
grid.

7.4 Perspective Identification. Identify the important
parts of this perspective drawing.

Problems

Hints for Solving the Pictorial Drawing or Sketching
Problems:

■ Identify the types of surfaces (i.e., normal, inclined,
oblique, and curved) on the object in the multiview.

■ Focus initially on the normal surfaces, evaluating their
sizes, shapes, and locations.

■ After sketching the bounding box, sketch those normal
surfaces that lie in the same planes as the bounding box
sides. These surfaces, when seen in their edge views in
the multiview, should form the perimeter of the views.

■ Next, sketch the normal surfaces inside the bounding
box. Calculate their locations in the box by evaluating
the locations of their edge views in the multiview.

■ Since the angles of inclined and oblique surface edges
cannot be calculated directly from the multiviews,
identify the edges they share with normal faces in the
multiview and in the pictorial, then connect vertices
with edges not yet completed in the pictorial.

■ Locate the center lines of holes and cylinders in the
multiview and transfer them to the pictorial. Create
bounding boxes of the appropriate sizes and sketch the
ellipses.

■ Double-check the completeness of the pictorial by com-
paring the pictorial to the multiview, surface-by-surface.
For the more complex surfaces, count the number of
sides and make sure those edges that are parallel in the
multiview are also parallel in the pictorial.

7.1 Given the orthographic views in Figure 7.60, use
traditional tools or CAD to create isometric or
oblique drawings or sketches of those objects
assigned by your instructor.
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(1)

(4) (5)

(7)

(11) (12)

(2) (3)

(6)

(8) (9)

(10)

Orthographic viewsFigure 7.60
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(14) (15)

(16)

(19) (20) (21)

(24)

(13)

(17) (18)

(22) (23)

ContinuedFigure 7.60
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(25) (26) (27)

(30)(29)(28)

(31) (32) (33)

(34) (35) (36)

ContinuedFigure 7.60
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(37) (38) (39)

(42)(41)(40)

(43) (44) (45)

(46) (47) (48)

ContinuedFigure 7.60
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7.2 Using any of the objects you have sketched as an
isometric pictorial, create new sketches that are:

a. Reverse axis isometric.

b. Long axis isometric, looking from the right.

c. Long axis isometric, looking from the left.

Compare the sketches and answer the following
questions:

■ Have the angles of the isometric axes on the
paper changed? Color code the three pri-
mary dimension axes in each of the sketches
and compare them.

■ Compare the isometric axes with each other
in each of the pictorials. Do they all still sub-
tend 120 degrees to each other?

■ Color code or label identical surfaces in
each of the pictorials (not all of the surfaces
will be seen in all of the views). For surfaces
that are seen in multiple pictorials, do they
have the same number of edges? Are edges
that are parallel in one pictorial parallel in
the other? Do the surfaces have the same
orientation? Do they have the same shape?

7.3 With a sheet of clear plastic as a projection plane,
use a water-based marker to sketch objects in the
projection plane. Try to capture a pictorial view of
the object.

a. With a large object (such as a building), draw
the projection, including the convergence of
edges. Only sketch the major features of the ob-
ject. With a different color pen, overdraw the
same view in parallel projection by “straighten-
ing out” the convergence.

b. Repeat with a smaller object. Why is conver-
gence not nearly as noticeable on the small
object?

7.4 Use a sheet of clear plastic as a projection plane and
sketch an object about the size of your projection
plane. Stand about 3 to 4 feet away from the object.
Then, repeat the sketch in a different color marker,
but with the projection plane up against the object.
What has changed? What if you sketched the object
from across the room?

7.5 Create a one-point perspective sketch and an
oblique sketch receding in the same direction. How
do they compare?

7.6 Using a picture representing a relatively small ob-
ject, sketch four one-point perspective pictorials,
using different combinations of vanishing point and
horizon line. Make sure each of the horizon lines is
used at least once.

Vanishing Point Horizon Line

To the right of the object Bird’s eye view
Behind the object Human’s eye view
To the left of the object Ground’s eye view

Using the same combinations, sketch a larger ob-
ject about the size of a car and another one the size
of a building. Which horizon line seems most ap-
propriate for each of the objects? How do these
horizon lines relate to how we view these objects in
the real world?

7.7 Sketch a series of six one-point perspectives
(human’s eye view), incrementing the station point
from the left of the object to the right of it. Sketch
another series of six one-point perspectives with
the same object, holding the station point behind
the object, but incrementally rotating the object
90 degrees counterclockwise. Are both sets of
sketches representing the same relative movement
of the viewer and object? How do the sketches dif-
fer? How are they the same?

7.8 For Figures 7.61–7.68: Create one-, two-, or three-
point perspective drawings of the objects shown in
the figures, using a B-size or A3-size sheet.
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Classic Problems
The following classic problems were taken from Engi-
neering Drawing & Graphic Technology, 14th Edition, by
Thomas E. French, Charles J. Vierck, and Robert Foster.
Problems 1–7. Construct either isometric, oblique, or pic-
torial drawings of the dimensioned multiview drawings.

4.00

.75
.75

60°
1.75

2.00 1.00

3.00

1.875

.375

60°

For Figures 7.61–7.68: Create one-, two-, or three-point perspective drawings of the objects shown in the figures, using a B-size or
A3-size sheet.

Figure 7.67
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.75
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2.00 .75
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Stop blockProblem 1

Guide blockProblem 2

BracketProblem 3

Figure 7.68
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Hinged catchProblem 4 Metric

Offset bracketProblem 5 Metric

Cross-linkProblem 6 Wedge blockProblem 7



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

8. Section Views Text396 © The McGraw−Hill 
Companies, 2007

Design in Industry
New Generation of Tester Packs a Punch

frame, reducing the space required for the testhead, the
part of the tester that docks to the handling equipment. An
example of this design is the FLEX test system.

Because of the high facility costs of clean room space,
cooling systems, and special flooring, semiconductor man-
ufacturers prefer testers with footprints that are as small as
possible. Teradyne therefore developed microFLEX, a de-
rivative of FLEX with a smaller amount of instrumentation
and with all of the tester subsystems packed in the testhead.
A testhead-only design reduces the material costs of the
tester and dramatically reduces its footprint. However, it
drives up design complexity considerably. The constraints
on the testhead size are still the same, yet now it needs to
house the entire set of subsystems.

The team used SolidWorks to evaluate packing alterna-
tives without developing a physical model. This saved
cost and time in the development process and resulted in a
product that is considered a breakthrough in the industry
with its combination of performance and small size.

384

The use of 3-D CAD design was an essential tool in meet-
ing the packaging density requirements of the microFLEX
test system developed by Teradyne, Inc. It allowed the de-
velopment team to make trade-offs during the conceptual
design of the product without building actual prototypes,
and allowed a major reduction in size over previous gen-
eration products.

Teradyne is a leading supplier of test equipment to the
semiconductor industry. The test equipment consists of
several subsystems: mechanical housing, computers, envi-
ronmental monitoring and cooling systems, electronics,
instrumentation, cable systems, and mechanical interfaces
to “dock” the tester to wafer or package chip handling
equipment. Testers must be capable of docking to different
kinds of handling equipment in many different orienta-
tions. Ergonomic requirements also complicate the design:
for example, fans vent external air to the tester, and design-
ers must ensure that the fans do not blow on an operator in
any of the tester’s configurations.

Historically, Teradyne has addressed these packaging
issues by housing some of the tester subsystems in a main-

Power distribution
and cooling system
in mainframe

Power distribution
and cooling
system moved
into testhead,
reducing system
foot-print and cost
of mechanics

FLEX Test System
Testhead/Mainframe Design

Cooling CoolingPower

Power

MicroFLEX Test System
Testhead-only Design

FLEX and microFLEX are trademarks of Teradyne, Inc.

Courtesy of Teradyne, Inc., Boston, MA, with thanks to Glenn Green, Dane Krampitz, and the microFLEX development team.
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8
Section Views

We graphicists choreograph colored dots on a glass
bottle so as to fool the eye and mind into seeing
desktops, spacecrafts, molecules, and worlds that
are not . . .

—Frederick Brooks

Objectives and Overview
After completing this chapter, you will be able to:

1. Apply the concept of cutting planes to create section
views and sectioned 3-D CAD models.

2. Represent cutting plane lines and section lines using
conventional practices.

3. Create full, half, offset, removed, revolved, broken-
out, auxiliary, and assembly section views, using
conventional practices.

4. Create conventional breaks for different materials
and cross sections.

5. Represent ribs, webs, and thin features in section,
using conventional practices.

6. Represent aligned sectioned features, using conven-
tional practices.

7. Apply section theory to computer models when
designing.

The technique called sectioning is used to improve the
visualization of new designs, clarify multiview drawings,
and facilitate the dimensioning of drawings. For example,
orthographic drawings of complicated mechanical parts or
structures can be very difficult to visualize and dimension.
Sections can be used to reveal interior features of an object
that are not easily represented using hidden lines. Archi-
tectural engineering drawings use section views to reveal

CHAPTER

385



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

8. Section Views Text398 © The McGraw−Hill 
Companies, 2007

386

A
ty

pi
ca

l m
ul

tiv
ie

w
 te

ch
ni

ca
l d

ra
w

in
g 

sh
ow

s 
th

e 
ri

gh
t s

id
e 

vi
ew

 in
 f

ul
l s

ec
tio

n 
an

d 
re

m
ov

ed
 s

ec
tio

n 
de

ta
ils

.

Fi
gu

re
 8

.1



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

8. Section Views Text 399© The McGraw−Hill 
Companies, 2007

Section Views 387

the interior details of walls, ceilings, and floors. Three-
dimensional geometric models created with CAD can be
sectioned to reveal interior features and assist in the de-
sign of complex systems.

Sectioning uses a technique that is based on passing
an imaginary cutting plane through a part to reveal
interior features. Creating section views requires visual-
ization skills and adherence to strict standards and con-
ventional practices. This chapter will explain the theory
for creating section views, the important conventional
practices used for section views, and examples of stan-
dard practices.

8.1 Sectioning Basics
Section views are an important aspect of design and docu-
mentation and are used to improve clarity and reveal inte-
rior features of parts and structures (Figure 8.1). Section
views also are used in the ideation and refinement stages of
engineering design to improve the communications and

problem-solving processes. Sectional drawings are mul-
tiview technical drawings that contain special views of a
part or parts, views that reveal interior features. A primary
reason for creating a section view is the elimination of hid-
den lines, so that a drawing can be understood or visual-
ized more easily. Figure 8.2 shows a regular multiview
drawing and a sectioned multiview drawing of the same
part in the front view; the hidden features can be seen after
sectioning.

Traditional section views are based on the use of an
imaginary cutting plane that cuts through the object to
reveal interior features (Figure 8.3 on the next page). This
imaginary cutting plane is controlled by the designer and
can: (a) go completely through the object (full section);
(b) go halfway through the object (half section); (c) be bent
to go through features that are not aligned (offset section);
or (d) go through part of the object (broken-out section).

Section views are used in every engineering discipline.
Mechanical assemblies are sectioned to assist in the as-
sembly of components and to aid visualization (Figure 8.4
on the next page). Cutaway drawings of roads are used in

Normal multiview drawing Section view drawing

Section view reveals hidden features
A section view will typically reveal hidden features so that the object can be visualized more easily.

Figure 8.2
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Line of sight Imaginary cutting plane

Cutting planes
Imaginary cutting planes used to create section views are passed through the object to reveal interior features.

Figure 8.3

Mechanical assembly of a jet aircraft in section showing how parts fit and their spatial relationship
(Carl E. Lauter.)

Figure 8.4
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civil engineering (Figure 8.5). Sectioned technical illus-
trations are used to describe interior features of compli-
cated assemblies (Figure 8.6).

An important reason for using section views is to reduce
the number of hidden lines in a drawing. A section view
reveals hidden features without the use of hidden lines (Fig-
ure 8.7). Adding hidden lines to a section view complicates
the drawing, defeating the purpose of using a section. There
are times, however, when a minimum number of hidden
lines are needed to represent features other than the primary
one shown by the section (Figure 8.8 on the next page).

Visible surfaces and edges that represent a change of
planes behind the cutting plane are drawn in a section
view. For example, Figure 8.9 (on the next page) shows a
section view for which the cutting plane passes through
the center of a counterbored hole. A line represents the

change of planes between the drilled and counterbored
holes and is an example of a visible feature that is behind
the cutting plane (Figure 8.9A on the next page).

Section-lined areas normally are bounded by visible
lines, never by hidden lines, because the bounding lines
are visible in the section view (Figure 8.9B).

Section Views 389

Bent cap section of a prestressed concrete box girder bridge superstructure
(Courtesy of Bentley Systems, Incorporated.)

Figure 8.5

Sectioned technical illustration of an internal
combustion engine
(Courtesy of Unigraphics Solutions.)

Figure 8.6

Imaginary cutting plane

Edge view of cutting plane

Section view

Hidden lines
(not shown in section view)

Normal orthogonal
view

Treatment of hidden lines
Normally, hidden lines are omitted from section views.

Figure 8.7
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Optional use
of a hidden line

Optional use of hidden lines
Hidden lines can be shown in section views to eliminate the
need for another view.

Figure 8.8

(A) Correct representation (B) Incorrect representation (C) Normal multiview

Change of plane behind
the cutting plane
represented as a line No!

Representing surfaces and edges in section viewsFigure 8.9
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8.1.1 CAD Technique

With 3-D CAD, it is possible to create the sections of parts
or structures automatically by specifying the position of
the cutting plane relative to the object (Figure 8.10) and
then selecting which part of the object to display by pick-
ing one side of the cutting plane or the other. Half of the
object is removed using a Boolean subtraction operation,
as shown in Figure 8.11.

Two-dimensional CAD has automated some of the
more time-consuming steps necessary to create ortho-
graphic section views. Most CAD programs contain
several standard section line patterns (i.e., cross-hatches);
section lines are not added one at a time, as they are with
traditional tools. The boundary area to be cross-hatched is
selected with the cursor; the user selects the section pat-
tern or creates a custom one by specifying the angle, line-
type, and spacing; and the defined boundary automatically
is filled in with the selected pattern.

8.1.2 Visualization of Section Views

Figure 8.12 (on the next page) is a multiview drawing of a
part that is difficult to visualize in its three-dimensional form
because of the many hidden lines. A section view is created
by passing an imaginary cutting plane vertically through the
center of the part. Figure 8.13 (on the next page) is an iso-
metric representation of the part after it is sectioned. This
isometric section view shows the interior features of the part
more clearly and is an aid for visualizing the 3-D form. The
corners of the isometric section view are numbered so that
they can be compared with the orthographic section view.

In Figure 8.12, the cutting plane arrows in the front
view point to the left, to represent the direction of sight
for producing a right side view in full section. The direc-
tion of the arrow also can be thought of as pointing
toward the half of the object being kept. The right half
of the object is “removed” to reveal the interior features
of the part.

The line of sight for the section view is perpendicular
to the cut surfaces, which means they are drawn true size
and shape in the section view. Also, no hidden lines are
drawn, and all visible surfaces and edges behind the cut-
ting plane are drawn as object lines.

The section view in Figure 8.12A shows only those sur-
faces touched by the cutting plane. Since conventional
practice requires that features behind the cutting plane be
represented, the change of planes between the two holes in
the counterbored hole is shown in Figure 8.12B. If the
section is viewed along the line of sight identified by the
arrows in Figure 8.13, arcs A, B, and C will be visible and
should be represented as lines. In Figure 8.12B, the lines
are 2–7, 4–5, and 15–14. The counterbore and through
holes are represented as rectangular features 2–7–6–3 and
4–5–14–15.

All the surfaces touched by the cutting plane are
marked with section lines. Because all the surfaces are the
same part, the section lines are identical and are drawn in
the same direction. This practice is explained in more de-
tail in Section 8.3. The center line is added to the counter-
bored hole to complete the section view.

Section Views 391

Points defining cutting plane

Defining a cutting plane on a CAD model
A 3-D CAD solid model can be sectioned by positioning a
cutting plane relative to the object.

Figure 8.10

Sectioned CAD model
The object is automatically cut along the cutting plane to
produce a section view.

Figure 8.11
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8.2 Cutting Plane Lines
Cutting plane lines, which show where the cutting plane
passes through the object, represent the edge view of the
cutting plane and are drawn in the view(s) adjacent to the
section view. In Figure 8.14, the cutting plane line is
drawn in the top view, which is adjacent to the sectioned
front view. Cutting plane lines are thick (0.6 mm or
0.032 inch) dashed lines that extend past the edge of the
object 1⁄4 inch or 6 mm and have line segments at each end
drawn at 90 degrees and terminated with arrows. The
arrows represent the direction of the line of sight for the
section view and they point away from the sectioned view.
Two types of lines are acceptable for cutting plane lines in
multiview drawings, as shown in Figure 8.15. 

Line B–B is composed by alternating one long and two
short dashes. The length of the long dashes varies accord-
ing to the size of the drawing and is approximately 20
to 40 mm (1 to 13⁄4 inches). For a very large section view
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Visualization of a section view
A section view is created by drawing the outline of the surfaces cut by the cutting plane. Details then are added to show surfaces
behind the cutting plane, such as the back of the counterbored hole.

Figure 8.12
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Labeling features for visualization
The section view is created by passing an imaginary cutting
plane vertically through the object. Corners are labeled to assist
in the visualization of the orthographic section view.

Figure 8.13
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drawing, the long dashes are made very long to save
drawing time. The short dashes are approximately 3 mm
(1⁄8 inch) long. The open space between the lines is approx-
imately 1.5 mm (1⁄16 inch). Capital letters are placed at each
end of the cutting plane line, for clarity or for differentiat-
ing between cutting planes when more than one is used on
a drawing.

The second method used for cutting plane lines, shown
by line C–C in Figure 8.15, is composed of equal-length
dashed lines. Each dash is approximately 6 mm (1⁄4 inch)
long, with a 1.5 mm (1⁄16 inch) space in between.

8.2.1 Placement of Cutting Plane Lines

Cutting plane lines only are added to a drawing for clar-
ity. If the position of the cutting plane is obvious, as in
Figure 8.12, the line need not be drawn. Also, if the cut-
ting plane line is in the same position as a center line, the
cutting plane line has precedence, as demonstrated in
Figure 8.12.

In Figure 8.14, the cutting plane appears as an edge in
the top view and is normal in the front view; therefore, it
is a frontal cutting plane. The front half of the object is
“removed” and the front view is drawn in section.

If the cutting plane appears as an edge in the front view
and is normal in the top view, it is a horizontal cutting
plane (Figure 8.16 on the next page). The top half of the
object is “removed” and the top view is drawn in section.
If the cutting plane appears as an edge in the top and front
views and is normal in the profile view, it is a profile
cutting plane (Figure 8.17 on the next page). The left
(or right) half of the object is “removed” and the left
(or right) side view is drawn in section.

Multiple sections can be done on a single object, as
shown in Figure 8.18 (on the next page). In this example,
two cutting planes are used: one horizontal and the other
profile. Both cutting planes appear on edge in the front
view, and they are represented by cutting plane lines A–A
and B–B, respectively. Each cutting plane creates a sec-
tion view, and each section view is drawn as if the other
cutting plane did not exist.

Most CAD software includes cutting plane lines as a
standard linestyle. To create a cutting plane line with
CAD:

1. Change the linestyle.

2. Change the pen number for plotting to create thick
lines and/or change the line thickness.

3. Draw the cutting plane line, using the LINE
command.

4. Add arrows to the ends of the cutting plane line.

5. Using the TEXT command, add letters at each end
of the cutting plane line, if more than one cutting
plane line is on the drawing.
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Correct cutting
plane line

Incorrect cutting
plane line

A A

A A

Arrows in wrong direction:
arrows should show the line of
sight necessary for section view

No!

Placement of cutting plane lines
The cutting plane line is placed in the view where the cutting
plane appears on edge.

Figure 8.14

6 mm

C C

90°

.6 mm

1.5 mm 3 mm
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90°

BB
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Standard cutting plane linestyles
Standard cutting plane linestyles are thick lines terminated with
arrows.

Figure 8.15
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Multiview Section view

Line of sight for
section view

Imaginary
cutting plane

Section view

Line of sight

Imaginary cutting
plane

Horizontal section view
A horizontal section view is one in which the
cutting plane is on edge in the front view and
the top view is sectioned.

Figure 8.16

Profile section view
A profile section view is one in which the cutting plane is on
edge in the front and top views and the profile view is sectioned.

Figure 8.17

A A

SECTION A–A 

B

B
SECTION B–B

Multiple section views
Multiple section views can be created on a single multiview
drawing. This example shows horizontal and profile section
views. Note that each section view is labeled to correspond to
its cutting plane line.

Figure 8.18
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▼ Practice Problem 8.1
Sketch the front view as a full-section view.
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8.3 Section Line Practices
Section lines or cross-hatch lines are added to a section
view to indicate the surfaces that are cut by the imaginary
cutting plane. Different section line symbols can be used
to represent various types of materials. However, there are
so many different materials used in design that the general
symbol (i.e., the one used for cast iron) may be used for
most purposes on technical drawings. The actual type of
material required then is noted in the title block or parts
list, or entered as a note on the drawing. The angle at
which section lines are drawn is usually 45 degrees to the

horizontal, but this can be changed for adjacent parts
shown in the same section. Also, the spacing between sec-
tion lines is uniform on a section view.

8.3.1 Material Symbols

The type of section line used to represent a surface varies
according to the type of material. However, the general-
purpose section line symbol used in most section view
drawings is that of cast iron. Figure 8.19 shows some of
the ANSI standard section line symbols used for only a
few materials; there are literally hundreds of different

396 CHAPTER 8

(P) Sand (Q) Water and other liquids (R) Across grain
With grain Wood>

(O) Rock(N) Earth(M) Marble, slate, glass,
porcelain, etc.

(J) Titanium and refractory
material

(K) Electric windings, electro-
magnets, resistance, etc.

(L) Concrete

(I) Thermal insulation(H) Sound insulation(G) Cork, felt, leather, and
fiber

(D) White metal, zinc, lead,
babbitt, and alloys

(E) Magnesium, aluminum,
and aluminum alloys

(F) Rubber, plastic, and
electrical insulation

(C) Bronze, brass, copper,
and compositions

(B) Steel(A) Cast or malleable iron
and general use for all

materials

ANSI standard section lines for various materialsFigure 8.19
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materials used in design. Occasionally, a general section
line symbol is used to represent a group of materials, such
as steel. The specific type of steel to be used will be in-
dicated in the title block or parts list. Occasionally, with
assembly section views, material symbols are used to
identify different parts of the assembly.

Most CAD software contains a number ofANSI standard
materials symbols, which are placed on the CAD drawing
automatically, after the area to be sectioned is defined.

8.3.2 Sketching Techniques

The general-purpose cast iron section line is sketched at a
45-degree angle and spaced 1⁄16 inch (1.5 mm) to 1⁄8 inch
(3 mm) or more, depending on the size of the drawing.
As a general rule, use 1⁄8-inch spacing. Section lines are
sketched as thin (.35 mm or .016 inch) black lines, using
an H or 2H pencil.

Figure 8.20 shows examples of good and poor section
lines sketched using hand tools. The section lines should

be evenly spaced and of equal thickness, and they should
be thinner than visible lines. Also, do not run section
lines beyond the visible outlines or stop them too short.

Section lines should not run parallel or perpendicular
to the visible outline (Figures 8.21A and B). If the visible
outline to be sectioned is drawn at a 45-degree angle, the
section lines are drawn at a different angle, such as 30 de-
grees (Figure 8.21C).

Avoid placing dimensions or notes within the section-
lined areas (Figure 8.22). If the dimension or note must be
placed within the sectioned area, omit the section lines in
the area of the note, as shown in Figures 8.22B and C.

CAD software will automatically space the section lines
evenly. Also, some CAD software automatically will omit
the section lines if a note is placed within the sectioned area.

8.3.3 Outline Sections

An outline section view is created by drawing partial sec-
tion lines adjacent to all object lines in the section view
(Figure 8.23 on the next page). For large parts, outline sec-
tions  may be used to save time. Outline sections typically
are not supported by CAD systems.

8.3.4 Thin Wall Sections

Very thin parts, such as washers and gaskets, are not rep-
resented easily with section lines, so conventional practice
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Incorrect
(Linework is 
inconsistently spaced)

Incorrect
(Linework fails to end at 
boundaries of area)

Incorrect
(Linework is too closely 
spaced)

Incorrect
(Linework is too widely 
spaced)

Incorrect
(Linework is not 
consistent in direction)

Incorrect
(Linework intensity is 
inconsistent)

Correct
(45°; Equal spacing)

Examples of good and poor section lining
techniques

Figure 8.20

(A) Avoid! (B) Avoid! (C) Preferred

Section line placement
Avoid placing section lines parallel or perpendicular to visible
lines.

Figure 8.21

(B) Preferred

NOTE: 2 PLACES

(C) Preferred

1.375

(A) Avoid!

NOTE: 2 PLACES

Notes in section-lined areas
Section lines are omitted around notes and dimensions.

Figure 8.22
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calls for representing parts less than 4 mm thick without
section lines. Figure 8.24 shows a section view of two
parts separated by a thin gasket.

8.4 Section View Types
There are many different types of section views used on
technical drawings. 

Full section
Half section
Broken-out section
Revolved section
Removed section
Offset section
Assembly section
Auxiliary section

Up to this point, only full sections have been shown in the
figures. The selection of the type of section view to be
used is based upon which one most clearly and concisely
represents the features of interest. For example, there are
times when it may be more appropriate to use a half-
section view, for symmetrical objects, or a broken-out sec-
tion, for small areas. The various types of section views
are described in the following paragraphs.

8.4.1 Full Sections

A full-section view is made by passing the imaginary cut-
ting plane completely through the object, as shown in Fig-
ure 8.25A. Figure 8.25B shows the orthographic views of
the object, and Figure 8.25C shows the full-section view.
All the hidden features intersected by the cutting plane are
represented by visible lines in the section view. Surfaces
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Outline sectioning
Outline sectioning is used on large areas.

Figure 8.23

Thin parts in section
Thin parts in section are represented without section lines
(ASME Y14.2M–1992).

Figure 8.24

(A)  Full section

(C)  Full-section view(B)  Standard multiview

Full-section view
A full-section view is created by passing a cutting plane fully
through the object.

Figure 8.25
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touched by the cutting plane have section lines drawn at a
45-degree angle to the horizontal. Hidden lines are omit-
ted in all section views unless they must be used to pro-
vide a clear understanding of the object.

The top view of the section drawing shows the cutting
plane line, with arrows pointing in the direction of the line

of sight necessary to view the sectioned half of the object.
In a multiview drawing, a full-section view is placed in the
same position that an unsectioned view would normally
occupy; that is, a front-section view would replace the tra-
ditional front view. Figure 8.26 illustrates how to create a
full-section view.
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Step 1

Step 2

Step 3

Step 4 Step 5

Creating a full-section viewFigure 8.26
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DREAM HIGH TECH JOB
At the Races

The engineering design process is used in many types of
jobs from the design of consumer product packaging

to the design, maintenance, and tuning of Formula 1 race
cars. An understanding of the engineering design process
along with a formal education in a field of engineering can
lead to exciting job opportunities, such as the one
described here of an engineer who works with Formula 1
race cars.

On a warm October afternoon, dozens of the fastest and
most advanced automobiles in the world are tearing up the
Interlagos Race Track just south of São Paulo, Brazil. The
high-pitched screams of the race cars are deafening as they
run through practice laps on the twisty, hilly, 4.3-kilometer
course, with its 15 turns and views of suburban high-rise
apartment buildings in the distance.

With just two days to go before the Brazilian Formula 1
Grand Prix, the drivers are getting familiar with the course.
And behind the scenes, but no less significant, the engi-
neers are checking and tuning the countless vehicle tech-
nologies that will have to perform flawlessly over the
90 minutes of the race. The engineers are clustered in the pit
area, and one of them, a blond Finn with a boyish face hard-
ened into a studious glare, is watching real-time data flow-
ing from one of the more than 80 sensors onboard his
team’s car to a bank of computers and monitors in the pit.
He is Ossi Oikarinen, race engineer for one of the three cars
in the Panasonic Toyota Racing team, based in Cologne,
Germany.

Fast Times
Race engineer Ossi Oikarinen travels the world keeping his
Formula 1 race cars in perfect running order.

Copyright © Paulo Fridman.

Step by Step: Creating a Full-Section View
This step-by-step procedure explains and illustrates how to
create a full-section view of the object shown in Figure 8.26.
Step 1. The first step is to visualize and determine the

appropriate position for the section view line from which
to best view and understand the object’s true internal
shape and form. the imaginary cutting plane then is
passed through the object through the position visual-
ized. In this example, the cutting plane is positioned so
that it passes through the centers of both holes and per-
pendicular to the axes of the holes. This would slice the
object completely in half, revealing the interior features
when viewed from the front view.

Step 2. Sketch the top view of the multiview drawing of the
object.

Step 3. In the multiview, the top view of the object would
be drawn as a normal view with the exception of the ad-
dition of a cutting plane line. The position of the cutting
plane line would be located in the top view where the
imaginary cutting plane appears on edge, which is
through the horizontal center lines of the two holes in the
top view. The ends of the cutting plane line are bent at
90 degrees in the direction of the line of sight necessary
to create a front view with arrows added that will point
away from the location of the front view.

Step 4. Visualize and sketch the front view in full section.
This can be done using any of the techniques shown ear-
lier in the chapter or in Chapter 5. For this example, we
will start by sketching lines from all the edges of the ob-
ject from the top view. Height dimensions in the front

Formula 1 is the apotheosis of automobile racing, with
cars that are chock-full of technology and annual team bud-
gets in the hundreds of millions of dollars. Engines in the
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single-seat cars are limited to 3 liters, but from that modest
displacement (less than that of a typical passenger-car V6)
the 10-cylinder engines generate an astounding 671 kilowatts
(900 horsepower) at, say, 19,000 revolutions per minute.

On this particular day, Oikarinen will make many important
strategic decisions—what kind of tires to put on the cars, how
much fuel to load into them for the time trials, and how many
pit stops to make on race day.

During the break between two 1-hour practice sessions,
mechanics take the cars apart, inspect and clean them, and
put them back together. Other engineers check the fuel mix-
ture and inspect the car’s oil for signs of engine wear.

Meanwhile, Oikarinen, dressed in red Panasonic Toyota
racing attire, is sitting down with driver Jarno Trulli, going over
Trulli’s observations about the car and the course and dis-
cussing the data that has gushed in while the car was on the
course.

Ossi Oikarinen

Age: 34
What he does: Engineers Formula 1 race cars
For whom: Panasonic Toyota Formula 1 racing team
Where he does it: All over the world
Fun Factors: Works on the most advanced race cars in the

world

Oikarinen is aware that Trulli’s safety, along with the hopes
of his more than 600 teammates back in Germany, rides on
his engineering judgment. He is quick to point out that he gets

plenty of technical help. “There are four engineers who work
with me, and I rely on their advice when making decisions on
how to run the car,” he says.

But tough decisions and a charged competitive environment
aren’t Oikarinen’s only challenges. There’s also the grueling,
8-month Grand Prix season, which started in March and con-
sisted of 18 races in 18 cities and 17 countries on 5 continents.

He never had specific plans to become a race engineer,
although he always wanted to be involved with racing on
some level. “Things just worked out that way,” he says, “and
I was lucky enough to get into it.” And consistent with his
easygoing personality, he adds “I’ve never really planned my
life anyhow. So what comes, comes.”

What came, after he graduated from a university in 1995,
was a job developing control logic for a furnace company in
Germany. Then he moved to a company that made dampers
for race cars. At the end of 1997, he got his first job as a
Formula 1 engineer for Arrows, a team that no longer exists.
He has been with Panasonic Toyota Racing since 2000.

To those aspiring engineers who would give their eyeteeth
to do what Oikarinen does, he says: “Get your schooling
done. But more importantly, get involved in racing clubs. Start
with go-carts and work your way up.” He adds, “There are
many ways to do it. There’s no proven rule.”

—Linda Geppert

Portions reprinted with permission, from Geppert, L., “Dream Jobs 2005” IEEE
Spectrum, February 2005, p. 33, IEEE Spectrum, February 2005. © 2005 IEEE.

the next page) shows the cutting plane passing halfway
through an object and one quarter of the object being
removed. Figure 8.27B shows the normal orthographic
views before sectioning, and Figure 8.27C shows the ortho-
graphic views after sectioning. Hidden lines are omitted on
both halves of the section view. Hidden lines may be added
to the unsectioned half, for dimensioning or for clarity.

External features of the part are drawn on the unsec-
tioned half of the view. A center line, not an object line, is
used to separate the sectioned half from the unsectioned
half of the view. The cutting plane line shown in the top
view of Figure 8.27C is bent at 90 degrees, and one arrow is
drawn to represent the line of sight needed to create the front
view in section.

Half-section views are used most often on parts that
are symmetrical, such as cylinders. Also, half sections

view are determined, then the shape of the front view is
blocked in to create all the details for the front multiview
drawing of the object. Lines that normally would be
drawn as hidden lines will be represented as solid lines
as the full-sectioned front view reveals the hidden fea-
tures of the object.

Step 5. Section lines are then added to the object to those
areas of the front view where the imaginary cutting plane
would touch the surface or is coplanar with object sur-
faces. All the section lines will be spaced equally and run-
ning in the same direction because this is a single object.

8.4.2 Half Sections

Half sections are created by passing an imaginary cutting
plane only halfway through an object. Figure 8.27A (on
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sometimes are used in assembly drawings when external
features must be shown.

8.4.3 Broken-Out Sections

A broken-out section is used when only a portion of the
object needs to be sectioned. Figure 8.28A shows a part

with a portion removed or broken away. A broken-out
section is used instead of a half- or full-section view to
save time.

A break line separates the sectioned portion from the
unsectioned portion of the view. A break line is drawn
freehand to represent the jagged edge of the break. No
cutting plane line is drawn. Hidden lines may be omitted

402 CHAPTER 8

(A)  Half section

Half section
A half-section view is created by passing a cutting plane halfway through the object.

Figure 8.27

(B) Multiview (C) Broken-out section view(A) Broken-out section

Broken-out section
A broken-out section view is created by breaking off part of the object to reveal interior features.

Figure 8.28

(B)  Multiview (C)  Half-section view



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

8. Section Views Text 415© The McGraw−Hill 
Companies, 2007

from the unsectioned part of the view, unless necessary for
clarity, as shown in Figure 8.28C.

Most CAD systems have a freehand drawing com-
mand called SKETCH, which can be used to draw a break
line.

8.4.4 Revolved Sections

A revolved section is made by revolving the cross-section
view 90 degrees about an axis of revolution and super-
imposing the section view on the orthographic view, as
shown in Figure 8.29A. When revolved section views are
used, end views normally are not needed on a multiview
drawing. A revolved section is created by drawing a center
line through the shape on the plane to represent in section.
Visualize the cross section of the part being rotated 90 de-
grees about the center line and the cross section being
superimposed on the view. If the revolved section view
does not interfere or create confusion on the view, then the
revolved section is drawn directly on the view using visi-
ble lines. If the revolved section crosses lines of the view
on which it is to be revolved, then the view is broken for
clarity. Section lines are added to the cross section to
complete the revolved section. Visible lines adjacent to the
revolved view can be either drawn or broken out using
conventional breaks, as shown in Figure 8.29B. When the
revolved view is superimposed on the part, the original
lines of the part behind the section are deleted. The cross
section is drawn true shape and size, not distorted to fit the
view. The axis of revolution is shown on the revolved
view as a center line.

A revolved section is used to represent the cross section
of a bar, handle, spoke, web, aircraft wing, or other elon-
gated feature. Revolved sections are useful for describing
a cross section without having to draw another view. In
addition, these sections are helpful, especially when a
cross section varies or the shape of the part is not apparent
from the given orthographic views. 

8.4.5 Removed Sections

Removed-section views do not follow standard view
alignments as practiced in multiview drawings. Removed
sections are made in a manner similar to revolved sections,
by passing an imaginary cutting plane perpendicular to a
part, then revolving the cross section 90 degrees. However,
the cross section is then drawn adjacent to the orthographic
view, not on it (Figure 8.30 on the next page). Removed
sections are used when there is not enough room on the
orthographic view for a revolved section.

Removed sections are used to show the contours of
complicated shapes, such as the wings and fuselage of an
airplane, blades for jet engines or power plant turbines,
and other parts that have continuously varying shapes
(Figure 8.31 on the next page).
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(A) Revolved section

(B) Revolved section; broken view

REVOLVED SECTION

DEPTH

CUTTING PLANE

HEIGHT

TRUE SIZE SECTION

DEPTH

DEPTH

HEIGHT

Line of sight
Imaginary cutting plane

Revolved section
A revolved-section view is created by passing a cutting plane
through the object, then revolving the cross section 90 degrees.

Figure 8.29
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Normally, the cross-section view is drawn adjacent to
the orthographic view and close to the position of the cut-
ting plane, which is identified with either a center line or a
cutting plane line. If a number of removed sections are
done on a part, cutting plane lines may be drawn with
labels to clarify the position from which each section is
taken. The removed section view then is labeled, such as
SECTION A–A as shown in Figure 8.30, to correspond to
the labeled cutting plane line.

Removed sections also can be drawn to a larger scale,
for better representation of the details of the cross section,
and for dimensioning. The scale used for the removed sec-
tion view is labeled beneath the view (Figure 8.32). Some-
times removed sections are placed on center lines adjacent
to the axis of revolution (Figure 8.33).

Wherever possible, a removed section should be on the
same sheet as the part it represents, and it should be la-
beled clearly. If the removed section view must be drawn
on another sheet, it must be labeled properly, such as
SECTION A–A ON SHEET 2. 

404 CHAPTER 8

Good techniquePoor technique

REMOVED SECTION

SECTION A–A

A

A

A

ATOO CROWDED
FOR REVOLVED
SECTION

Removed section
A removed section view is created by making a cross section, then moving it to an area adjacent to the view.

Figure 8.30

A

A

B

B

C

C

SECTION C–C SECTION B–B SECTION A–A

Multiple removed-section views of a
connecting rod identified with labels

Figure 8.31
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Section Views 405

DETAIL A
SCALE: 4:1 A

Scaled-section view
A scaled removed section view is placed at any convenient
location and labeled with the scale.

Figure 8.32

A B
C

A B
C

SECTION A–A SECTION B–B SECTION C–C

Aligning removed-section views
In one technique, the removed-section view is aligned along
center lines adjacent to the regular view.

Figure 8.33

8.4.6 Offset Sections

An offset section has a cutting plane that is bent at one or
more 90-degree angles to pass through important features
(Figure 8.34A on the next page). Offset sections are used for
complex parts that have a number of important features that
cannot be sectioned using a straight cutting plane. In Fig-
ure 8.34 (on the next page), the cutting plane first is bent at
90 degrees to pass through the hole and then is bent at 90 de-
grees to pass through the slot. The front portion of the object
is “removed” to create a full-section view of the part. The
cutting plane line is drawn with 90-degree offsets, as
shown in Figure 8.34A. As shown in Figure 8.34B, the
change of plane that occurs when the cutting plane is bent at
90 degrees is not represented with lines in the section view.
Multiple offset sections used on a single view are labeled as
shown in Figure 8.35 (on the next page).

8.4.7 Assembly Sections

Assembly sections are typically orthographic, pictorial,
full, or half-section views of parts as assembled (Fig-
ure 8.36 on page 407). Leonardo da Vinci was one of the

first to create assembly sections, using them to illustrate
pictorially the complex machine designs he developed.

Section assembly drawings follow special conventions.
Standard parts, such as fasteners, dowels, pins, washers,
springs, bearings, and gears, and nonstandard parts, such as
shafts, are not sectioned; instead, they are drawn showing
all of their exterior features. For example, in Figure 8.37
(on page 408), fasteners would be cut in half by the cutting
plane, yet they are not cross-hatched with section lines.

Typically, the following features are not section lined
in a mechanical assembly section drawing:

Shafts Ribs
Bearings, roller or ball Spokes
Gear teeth Lugs
Threaded fasteners Washers
Nuts and bolts Keys
Rivets Pins

Adjacent parts in assembly sections are cross-hatched at
different angles so that they are identified more easily (Fig-
ure 8.38 on page 408). Different material symbols also can
be used for this purpose. Also, if a part in an assembly
section is separated by some distance, the section lines still
are drawn in the same direction.

CAD 3-D modeling software can create models of each
part, the individual models can be sectioned, and the sec-
tion views can be placed together, resulting in a 3-D assem-
bly section. An alternative involves using a feature that
adds translucency to parts, to reveal interior assemblies
(Figure 8.39 on page 408). The models can be used to check
for interference of parts, or they can be analyzed by dynam-
ically showing the parts in action. The models also can be
rotated to produce an orthographic assembly section view.

If 2-D CAD is used to create detail drawings, assembly
sections can be created by making a pattern or template of
the detail views. The assembly section views then are placed
together, resulting in an orthographic assembly view.

8.4.8 Auxiliary Sections

Auxiliary views can be drawn in section, as shown in Fig-
ure 8.40 (on page 408). An auxiliary section can be a full
or partial section. Auxiliary sections follow the same con-
ventions as other types of sections. Features behind the sec-
tioned surfaces may not be drawn (Figure 8.41 on page 408).
This is done to save time and to improve the visualization
of the auxiliary section view. Review Chapter 6 to create
auxiliary views of objects.

Care must be taken not to draw the section lines paral-
lel or perpendicular to the visible outline of the sectioned
area, as explained earlier in this chapter.
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Normal multiview (A)  Offset section view (B)  No!

DO NOT SHOW!

Offset section
An offset-section view is created by bending the cutting plane at 90-degree angles to pass through important features.

Figure 8.34

SECTION A–A

SECTION B–B

A
A

B
B

Multiple offset sections
Multiple offset-section views use labels for identification.

Figure 8.35



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

8. Section Views Text 419© The McGraw−Hill 
Companies, 2007

407

A
ss

em
bl

y 
se

ct
io

n 
vi

ew
s 

ar
e 

ty
pi

ca
lly

 f
ul

l o
r 

ha
lf

 s
ec

tio
ns

 o
f 

m
ul

tip
le

 a
ss

em
bl

ed
 p

ar
ts

. 
(C

ou
rt

es
y 

of
 K

en
na

m
et

al
, I

nc
.)

Fi
gu

re
 8

.3
6



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

8. Section Views Text420 © The McGraw−Hill 
Companies, 2007

408 CHAPTER 8

Standard parts not section lined
Standard parts, such as fasteners and shafts, are not section lined in assembly sections, even if they are cut by the cutting plane.

Figure 8.37

Adjacent parts

Different material
symbol

Same part

Section lining adjacent parts
Adjacent parts in an assembly section are section lined at
different angles so that individual parts can be more easily
identified.

Figure 8.38

Translucency of a CAD model
With a 3-D CAD model, translucency can be used instead of
cutting planes to reveal interior features. 
(Courtesy of Unigraphics Solutions.)

Figure 8.39

Auxiliary
Section

A full auxiliary section viewFigure 8.40

Auxiliary
Section

A partial auxiliary section view
Parts of the object appearing behind the auxiliary section view
sometimes are not drawn, to improve the clarity of the drawing.

Figure 8.41
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8.5 Special Sectioning Conventions
Conventional practices have been established to handle
section views of special situations, such as alignment of
holes, ribs, and spokes. These practices are described in
the following paragraphs.

8.5.1 Ribs, Webs, and Other Thin Features

Ribs, webs, spokes, lugs, gear teeth, and other thin features
are not section lined when the cutting plane passes parallel
to the feature. A rib or web is a thin, flat part that acts as a
support (Figure 8.42).Adding section lines to these features
would give the false impression that the part is thicker than
it really is. Figure 8.43 (on the next page) shows a cut-
ting plane that passes parallel to and through a web (SEC-
TION B–B). Figure 8.43B shows the view drawn using
conventional practice, which leaves the web unsectioned.
Figure 8.43A shows an incorrect representation of the sec-
tion view, with the web having section lines. This view gives
the false impression that the web has substantial thickness.

Leaving thin features unsectioned only applies if the
cutting plane passes parallel to the feature. If the cutting
plane passes perpendicular or crosswise to the feature
(cutting plane A–A), section lines are added as shown in
Figure 8.43C.

Occasionally, section lines are added to a thin feature
so that it is not mistaken or read as an open area. Fig-
ure 8.44A (on the next page) shows a part with webs,
which are flush with the rim and the hub. In Figure 8.44B,
the part could be interpreted as being round and without
webs. To section-line a thin feature, use alternate lines, as
shown in Figure 8.44C. However, if the feature is not lost,
as shown in Figure 8.45 (on the next page), then section
lines should not be added.

8.5.2 Aligned Sections

Aligned sections are special types of orthographic draw-
ings used to revolve or align special features of parts in

order to clarify them or make them easier to represent in
section. Aligned sections are used when it is important to
include details of a part by “bending” the cutting plane. The
cutting plane and the feature are imagined to be aligned or
revolved before the section view is created. In other words,
the principles of orthographic projection are violated in
order to more clearly represent the features of the object.

Normally, the alignment is done along a horizontal or
vertical center line, and the realignment is always less than
90 degrees (Figure 8.46 on page 411). The aligned section
view gives a clearer, more complete description of the
geometry of the part. The cutting plane line may be bent
to pass through all of the nonaligned features in the un-
sectioned view (Figures 8.47 through 8.49 on pages 411
through 412).

Section Views 409

Web

Flange

Lug

Rib

Ribs, webs, and lugs
Ribs, webs, and lugs are special types of features commonly
found in mechanical components. These types of features
require special treatment in section views.

Figure 8.42

Practice Exercise 8.1
Using a foam or clay model of an object, slice the model in
half with a knife. With a water-based marker, sketch section
lines on the surfaces cut by the knife. Sketch a cutting plane
line along the edge created where the model was cut in half.
Sketch a three-view drawing of the model as it was before
being cut in half. Sketch a three-view drawing with one as a
full-section view.

Repeat these steps to make half, offset, and broken-out
sections.
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(C) Correct!

(A)  Incorrect! (B) Correct!

A A

Web

B

B

Web

SECTION B–B SECTION B–B

Web unsectioned
SECTION A–A

Web sectioned

Conventional practices for webs in section
Thin features, such as webs, are left unsectioned when cut 
parallel to the feature by the cutting plane.

Figure 8.43

With webs Without webs

(A) (B)  Avoid (C)  Preferred

WEB

Alternate method of representing a web in
section
Thin features are section lined with alternate lines if it clarifies
the geometry of the object.

Figure 8.44 (A) (B)

Omitting section lines on webs
When the feature is not lost, section lines are omitted.

Figure 8.45
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(B) Preferred(A) True Projection

Aligned section
Aligned section conversions are used to rotate the holes into position along the vertical center line.

Figure 8.46

PreferredTrue ProjectionSpoke A omitted
in the “preferred"
section view

Aligning spokes
Aligning spokes in section views is the conventional method of representation.

Figure 8.47

(A) (B)

Aligning lugs
Aligning lugs in section views is the conventional method of representation.

Figure 8.48
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The printed dimension specifies the true length (Fig-
ure 8.50).

Examples of the conventional breaks used for different
materials and cross sections are shown in Figure 8.51.
Cylindrical or tubular material is represented as a figure
eight or S. For very small parts, the figure eight can be
drawn freehand or by using an irregular curve. With CAD,
the SPLINE command can be used to create irregular
curves.

Breaks for rectangular metal or wood are drawn free-
hand, whether using traditional tools or CAD.

8.6 3-D CAD Techniques
CAD can create section views for 2-D orthographic
drawings in a manner similar to that of using hand tools.
However, 3-D CAD solid modeling programs can create
section views using nontraditional techniques. In using
CAD to create a solid model of a part, the user can as-
sign material properties and can view the model from
any position. The model also can be assigned surface

412 CHAPTER 8

(A) True projection (B) Preferred (C) Section view

Aligning ribs
Aligning ribs in section views is the conventional method of representation.

Figure 8.49

Conventional break symbols can shorten the
drawn length of a long object

Figure 8.50

Conventional practice also dictates the method for rep-
resenting certain features that are perpendicular to the line
of sight. Figure 8.47 shows a part with a feature called a
spoke, which is bent at a 30-degree angle from the vertical
center line. True projection would show the spoke fore-
shortened in the side view. However, aligning the spoke
with the vertical center line in the front view allows the
section view to be created more easily, and this is the pre-
ferred method for representing the part. Also, even though
the spoke has been aligned, standard practice requires that
section lines not be placed on the spoke. Also, spoke A is
not drawn in the section view, to save time and increase
clarity.

Alignment of features is used for many applications.
For example, the lug shown in Figure 8.48A is aligned in
the section view but is not sectioned. A lug is considered
a thin feature, so section lines normally are not used when
the cutting plane is parallel to the lug’s thickness.
However, if the lug were positioned as shown in Fig-
ure 8.48B, then the lug would be drawn with section lines.
Figure 8.49 shows how ribs are aligned before the section
view is drawn. The standard practice is to not put section
lines on ribs (Figure 8.49C).

8.5.3 Conventional Breaks

Conventional breaks are used for revolved section views
or for shortening the view of an elongated part, such as a
shovel handle or vehicle axle. Shortening the length of a
part leaves room for the part to be drawn to a larger scale.
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properties, such as color, reflectivity, and texture (Fig-
ure 8.52).

After the model is defined, section views of the part can
be created by defining a cutting plane in 3-D space. The
model can be separated along the cutting plane, to reveal
interior features, to check for the fit of multiple parts, or to
create a pictorial assembly section view. The 3-D model
can be rotated so that the line of sight is perpendicular to
the sectioned surface, creating an orthographic view for
detail drawings.

An alternative to using a cutting plane is changing the
surface property from opaque to translucent or transpar-
ent, to reveal interior details.

It soon will become common practice to create 3-D
solid models that can be manipulated and edited by the

user. If a section view is necessary for the design or docu-
mentation of a part, a cutting plane will be defined and the
section view will be created automatically by the CAD
software.

With more advanced systems, cutting planes can be
manipulated interactively, creating an animated sequence
of sections of the object being cut away. In scientific and
medical applications, it is quite common to use cutting
plane techniques to create multiple sections of volumetric
data representing the human body, geological features, at-
mospheric conditions, and so forth.

8.7 Summary
Section views are powerful aids in the design, documenta-
tion, and construction of products. There are many different
types of section views, and there are accepted standards
and conventions for creating such views. CAD is particu-
larly useful for automating the creation of section views
and adding section lines. In the future, CAD will be
used to create both traditional and nontraditional types of
section views.

The important practices for creating section views are
as follows:

■ Section lines (refer to Figures 8.20, 8.21, 8.22)

1. Section lines are drawn thin (0.35 mm or
.016 inch), black, uniform, and uniformly spaced.

Section Views 413

(A) Round solid

(B) Round tubular

(C) Round tubular

(D) Rectangular

(E) Rectangular wood

Examples of conventional break symbols
used for various materials

Figure 8.51

A section view created of a 3-D CAD model
(Courtesy of Teguh P. Soetikno MSAE, Innovative Design Engineering,
Indonesia.)

Figure 8.52
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2. Section lines are drawn at 45 degrees to the hori-
zontal when possible.

3. Section lines are not drawn parallel or perpendicu-
lar to the visible outline of the sectioned surface.

4. Section lines do not extend beyond or stop short of
the outline of the sectioned surface.

5. The cast iron symbol is the general-purpose sec-
tion line symbol.

6. Very thin parts are not shown with section lines;
instead, they are shown in solid black.

■ Cutting plane lines (refer to Figure 8.15)

1. Cutting plane lines are drawn as heavy (0.7 mm or
.032 inch) black lines in the view where the cut-
ting plane appears as an edge. One of two conven-
tional methods is used: one long and two short
dashes, or a series of short dashes.

2. The cutting plane line has precedence over center
lines.

3. Cutting plane lines are terminated by bending
them at 90 degrees at each end and placing arrows
on the ends.

4. The arrows on the ends of the cutting plane line
show the direction of the line of sight necessary to
create the section view.

5. The arrows on the ends of the cutting plane line
point away from the section view.

■ Full-section views (refer to Figures 8.2, 8.7)

1. The cutting plane passes completely through the
object.

2. The cutting plane line need not be drawn if its
position is obvious.

3. Hidden features are not represented with dashed
lines, unless necessary for clarity or for eliminat-
ing the need for additional views.

■ Half-section views (refer to Figure 8.27)

1. The cutting plane only goes halfway through the
object.

2. The unsectioned half of the section view does
not have hidden lines, unless necessary to clarify
details.

3. External features are drawn on the unsectioned
half of the section view.

4. A center line, not an object line, is used to separate
the sectioned half from the unsectioned half in the
section view.

■ Offset-section views (refer to Figure 8.34)

1. Offsets in the cutting plane line are at 90 degrees.

2. In the sectioned view, change of plane lines are
not drawn where the cutting plane line bends
90 degrees.

■ Revolved-section views (refer to Figure 8.29)

1. Lines adjacent to the revolved view can be either
drawn or broken out using conventional breaks.

2. The axis of revolution is drawn as a center line on
the revolved view.

■ Removed-section views (refer to Figure 8.30)

1. The position of the cutting plane can be identified
by either a center line or a cutting plane line.

2. Cutting plane lines may be drawn with labels to
clarify the position from which the section is
taken.

414 CHAPTER 8

Online Learning Center (OLC)

There are a number of Online Learning Center features listed below that you can use to supplement your text reading to
improve your understanding and retention of the material presented in this chapter.

■ Learning Objectives
■ Chapter Outline
■ Chapter Overview
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions
■ Key Terms

■ Flashcards
■ Website Links
■ Image Library
■ Animations
■ AutoCAD Exercises
■ Stapler Design Problem
■ Case Studies
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1. Apply the concept of cutting planes to create
section views and sectioned 3-D CAD models.
Section 8.2

2. Represent cutting plane lines and section lines using
conventional practices. Sections 8.2 and 8.3

3. Create full, half, offset, removed, revolved, broken-out,
auxiliary, and assembly section views, using conven-
tional practices. Section 8.4

4. Create conventional breaks for different materials
and cross sections. Section 8.5.3

5. Represent ribs, webs, and thin features in section
using conventional practices. Section 8.5.1

6. Represent aligned sectioned features using conven-
tional practices. Section 8.5.2

7. Apply section theory to computer models when de-
signing. Section 8.6

Historical Highlight
Very Early Attempts at Drawing

Our earliest records of drawings come from caves and from
ancient Egyptian tomb drawings. Characteristics of drawings
at this time include the human face simply displayed in a pro-
file view. Legs also are shown in profile because bending of
the legs will appear in true form. The torso, though, is better
drawn from the front because it makes it easier to represent
the arms naturally. Most drawings of this period are contrived
so that the middle part of the figure is twisted so you see the
side view of the head, the front view of the torso, and the side
view of the legs. This method to depict humans also was
used by the Babylonians from about 2500 B.C.

It is worth noting that most early drawings were of humans
or of humans using something. The focus of most drawings
seems to be to describe events or stories and not things. Even
though the Greeks were quite advanced in geometry, the draw-
ing of things was not important, which may have prevented the
development of drawing techniques useful for drawing techni-
cal devices. The development of drawing techniques suitable
for technical drawings would have to wait for the Renaissance.

Excerpted from The History of Engineering Drawing, by Jeffrey Booker, Chatto
& Windus, London, England, 1963. 

E. Strouhal, © Werner Forman/Art Resource, NY.

Goals Review

Questions for Review
1. Define section drawings.

2. Describe how 3-D CAD is used to create section
views.

3. Describe how cutting plane lines are used.

4. Sketch the two standard types of cutting plane lines.

5. List three applications of section views.

Section Views 415
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6. What convention is used for hidden lines in a section
view?

7. What convention is used for hidden lines on the un-
sectioned half of a half-section view?

8. Define section lines.

9. Sketch the material symbol used to represent steel.

10. Describe how thin parts are represented in a section
view.

11. Describe the difference between a revolved and a
removed section view.

12. List some of the standard parts that are not sectioned
in an assembly section. Explain why.

13. What type of line is used to separate the sectioned
half from the unsectioned half of a half-section view?

14. List some of the future applications of 3-D CAD sec-
tion views.

15. Describe the characteristics of the way humans were
depicted by the ancient Egyptians.

416 CHAPTER 8
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Workbook Problems

Workbook Problems are additional exercises to help you
learn the material presented in this chapter. The problems
are located at the back of the textbook and can be removed
from the book along the perforated edge.

8.1 Section View Matching. Using the space pro-
vided, identify the correct section view given the
front and top views and the location of the cutting
plane.

8.2 Section Views. Sketch the section view as indi-
cated by the cutting plane line.

8.3 Offset Section View. Draw the necessary views,
including an offset section view of the object.

8.4 Section Views. Follow the directions on the
worksheet for each problem to create the assigned
section view.

Problems

The website contains starter files for most of the drawing
problems in either your native CAD file format or as a
DXF file which can be imported into most CAD software
programs. If you are sketching the problems, use either
paper recommended by your instructor or the workbook
that accompanies this text.

8.1 Sketch, or draw with CAD, full-section views of
the objects shown in Figure 8.53. Consider each
grid to be 0.25� or 6 mm.

8.2 Sketch, or draw with CAD, offset section views of
the objects shown in Figure 8.54. Consider each
grid to be 0.25� or 6 mm.

8.3 Sketch, or draw with CAD, half-section views of
the objects shown in Figure 8.55. Consider each
grid to be 0.25� or 6 mm.

8.4 Sketch, or draw with CAD, broken-out section
views of the objects shown in Figure 8.56. Con-
sider each grid to be 0.25� or 6 mm.

8.5 Sketch, or draw with CAD, the views with sections
as indicated by the cutting plane lines in Fig-
ure 8.57. Each grid square equals 1⁄4 inch or 6 mm.

8.6 Sketch, draw with CAD, then create the necessary
views, including a section view, of the objects
shown in Figures 8.58 through 8.73 or create a 3-D
model.
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(A)

(B)

Create full-section viewsFigure 8.53
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(D)

(C)

ContinuedFigure 8.53
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(A)

(B)

Create offset-section viewsFigure 8.54
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(C)

(D)

ContinuedFigure 8.54
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(A)

(B)

Create half-section viewsFigure 8.55
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(C)

(D)

ContinuedFigure 8.55
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(A)

(B)

Create broken-out section viewsFigure 8.56
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(4) (5) (6)

(1) (2) (3)

(7) (8) (9)

(10) (11) (12)

Section view problemsFigure 8.57
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(16) (17) (18)

(13) (14) (15)

(19) (20) (21)

(22) (23) (24)

ContinuedFigure 8.57
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End plateProblem 1 Piston capProblem 2

Brake-rod bracketProblem 3 Column collarProblem 4 Metric

Classic Problems

The following classic problems were taken from Engi-
neering Drawing & Graphic Technology, 14th Edition, by
Thomas E. French, Charles J. Vierck, and Robert Foster.

1 and 2. Select views that will best describe the piece.

3. Draw the top view as illustrated and the front view
in half section on A–A.

4. Draw the top view and sectional view (or views) to
best describe the object.
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Design in Industry
The Design of the Leonard Zakim Bunker Hill Bridge

rises 295 feet above ground. The inverted Y design of the
two supporting planes resembles the nearby Bunker Hill
Monument, while bestowing the bridge with a symbolic
role as the gateway into the city of Boston.

432

This example describes the design of a 10-lane bridge in
Boston, MA, where dimensioning and tolerancing were
critical to the construction.

The Leonard P. Zakim Bunker Hill Bridge is consid-
ered the crown jewel of Boston’s Central Artery/Tunnel
Project, otherwise known as “The Big Dig”—the most
challenging and technologically complex highway con-
struction project ever attempted in the United States.

Swiss engineer Christian Menn designed the 10-lane,
180-foot-wide cable-stayed bridge to carry Boston’s
heavy traffic on I-93 across the Charles River. Astonishing
for a project of this magnitude, Menn did not use any com-
puter-aided design programs for the conceptual design.
“With some simple calculations I determined the neces-
sary cross sections and gradually checked the space for the
reinforcement required,” said Menn. Virtually every di-
mension in Menn’s initial calculations remained un-
changed for the final design.

A design utilizing cable-stayed structures permitted the
most flexibility in a complex urban environment such as
Boston—allotting a wide surface for travel, yet providing
a narrow and unobtrusive aesthetic, and allowing maneu-
verability for boats and barges in the Charles River under-
neath. The anchorage of the first cables of the bridge’s side
spans presented the most trouble for Menn because the ca-
bles and the legs of the pylons exhibited different spatial
inclinations.

Menn’s initial studies showed that bridge systems with
three supporting planes—one on each side and one in the
median of Interstate Highway I-93—were useless because
the middle supporting plane was practically idle. How-
ever, systems constructed with two supporting planes on
each side of the I-93 lanes provided the most economi-
cally efficient solution, being able to withstand the abra-
sive New England winds, while utilizing the middle
supporting plane for traffic. These two supporting planes
offered the most stability and balance for post-stress con-
crete decks with short back spans. The bridge’s north
tower is 330 feet above the ground, while the south tower

A view of the cables and support for the Leonard Zakim
Bunker Hill Bridge.
(Courtesy of Christian Menn.)
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9
Dimensioning
and Tolerancing
Practices*

If you can measure that of which you speak, and can
express it by a number, you know something about your
subject; but if you cannot measure it, your knowledge is
meager and unsatisfactory.

—Lord Kelvin

Objectives and Overview
After completing this chapter, you will be able to:

1. Apply the standard dimensioning practices for me-
chanical drawings.

2. Differentiate between current ANSI standards and
past practices for dimensioning.

3. Apply English and metric tolerances to dimensions.

4. Calculate standard tolerances for precision fits.

5. Apply tolerances using the basic shaft and basic hole
systems.

The process of adding size information to a drawing is
known as dimensioning, and standard dimensioning prac-
tices have been established for this purpose.

There are different standards for different types of
drawings, such as architectural drawings, mechanical
drawings, highway drawings, steel detail drawings, weld-
ing drawings, and so on. In this chapter, the focus will be
on mechanical drawings. 

CHAPTER

433

*Some material for this chapter was written by Professor Thomas P. Sweeney,
Hutchinson Technical College, Hutchinson, MN, and Professor Ted Branoff,
North Carolina State University, Raleigh, NC.
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The most common dimensioning standard used in the
United States today was developed and is updated by the
American National Standards Institute (ANSI) and is pub-
lished by the American Society of Mechanical Engineers
(ASME). The current version of this standard is ANSI
Y14.5M–1994. The dimensioning practices described in
this text follow this latest ANSI standard.

9.1 Dimensioning
Geometrics is the science of specifying and tolerancing
the shapes and locations of features on objects. In design
work, it is essential that the roundness of a shaft be stated
as clearly as the size. Once the shape of a part is defined
with an orthographic drawing, the size information is
added in the form of dimensions. Dimensioning a draw-
ing also identifies the tolerance (or accuracy) required for
each dimension. If a part is dimensioned properly, then the
intent of the designer is clear to both the person making
the part and the inspector checking the part (Figure 9.1).
Everyone in this circle of information (design, manufac-
turing, quality control) must be able to speak and under-
stand a common language. A well-dimensioned part is a
component of this communications process.

Effective communication among design, manufactur-
ing, and quality control is more essential than ever before.
In a modern manufacturing facility, the distinctions among
design, drafting, prototype building, specification writing,
and all of the other functions involved in developing a prod-
uct are becoming blurred.Aproduct development team may
be comprised of several types of job classifications, to the
point where it is difficult to identify any one “designer.”

In this concurrent engineering environment, the ability
to convey ideas from one group to another is critical. Con-
sistency is an essential part of effective communication. All
drawings should be understood by all users of the draw-
ings, regardless of the user’s role in the design process. For
a drafter or designer, communication of the design needs of
a part to the others on the team is done by dimensioning.

A fully defined part has three elements: graphics, di-
mensions, and words (notes) (Figure 9.2). Dimensions are
dependent on symbols, which are a specialized set of tools
used for communication. Dimensioning provides the vital
details that cannot be conveyed by drawing details alone.

9.2 Size and Location Dimensions
A well-dimensioned part or structure will communicate
the size and location requirements for each feature. Com-
munications is the fundamental purpose of dimensions.

Designs are dimensioned based on two criteria:

1. Basic sizes and locations of features.

2. Details for construction and for manufacturing.

The unit of measurement selected should be in accor-
dance with the policy of the user. Construction and archi-
tectural drawings use feet and inches for dimensioning
units (Figure 9.2). On a drawing for use in American in-
dustry for manufacturing, all dimensions are in inches, un-
less otherwise stated. Generally, if parts are more than
72 inches in length, the drawings will switch to feet and
inches for the standard unit of measure. Most countries
outside of the United States use the metric system of mea-
sure, or the international system of units (SI), which is
based on the meter.

434 CHAPTER 9

Our technological world depends on dimensionally accurate
drawings and models for communication of the design and for
production.
(© Michael Rosenfeld/Stone/Getty Images.)

Figure 9.1



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

9. Dimensioning and 
Tolerancing Practices

Text 447© The McGraw−Hill 
Companies, 2007

Dimensioning and Tolerancing Practices 435

The SI system is being used more in the United States
because of global trade and multinational company affili-
ations. The common metric unit of measure on engineer-
ing drawings is the millimeter, abbreviated as mm.

Individual identification of linear units is not required
if all dimensions on a drawing are in either millimeters or
inches. The drawing shall, however, contain a note stat-
ing ALL DIMENSIONS ARE IN MILLIMETERS (or
INCHES, as applicable). If the drawing is in millimeters,
an alternative is to use the word METRIC, shown in
the upper right corner of the drawing. Where some inch
dimensions are shown on a millimeter-dimensioned
drawing, the abbreviation IN follows the inch value.
Where some millimeter dimensions are shown on an inch-
dimensioned drawing, the MM symbol is used.

Occasionally, a company will use dual dimensioning,
that is, both metric and English measurements, on a draw-
ing. Although the most recent ASME standard does not fea-
ture dual dimensioning (and the practice should be
avoided), two methods are found: position and bracket.
Position dual dimensioning, shown in Figure 9.3A (on the

next page), has the metric value placed above the inch value,
separated by the dimension line. The bracket method,
shown in Figure 9.3B, shows the decimal inch dimension in
brackets.

Angular dimensions are shown either in decimal
degrees or in degrees, minutes, and seconds. The symbol
used for degrees is °, for minutes �, and for seconds �.
Where only minutes and seconds are specified, the number
of minutes or seconds is preceded by the 0°. Figure 9.4 (on
the next page) shows examples of angular units used to
dimension angles.

9.2.1 Terminology

There are a number of terms important to dimensioning
practices. These terms are illustrated in Figure 9.5 (on the
next page) and are defined as follows:

1. Dimension—the numerical value that defines the
size, shape, location, surface texture, or geometric
characteristic of a feature. Normally, dimension

Engineering drawing
An engineering drawing will have graphics, dimensions, and words or notes to fully define the part.

Figure 9.2
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A dual-dimensioned drawing shows both
millimeter and decimal inch measurements

Figure 9.3
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Angular units
Angular dimensions are shown either in decimal degrees or in
degrees, minutes, and seconds.

Figure 9.4
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text is 3 mm or 0.125� high, and the space between
lines of text is 1.5 mm or 0.0625� (Figure 9.6). In
metric dimensioning, when the value is less than
one, a zero precedes the decimal point. In decimal
inch dimensioning, when the value is less than one,
a zero is not used before the decimal point.

2. Basic dimension—a numerical value defining the
theoretically exact size, location, profile, or orien-
tation of a feature relative to a coordinate system
established by datums. They are identified on a
drawing by enclosing the dimension in a rectangu-
lar box. Basic dimensions have no tolerance. They
locate the perfect geometry of a part, while the ac-
ceptable variation or geometric tolerance is de-
scribed in a feature control frame.

3. Reference dimension—a numerical value en-
closed in parentheses, provided for information
only and not directly used in the fabrication of the
part. A reference dimension is a calculated size
without a tolerance used to show the intended de-
sign size of a part. Drawings made to older stan-
dards may have placed REF next to a reference
dimension, instead of using parentheses.

4. Dimension line—a thin, solid line that shows the
extent and direction of a dimension. Dimension
lines are broken for insertion of the dimension
numbers.

5. Arrows—symbols placed at the ends of dimen-
sion lines to show the limits of the dimension,
leaders, and cutting plane lines. Arrows are uni-
form in size and style, regardless of the size of the
drawing. Arrows are usually about 3 mm (1⁄8�) long
and should be one-third as wide as they are long.
Figure 9.7 shows the dimensions used to make an
arrow by hand. Arrowheads on engineering draw-
ings are represented by freehand curves and can be
filled, closed, or open, as shown in the figure.

6. Extension line—a thin, solid line perpendicular to
a dimension line, indicating which feature is asso-
ciated with the dimension.

7. Visible gap—there should be a visible gap of
1 mm (1⁄16�) between the feature’s corners and the
end of the extension line.

8. Leader line—a thin, solid line used to indicate the
feature with which a dimension, note, or symbol is
associated. A leader line is generally a straight line
drawn at an angle that is neither horizontal nor verti-
cal. Leader lines are terminated with an arrow touch-
ing the part or detail. On the end opposite the arrow,
the leader line will have a short, horizontal shoulder
(3 mm or .125� long). Text is extended from this
shoulder such that the text height is centered with the
shoulder line. Two or more adjacent leaders on a
drawing should be drawn parallel to each other.

9. Limits of size—the largest acceptable size and the
minimum acceptable size of a feature. The value
for the largest acceptable size, expressed as the
maximum material condition (MMC), is placed
over the value for the minimum acceptable size,

Dimensioning and Tolerancing Practices 437
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expressed as the least material condition (LMC),
to denote the limit-dimension-based tolerance for
the feature.

10. Plus and minus dimension—the allowable posi-
tive and negative variance from the dimension
specified. The plus and minus values may or may
not be equal.

11. Diameter symbol—a symbol which precedes a
numerical value, to indicate that the dimension
shows the diameter of a circle. The symbol used is
the Greek letter phi (ø).

12. Radius symbol—a symbol which precedes a nu-
merical value to indicate that the associated di-
mension shows the radius of a circle. The radius
symbol used is the capital letter R.

13. Tolerance—the amount that a particular dimen-
sion is allowed to vary. All dimensions (except
reference dimensions) have an associated toler-
ance. A tolerance may be expressed either through
limit dimensioning, plus and minus dimensioning,
or a general note. The tolerance is the difference
between the maximum and minimum limits.

14. Datum—a theoretically exact point used as a ref-
erence for tabular dimensioning (see Figure 9.11).

9.2.2 Basic Concepts

A size dimension might be the overall width of a part or
structure, or the diameter of a drilled hole (Figure 9.8). A
location dimension might be the length from the edge of
an object to the center of a feature. The basic criterion is,
“What information is necessary to manufacture or con-
struct the object?” For example, to drill a hole, the manu-
facturer would need to know the diameter of the hole, the
location of the center of the hole, and the depth to which
the hole is to be drilled. These three dimensions describe
the hole in sufficient detail for the feature to be made using
machine tools.

Dimensions should not be excessive, either through du-
plication or by dimensioning a feature more than one way.
For example, if the diameter of a hole is given in the front
view, it should not be given again in the top or profile
views. Another excessive dimension would be the radius
of the hole in addition to the diameter. The radius infor-
mation adds nothing to the information about the feature
and actually can be more confusing than helpful.

9.2.3 Size Dimensions

■ Horizontal—the left-to-right distance relative to the
drawing sheet. In Figure 9.9, the width is the only hor-
izontal dimension.

■ Vertical—the up-and-down distance relative to the
drawing sheet. In Figure 9.9, the height and the depth
are both vertical dimensions, even though they are in
two different directions on the part.
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■ Diameter—the full distance across a circle, measured
through the center. This dimension usually is used only
on full circles or on arcs that are more than half of a full
circle.

■ Radius—the distance from the center of an arc to any
point on the arc, usually used on arcs less than half cir-
cles. In Figure 9.9, the radius points to the outside of
the arc, even though the distance measured is to the
center, which is inside. The endpoints of the arc are tan-
gent to the horizontal and vertical lines, making a quar-
ter of a circle. This is assumed, and there is no need to
note it. If the radius is not positioned in this manner,
then the actual center of the radius must be located.

9.2.4 Location and Orientation Dimensions

■ Horizontal position—In Figure 9.10, dimensions A and
D are horizontal position dimensions that locate the
beginnings of the angle. Dimension A measures
more than one feature—the sum of the arc’s radius and
the straight line. The measurement for dimension A is
taken parallel to the dimension line. Dimension D is the
measurement of a single feature—the sloping line—
but it is not the true length of the line. Rather, it is the
left-to-right distance that the line displaces. This is
called the “delta X value,” or the change in the X di-
rection. The C dimension measures the horizontal loca-
tion of the center of the hole and arc.

■ Vertical position—The B dimension in Figure 9.10
measures the vertical position of the center of the hole.
For locating the hole, the dimensions are given to the
center, rather than the edges of the hole. All circular
features are located from their centers.

■ Angle—The angle dimension in Figure 9.10 gives the
angle between the horizontal plane and the sloping
surface. The angle dimension can be taken from sev-
eral other directions, measuring from any measurable
surface.

9.2.5 Coordinate Dimensions

The advent of computer-controlled manufacturing has
encouraged dimensioning in terms of rectangular coordi-
nates. In rectangular coordinate dimensioning, a base-
line (or datum line) is established for each Cartesian coor-
dinate direction, and all dimensions are specified with
respect to these baselines. This also is known as datum di-
mensioning or baseline dimensioning. Dimensions may
be given either with dimension lines and arrowheads (Fig-
ure 9.11) or without dimension lines and arrowheads
(Figure 9.12).
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All dimensions are specified as X and Y distances from
an origin point, usually placed at the lower left corner of
the part. The origin is identified as X and Y ZERO (0).

Datum dimensioning should be used with caution be-
cause of the tolerance stack-up that takes place (see dis-
cussion on tolerancing in this chapter).

Tabular coordinate dimensioning involves labeling each
feature with a letter and then providing information on size
and location in a table, as shown in Figure 9.12. In Fig-
ure 9.13, tabular coordinate dimensions are used with the
origin located on an existing feature (the center of hole A4).
The dimension values are in a tabulated chart, and the holes
are labeled. Features, such as hole centerA2, that are located
to the left of or below the origin have negative values.

9.2.6 Standard Practices

The guiding principle for dimensioning a drawing is clar-
ity. To promote clarity, ANSI developed standard practices
for showing dimensions on drawings.

Placement Dimension placement depends on the space
available between extension lines. When space permits,
dimensions and arrows are placed between the extension
lines, as shown in Figure 9.14A and E.

When there is room for the numerical value but not the
arrows as well, the value is placed between the extension
lines and the arrows are placed outside the extension lines,
as shown in Figure 9.14B and F.

When there is room for the arrows but not the numerical
value, the arrows are placed between the extension lines,
and the value is placed outside the extension lines and
adjacent to a leader, as shown in Figure 9.14C and G.

When the space is too small for either the arrows or the
numerical value, both are placed outside the extension
lines, as shown in Figure 9.14D and H.

Spacing The minimum distance from the object to the
first dimension is 10 mm (3⁄8�), as shown in Figure 9.15.
The minimum spacing between dimensions is 6 mm (1⁄4�).
These values may be increased where appropriate.

There should be a visible gap between an extension
line and the feature to which it refers. Extension lines
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the part

Figure 9.13

Millimeter dimensioning

Decimal dimensioning
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Dimension text placement
Standard practice for the placement of dimensions depends on
the space available.

Figure 9.14

64

13

Approximately
2 mm

Visible
Gap

6 mm MIN, (  ")1
4

10 mm MIN, (  ")3
8

Minimum dimension line spacing
Standard practice for the spacing of dimensions is 10 mm from
the view and 6 mm between dimension lines.

Figure 9.15
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should extend about 2 to 3 mm (1⁄8�) beyond the last di-
mension line.

Grouping and Staggering Dimensions should be grouped
for uniform appearance, as shown in Figure 9.16. As a
general rule, do not use object lines as part of your dimen-
sion (Figure 9.16B). Where there are several parallel
dimensions, the values should be staggered, as shown in
Figure 9.17.

Extension Lines These lines are used to relate a dimen-
sion to one or more features and usually are drawn per-
pendicular to the associated dimension line. Where space
is limited, extension lines may be drawn at an angle, as
shown in Figure 9.18. Where angled extension lines are
used, they must be parallel, and the associated dimension
lines must be drawn in the direction to which they apply.

Extension lines should not cross dimension lines, and
they should avoid crossing other extension lines whenever

Dimensioning and Tolerancing Practices 441

130.00

50.0040.00

(A) Yes (B) No!

40.00

50.00

130.00

Group dimensions
In standard practice, dimensions are grouped on a drawing. Do not use object lines as extension lines for a dimension.

Figure 9.16

58

50

40

20

ø 40
ø 50

ø 75
ø 100

ø 150
ø 20

68

Stagger dimension text
The general practice is to stagger the dimension text on parallel
dimensions.

Figure 9.17

10

23

30

41

45

55

30

12.5

5.0

2.5

Angling extension lines
Angling of extension lines is permissible when space is limited.

Figure 9.18
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possible. When extension lines cross object lines or other
extension lines, they should not be broken. When exten-
sion lines cross or are close to arrowheads, they should be
broken for the arrowhead (Figure 9.19).

When the center of a feature is being dimensioned, the
center line of the feature is used as an extension line (Fig-
ure 9.20A). When a point is being located by extension
lines only, the extension lines must pass through the point
(Figure 9.20B). 

Limited Length or Area If a limited length or area  (such as
the knurled portion of a shaft) will be detailed further, the
limits may be defined by a chain line (alternating short
and long dashes). The chain line is drawn parallel to the
surface being defined. If the chain line applies to a surface
of revolution, only one side need be shown (Fig-
ure 9.21A). When the limited area is being defined in a
normal view of the surface, the area within the chain line
boundary is section lined (Figure 9.21B). Dimensions are
added for length and location, unless the chain line clearly
indicates the location and size of the surface.

Reading Direction All dimensions and note text must be
oriented to read from the bottom of the drawing (relative
to the drawing format). This is called unidirectional di-
mensioning (Figure 9.22). The aligned method of dimen-
sioning may be seen on older drawings or on architectural
drawings but is not approved by the current ANSI stan-
dard. Aligned dimensions have text placed parallel to
the dimension line, with vertical dimensions read from the
right of the drawing sheet.

View Dimensioning Dimensions are to be kept outside the
boundaries of views, wherever practical (Figure 9.23B).
Dimensions may be placed within the boundaries where
extension or leader lines would be too long or where clar-
ity would be improved.

Out-of-Scale Dimensions Drawings always are made to
scale, and the scale is indicated in the title block. If it is nec-
essary to include a dimension that is not in that scale, the
out-of-scale dimension text must be underlined with a
heavy, straight line placed directly below the dimension
text, as shown in Figure 9.24. On older drawings, the letters
NTS, for not to scale, may be found next to the dimension.

Repetitive Features The symbol � is used to indicate the
number of times a feature is to be repeated. The number of
repetitions, followed by the symbol � and a space, pre-
cedes the dimension text. For example, in Figure 9.25 (on
page 444), 4 � ø .375 means that there are 4 holes with a
diameter of .375�. Note that the symbol � also may be
used to indicate “by,” such as when a slotted hole is
specified as “width by length,” as seen in Figure 9.30.
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8

10

13

13
26

39

Break extension
lines for arrows

Do not break

Extension line practice
Extension lines should not cross dimension lines, are not
broken when crossing object or other extension lines, and are
broken when crossing arrows.

Figure 9.19

(B)

48

41

(A)

Center line used as
an extension line

20

25

12

Center of a feature
The center of a feature, such as a hole, is located by making the
center lines extension lines for the dimension. Extension lines
also can cross to mark a theoretical point.

Figure 9.20
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POLISH

DIAMOND KNURL

Place label
in this area

10 40

20

40

(A) (B)

Chain line
(A) Limited area or length is indicated with a dashed chain line. (B) Limited area in the normal view is indicated with a chain line
and section lines.

Figure 9.21

1.00

2.00

1.
00

2.
00

1.00

2.00

1.00

2.00

Unidirectional
Current standard

Aligned
Old standard

Unidirectional and aligned methods
The unidirectional method of placing text is the current
standard practice.

Figure 9.22

(B)(A) No! Yes

Dimension outside of view
Dimensions are kept off the view, unless necessary for clarity.

Figure 9.23

24.00

Not-to-scale designation
A not-to-scale dimension is indicated by placing a line below
the dimension text.

Figure 9.24
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Whenever the symbol � is used for both purposes in the
same drawing, care should be taken to avoid confusion.

9.3 Detail Dimensioning
Holes typically are dimensioned in a view that best de-
scribes the shape of the hole. For diameters, the diameter
symbol must precede the numerical value. When holes are
dimensioned with a leader line, the leader line must be ra-
dial (Figure 9.26). A radial line is one that passes through
the center of a circle or arc if extended. 

Symbols are used for spotface, counterbored, and coun-
tersunk holes. These symbols always must precede the di-
ameter symbol (Figure 9.27). The depth symbol is used to
indicate the depth of a hole. The depth symbol precedes the
numerical value. When the depth of a blind hole is speci-
fied, the depth is to the full diameter of the hole and not to
the point (Figure 9.28). When a chamfer or countersink is
placed in a curved surface, the diameter refers to the mini-
mum diameter of the chamfer or countersink. If the depth or
remaining thickness of material for a spotface is not given,
the spotface depth is the smallest amount required to clean
up the material surface to the specified diameter. Chamfers
are dimensioned by providing either an angle and a lin-
ear dimension or two linear dimensions (Figure 9.29).
Chamfers of 45 degrees may be specified in a note.

Slotted holes may be dimensioned in any of several
ways, depending on which is most appropriate for the ap-
plication. The various options for dimensioning slotted
holes are shown in Figure 9.30.

Keyseats and keyways, which are fastening devices,
present some unusual problems. Figure 9.31 shows the
proper way to dimension keyseats and keyways. The height
of the keyseat itself is not dimensioned because, once the
top of the shaft is cut away, there is no feature left to

444 CHAPTER 9

4X ø .375

Using the symbol � to dimension repetitive
features

Figure 9.25

ø 40 (Correct)

ø 40 (Incorrect)

Radial leader lines
Leader lines used to dimension holes must be radial.

Figure 9.26

Counterbore or
spotface symbol

Countersink
symbol

Diameter
symbol

Square
symbol

ø 10
ø 20

   8

ø 10
ø 20

   2

ø 10
ø 20 X 90°

Depth
symbol

Counterbore Countersink Spotface

Symbols for drilling operations
Symbols to represent machine drilling operations always
precede the diameter symbol.

Figure 9.27
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20

ø 30
   20

Dimensioning a blind hole
The depth of a blind hole reflects the depth of the full diameter.

Figure 9.28

90°

45°

ø 40

ø 40

2

30°

2 X 45°
or

2 X 2

Internal Chamfers

Dimensioning chamfers
Chamfers are dimensioned by providing either an angle and a
linear distance or two linear dimensions.

Figure 9.29

10 X 40

2 X R5

2 X R5

2 X R5

30

10

40

10

Dimensioning slots
Several methods are appropriate for dimensioning slots.

Figure 9.30

Keyseat

.500

.125

ø .625

Keyway

ø .500

.625

.125

Standard method of dimensioning keyways
and keyseats

Figure 9.31
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measure. Also, the dimensions are unilateral: for the key-
seat, the dimension is a minimum; for the keyway, the
dimension is a maximum. This is to ensure a clearance once
the key is inserted between the parts.

Figure 9.32 displays some of the dimensioning meth-
ods used for various features. On the left side are the
ASME Y14.5–1994 versions. The right side shows some
of the most common previously used dimensioning ver-
sions. The ASME style relies heavily on symbols, using
very few English words. The old style relied heavily on
words and descriptions. The problem with such notes is
that they are subject to interpretation and may not be easy
to translate into other languages.

It is important to be familiar with the older methods of
dimensioning because there are still so many drawings in
existence that were developed with these methods.

9.3.1 Diameter versus Radius

If a full circle or an arc of more than half a circle is being
dimensioned, the diameter is specified, preceded by the
diameter symbol, which is the Greek letter phi. If the arc is
less than half a circle, the radius is specified, preceded by
an R. Concentric circles are dimensioned in the longitudi-
nal view, whenever practical (Figure 9.33).

As previously stated, radii are dimensioned with the
radius symbol preceding the numerical value. The dimen-
sion line for radii shall have a single arrowhead touching the
arc. When there is adequate room, the dimension is placed
between the center of the radius and the arrowhead (Fig-
ure 9.34). When space is limited, a radial leader line is used.
When an arc is not defined clearly by being tangent to other
dimensioned features on the object, the center of the arc is
noted with a small cross (Figure 9.34). The center is not
shown if the arc is tangent to other defined surfaces. Also, if
the center of an arc interferes with another view or is outside
the drawing area, foreshortened dimension lines may be
used (Figure 9.35). When a radius is dimensioned in a view
where it does not appear true shape (such as in Figure 9.36),
the word TRUE appears preceding the radius symbol.

A spherical radius, such as for the end of a spherical
knob, is dimensioned with the symbol SR preceding the
numerical value.

Earlier methods followed similar requirements, except
that the abbreviation DIA. (or sometimes simply D) was
used instead of the diameter symbol. It is not unusual to
see the term DRILL, or DRILL & REAM rather than the
DIA. callout. However, those terms specify how a part is
to be made, and ASME specifically states that machining
methods must be avoided (see item 6 in Section 9.4.2).
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Current ASME Y 14.5–1994
standards

Diameter dimensions Diameter dimensions

Through hole Through hole

Blind hole 1.00 deep Blind hole 1.00 deep

Previous standards

ø .50

ø .50 ø .50

ø .50

ø .50
DIA

ø .50 D ø .50
DIA

DIA .50

ø .50
THRU

ø .50

Spotface

Countersink

ø .25
ø .50 X 82°

ø .25
THRU C'SINK 82

°

TO .50 DIA

Countersink

ø .25 DIA
THRU C'BORE
.50 DIA X .31 DP

ø .25 DIA
THRU SP FACE
.50 DIA

Counterbore Spotface

(A) (B)

(C) (D)

(E) (F)

(G) (H)

(I) (J)

ø .25
ø .50

   .31

ø .25
ø .50

Counterbore

ø .50
   1.00

ø .50
X 1.00 DP

Summary of current and previous ASME
standard dimensioning symbols

Figure 9.32
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Dimensioning concentric circles
Concentric circles are dimensioned in the longitudinal view.

Figure 9.33

R 10

R 40

95

80

R 46

Dimensioning arcs
Arcs of less than half a circle are dimensioned as radii, with the
R symbol preceding the dimension value.

Figure 9.34

110

85

R 92

Foreshortened leaders
Foreshortened leader lines sometimes are used on large arcs.

Figure 9.35

TRUE R 50

Use the word TRUE if the arc is dimensioned in a foreshortened view.

Figure 9.36
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9.3.2 Holes and Blind Holes

The diameter is specified for holes and blind holes. Blind
holes are ones that do not go through the part. If the hole
does not go through, the depth is specified, preceded by
the depth symbol (Figure 9.32E and F). Holes with no
depth called out are assumed to go through (Figure 9.32C
and D).

Previously, DEEP or DP was added to the depth di-
mension. For holes that went all the way through a part,
the term THRU was used.

9.3.3 Counterbored Holes

A counterbore symbol is placed before the diameter call-
out, and the depth of the counterbore is shown with a
depth symbol. If a depth is stated, the feature is a counter-
bore; if not, the feature is a spotface. The full note shows
the diameter of the through hole, followed by the diameter
of the counterbore, then the depth of the counterbore (Fig-
ure 9.32G).

Previously, the term C’BORE or COUNTERBORE
was added to the diameter callout, and the depth was
called out with DEEP or DP.

9.3.4 Spotfaces

Spotfaces use the same specifications as the counterbore,
except that the depth can be left out, which means that the
machinist is to machine a flat of the given diameter, with the
minimum depth necessary to create the flat (Figure 9.32G).

The previous technique also used the same specifica-
tion as the early counterbore, except that the term S’FACE
or SPOTFACE was used.

9.3.5 Countersinks

A countersink symbol is placed with the diameter of the
finished countersink, followed by the angle specification.
The depth is not given because the diameter is easier to
measure (Figure 9.32I).

Previously, the term C’SINK or COUNTERSINK was
used with the diameter of the finished countersink, and the
angle was specified.

9.3.6 Screw Threads

There are standards that apply directly to each size thread.
ANSI Y14.6 is a complete definition of all of the inch se-
ries threads.

Local notes are used to identify thread types and di-
mensions (Figure 9.37). For threaded holes, the note
should be placed on the circular view. For external
threads, the dimension is placed on the longitudinal view
of the thread.

9.3.7 Grooves

Two dimensions are necessary for a groove, the width and
the depth or diameter. Figure 9.38 shows some of the most
common ways to dimension a groove in a shaft.
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Using a leader and note to dimension screw
threads

Figure 9.37

.50–13 UNC–2 B

.50–13 UNC–2A 

.03 X
.03

.06

ø .125

.06 X
.03

R.03

ø .125

Dimensioning grooves
Dimensioning grooves requires the width and the depth or
diameter.

Figure 9.38
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9.3.8 Manufacturers’ Gages

Several manufacturers’ standards have been devised over
the years to define the sizes of certain commodities. For
example, the Unified National Screw Thread system is a
gage system applying to threads. A few other gages are
sheet metal, wire, steel plate, and structural steel shapes.
Figure 9.39 shows a gage table for sheet metal. For exam-
ple, a number 20 gage galvanized sheet would have a
thickness of 0.0396, using the table. Standard sheet metal
may be dimensioned using a leader and a note.

9.4 Dimensioning Techniques
Dimensioning is accomplished by adding size and loca-
tion information. One dimensioning technique is called
contour dimensioning because the contours or shapes of
the object are dimensioned in their most descriptive view

(Figure 9.40A on the next page). For example, the radius
of an arc would be dimensioned where it appears as an arc,
not as a hidden line marking its extent (Figure 9.40B).

A second dimensioning technique involves breaking the
part down into its more basic geometric forms (Figure 9.41
on the next page). This method is called geometric break-
down dimensioning and is used on objects made of geo-
metric primitives, such as prisms, cylinders, and spheres,
or their derivatives, such as half spheres or negative cylin-
ders (holes). This technique is similar to that used for
building a CAD solid model using geometric primitives.
To create a cylinder with a solid modeler, you would have
to define its height and diameter. To dimension a cylinder
on an engineering drawing, you also would have to specify
the height and diameter (Figure 9.41 on the next page).

A common problem in dimensioning is insufficient
space for the dimensions. This occurs when the empha-
sis is placed on identifying and arranging the views,
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Standard sheet-metal gage tableFigure 9.39

Sheet-Metal Gages in Approximate Decimals of an Inch

No. of Manufacturers’ Birmingham Galvanized Zinc No. of Manufacturers’ Birmingham Galvanized Zinc
Sheet- Standard Gage Gage (B.G.) Sheet Gage Gage Sheet- Standard Gage Gage (B.G.) Sheet Gage Gage
Metal for Steel for Sheets, Metal for Steel for Sheets,
Gage Hoops Gage Hoops

15/0 . . . 1.000 . . . . . . 20 0.0359 0.0392 0.0396 0.070
14/0 . . . 0.9583 . . . . . . 21 0.0329 0.0349 0.0366 0.080
13/0 . . . 0.9167 . . . . . . 22 0.0299 0.03125 0.0336 0.090
12/0 . . . 0.8750 . . . . . . 23 0.0269 0.02782 0.0306 0.100
11/0 . . . 0.8333 . . . . . . 24 0.0239 0.02476 0.0276 0.125
10/0 . . . 0.7917 . . . . . . 25 0.0209 0.02204 0.0247 . . .
9/0 . . . 0.7500 . . . . . . 26 0.0179 0.01961 0.0217 . . .
8/0 . . . 0.7083 . . . . . . 27 0.0164 0.01745 0.0202 . . .
7/0 . . . 0.6666 . . . . . . 28 0.0149 0.01562 0.0187 . . .
6/0 . . . 0.6250 . . . . . . 29 0.0135 0.01390 0.0172 . . .
5/0 . . . 0.5883 . . . . . . 30 0.0120 0.01230 0.0157 . . .
4/0 . . . 0.5416 . . . . . . 31 0.0105 0.01100 0.0142 . . .
3/0 . . . 0.5000 . . . . . . 32 0.0097 0.00980 0.0134 . . .
2/0 . . . 0.4452 . . . . . . 33 0.0090 0.00870 . . . . . .
1/0 . . . 0.3964 . . . . . . 34 0.0082 0.00770 . . . . . .
1 . . . 0.3532 . . . . . . 35 0.0075 0.00690 . . . . . .
2 . . . 0.3147 . . . . . . 36 0.0067 0.00610 . . . . . .
3 0.2391 0.2804 . . . 0.006 37 0.0064 0.00540 . . . . . .
4 0.2242 0.2500 . . . 0.008 38 0.0060 0.00480 . . . . . .
5 0.2092 0.2225 . . . 0.010 39 . . . 0.00430 . . . . . .
6 0.1943 0.1981 . . . 0.012 40 . . . 0.00386 . . . . . .
7 0.1793 0.1764 . . . 0.014 41 . . . 0.00343 . . . . . .
8 0.1644 0.1570 0.1681 0.016 42 . . . 0.00306 . . . . . .
9 0.1495 0.1398 0.1532 0.018 43 . . . 0.00272 . . . . . .

10 0.1345 0.1250 0.1382 0.020 44 . . . 0.00242 . . . . . .
11 0.1196 0.1113 0.1233 0.024 45 . . . 0.00215 . . . . . .
12 0.1046 0.0991 0.1084 0.028 46 . . . 0.00192 . . . . . .
13 0.0897 0.0882 0.0934 0.032 47 . . . 0.00170 . . . . . .
14 0.0747 0.0785 0.0785 0.036 48 . . . 0.00152 . . . . . .
15 0.0673 0.0699 0.0710 0.040 49 . . . 0.00135 . . . . . .
16 0.0598 0.0625 0.0635 0.045 50 . . . 0.00120 . . . . . .
17 0.0538 0.0556 0.0575 0.050 51 . . . 0.00107 . . . . . .
18 0.0478 0.0495 0.0516 0.055 52 . . . 0.00095 . . . . . .
19 0.0418 0.0440 0.0456 0.060 . . . . . . . . . . . . . . .
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9.4.1 The Dimensioning Process

Figure 9.42 is a drawing of a part that is ready for dimen-
sioning. The following steps describe the process for
adding the dimensions.

450 CHAPTER 9

Contour dimensioning
Contour dimensioning technique places dimensioning in the
most descriptive views of the feature.

Figure 9.40

S
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 2x ø SIZE

ø SIZE
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ø SIZE

L

(A) Correct contour dimensioning

R

Geometric breakdown technique
Geometric breakdown dimensioning breaks the object down
into its primitive geometric shapes.

Figure 9.41

without consideration for the dimensions that will be
needed. To avoid this problem, make a freehand sketch
of the part, with all the views and all the dimensions
in place. Actual dimension values are not required; just
the layout of the dimensions, including all radii and
diameters. Using the sketch as a guide for the formal
drawing should result in sufficient space being left for
the dimensions.

Step by Step:
Step 1. In the front view, locate the ends of the angled sur-

face by drawing one vertical dimension line 0.375� or
10 mm from the right edge of the object and a horizontal
dimension line 0.375� or 10 mm from the top edge of the
object. Leave a gap near the centers of the dimension
lines for the text. (If using CAD, set a grid to 0.125� or
3 mm spacing.) Draw arrows on the ends of the dimension
lines. Leaving a small gap, draw extension lines from the
corners of the block. Extend these lines approximately
2 mm past the dimension lines. Measure the distances

R

(B) Incorrect contour dimensioning

No!
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across all views, stopping at each feature to determine if
an appropriate dimension has been specified and to make
sure only one dimension is specified.

9.4.2 Dimensioning Guidelines

The importance of accurate, unambiguous dimensioning
cannot be overemphasized. There are many cases where
an incorrect or unclear dimension has added considerable
expense to the fabrication of a product, caused premature
failure, or, in some cases, caused loss of life. The primary
guideline is clarity: Whenever two guidelines appear to
conflict, the method which most clearly communicates the
size information shall prevail. Use the following dimen-
sioning guidelines:

1. Every dimension must have an associated toler-
ance, and that tolerance must be shown clearly on
the drawing.

2. Double dimensioning of a feature is not permitted.
For example, in Figure 9.44 (on page 453), there
are two ways to arrive at the overall length of the
object: by adding dimensionsAand B or by directly
measuring the dimension C. Since each dimension
must have a tolerance, it is not clear which toler-
ance would apply to the overall length: the toler-
ance for dimension C or the sum of the tolerances
for dimensions A and B. This ambiguity can be
eliminated by removing one of the three dimen-
sions. The dimension that has the least importance
to the function of the part should be left out. In this
case, dimension A probably would be deleted.

3. Dimensions should be placed in the view that most
clearly describes the feature being dimensioned
(contour dimensioning). For example, Figure 9.45
(on page 453) illustrates a situation in which the
height of a step is being dimensioned. In this case,
the front view more clearly describes the step
feature.

4. Maintain a minimum spacing between the object
and the dimension and between multiple dimen-
sions. (This spacing is shown in Figure 9.15.) If
the spacing is reduced, the drawing will be more
difficult to read and a lack of clarity will result.

5. A visible gap shall be placed between the ends of
extension lines and the feature to which they refer.

6. Manufacturing methods should not be specified
as part of the dimension, unless no other method
of manufacturing is acceptable. The old practice
of using drill or bore is discouraged. Because a
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Object to be dimensionedFigure 9.42

and place the numerical values in the spaces in the
dimension lines (Figure 9.43 on the next page).

Another way to dimension the angled surface also is
shown at the bottom of the figure. In this method, one of
the two dimensions in Step 1 is used, and an angle is used
to give direction. The other dimension used in Step 1 is no
longer necessary, although it could be shown as a refer-
ence dimension.

Step 2. Add the dimension lines for the overall dimensions:
height, width, and depth. The dimension lines for the
width and height dimensions are located 0.625� or
16 mm from the object lines. Locate the ends of the
angled line, then add numerical text to each dimension.

Step 3. Next, locate the hole. Locate the center by using
horizontal and vertical dimension lines. Extend the cen-
ter lines and use the lower left corner of the part as a
reference point.

Step 4. To dimension the size of the hole, draw a radial
leader line from the hole to a convenient location and
add a short horizontal extension or shoulder. Since no
depth dimension is added to the diameter, the hole goes
all the way through the part.

Always check all dimensions for accuracy and complete-
ness. Check the accuracy of numerical values by measur-
ing each dimension with a scale. This should be done even
for drawings created with CAD, since most CAD software
has a provision for changing dimension text. Underline
out-of-scale dimensions.

To ensure that each feature is dimensioned once and
only once, pass a straightedge horizontally and vertically
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Steps to create a dimensional drawingFigure 9.43
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drawing becomes a legal document for manufac-
turing, specifying inappropriate manufacturing
methods can cause unnecessary expense and may
trigger litigation.

7. Avoid placing dimensions within the boundaries of
a view, whenever practicable. If several dimensions
are placed in a view, differentiation between the
object and the dimensions may become difficult.

8. Dimensions for materials typically manufactured
to gages or code numbers shall be specified by
numerical values. The gages or code numbers may
be shown in parentheses following the numerical
values.

9. Unless otherwise specified, angles shown in draw-
ings are assumed to be 90 degrees.

10. Avoid dimensioning hidden lines. Hidden lines are
less clear than visible lines.

11. The depth and diameter of blind, counterbored, or
countersunk holes may be specified in a note (Fig-
ures 9.27 and 9.28).

12. Diameters, radii, squares, counterbores, spotfaces,
countersinks, and depths should be specified with
the appropriate symbol preceding the numerical
value (Figure 9.27).

13. Leader lines for diameters and radii should be ra-
dial lines (Figure 9.26).

9.4.3 ASME Standard Dimensioning Rules

The ASME Y14.5 standard identifies a series of rules that
help promote good dimensioning practices. The rules,
with explanations and examples, are as follows:

a. Each dimension shall have a tolerance, except for
those dimensions specifically identified as refer-
ence, maximum, minimum, or stock (commercial
stock size). The tolerance may be applied directly to
a dimension (or indirectly in the case of basic
dimensions), indicated by a general note, or located
in a supplementary block of the drawing format.

Explanation: By definition, a dimension must have a nom-
inal (Latin for name) value and a tolerance. For example,
“four and a half inches” does not constitute a dimension;
“four and a half inches, plus or minus one-sixteenth inch”
does.

b. Dimensioning and tolerancing shall be complete
so there is full understanding of the characteris-
tics of each feature. Neither scaling (measuring
the size of a feature directly from an engineering
drawing) nor assumption of a distance or size is
permitted, except as follows: Undimensioned draw-
ings, such as loft printed wiring, templates, and
master layouts prepared on stable material, are
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(A) Correct (B) Avoid

B

Avoid over-dimensioning
Double dimensioning can cause problems because of tolerancing.

Figure 9.44

AvoidPreferred

Dimension the most descriptive view
Dimensions are placed in the most descriptive or contour view.

Figure 9.45
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excluded provided the necessary control dimen-
sions are specified.

Explanation: All features must be dimensioned directly,
and a drawing should never have to be scaled. Do not as-
sume that just because a hole is located in the middle of a
square, it will be centered. There must be a dimension
from an edge of the object to the center of the hole.

c. Each necessary dimension of an end product shall
be shown. No more dimensions than those neces-
sary for complete definition shall be given. The
use of reference dimensions on a drawing should
be minimized.

Explanation: A common mistake is overdimensioning.
Only put down everything necessary to make the part, but
no more. Remember that reference dimensions only are
summing information: do not rely on them.

d. Dimensions shall be selected and arranged to suit
the function and mating relationship of a part and
shall not be subject to more than one interpretation.

Explanation: If a 1-inch square part is drawn, and then a
hole is placed on the centerline of the square, the hole
should be 1⁄2 inch from one side. However, the side must be
specified. The tolerance on the centering of the hole is
affected greatly by the tolerance on the width of the entire
block, and by the side to which it is referenced.

e. The drawing should define a part without specify-
ing manufacturing methods. Thus, only the diame-
ter of a hole is given, without indicating whether it
is to be drilled, reamed, punched, or made by any
other operation. However, in those instances where
manufacturing, processing, quality assurance, or
environmental information is essential to the defi-
nition of engineering requirements, it shall be
specified on the drawing or in a document refer-
enced on the drawing.

Explanation: This rule is in direct response to the common
practice of stating how to make a hole. Previously, a hole
was specified as follows:

DRILL .500 DIAMETER

or

DRILL .490 DIA., REAM TO .500 DIA.

Under current standards, these callouts are unacceptable.
It may seem helpful to place the drill size first and then the
reamed size. However, there are two reasons that this

calculation should be done by manufacturing personnel:

1. Manufacturing personnel, not design personnel,
are the experts at determining how to manufacture
parts.

2. Even if the designer has the expertise to make
these decisions, it is a waste of time to do the work
of the manufacturing experts. There is usually
more than enough design work to be done.

f. It is permissible to identify as nonmandatory cer-
tain processing dimensions that provide for finish
allowance, shrink allowance, and other require-
ments, provided the final dimensions are given on
the drawing. Nonmandatory processing dimen-
sions shall be identified by an appropriate note,
such as NONMANDATORY (MFG DATA).

Explanation: This rule does not specify how a part is to be
manufactured; it simply permits showing dimension infor-
mation that allows for losses or changes caused by manu-
facturing.

g. Dimensions should be arranged to provide re-
quired information for optimum readability. Di-
mensions should be shown in the true profile views
and refer to visible outlines.

Explanation: This means that dimensions should be laid
out carefully, and features should be dimensioned in the
view in which they show up best.

h. Wires, cables, sheets, rods, and other materials
manufactured to gage or code numbers shall be
specified by linear dimensions indicating the di-
ameter or thickness. Gage or code numbers may
be shown in parentheses following the dimension.

Explanation: This infers that gages should not be relied on
to tolerance materials. Add those tolerances directly, with
linear numbers. For example, there is more than one sheet
metal gage code, and it is not always clear which one is
meant by a callout.

i. A 90° angle is implied where center lines and lines
depicting features are shown on a drawing at right
angles and where no angle is specified.

Explanation: This rule implies that the tolerance on a square
corner is the same as the tolerance on any other angle.

j. A 90° BASIC angle applies where center lines or
features in a pattern or surfaces shown at right
angles on a drawing are located or defined by
basic dimensions and no angle is specified.
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Explanation: When setting up a tolerance zone reference
frame, all right angles are considered perfectly square.

k. Unless otherwise specified, all dimensions are
applicable at 20°C (68°F). Compensation may
be made for measurements made at other tem-
peratures.

Explanation: Materials expand and contract due to changes
in temperature. This can affect the measured size of di-
mensions; therefore, it is important that they be measured
at a constant temperature. A similar problem occurs due to
high humidity; therefore, for materials that are subject to
humidity changes, all measurements should be made
between 80 percent and 100 percent relative humidity.

l. All dimensions and tolerances apply in a free state
condition. This principle does not apply to non-
rigid parts.

Explanation: Free state is a term used to describe distor-
tion of a part after removal of forces applied during
manufacture. This distortion may be due to weight and
flexibility of the part and the release of internal stresses
resulting from fabrication. So dimensions and tolerances
apply to parts after all forces are removed. A nonrigid part,
such as a part with a very thin wall, would not adhere to
this rule.

m. Unless otherwise specified, all geometric toler-
ances apply for full depth, length, and width of the
feature.

Explanation: For example, if two parallel surfaces are to
be parallel within some defined tolerance, that tolerance is
held across the whole length and width of both surfaces.

n. Dimensions and tolerances apply only at the
drawing level where they are specified. A dimen-
sion specified for a given feature on one level of
drawing (e.g., a detail drawing) is not mandatory
for that feature at any other level (e.g., an assem-
bly drawing).

Explanation: Different types of drawings are used to serve
different purposes. For example, detail drawings are used
to manufacture the parts and assembly drawings are used
to assemble the parts. Therefore, dimensions on a drawing
only may apply to that drawing and no others.

9.5 Tolerancing
Tolerances are used to control the variation that exists on
all manufactured parts. Toleranced dimensions control the

amount of variation on each part of an assembly. The
amount each part is allowed to vary depends on the func-
tion of the part and of the assembly. For example, the
tolerances placed on electric hand-drill parts are not as
stringent as those placed on jet engine parts. The more
accuracy needed in the machined part, the higher is the
manufacturing cost. Therefore, tolerances must be speci-
fied in such a way that a product functions as it should at a
cost that is reasonable.

A tolerance of 4.650 	 0.003 means that the final mea-
surement of the machined part can be anywhere from
4.653 to 4.647 and the part still would be acceptable. The
lower and upper allowable sizes are referred to as the limit
dimensions, and the tolerance is the difference between
the limits. In the example, the upper limit (largest value)
for the part is 4.653, the lower limit (smallest value) is
4.647, and the tolerance is 0.006.

Tolerances are assigned to mating parts. For example,
the slot in the part shown in Figure 9.46 must accom-
modate another part. A system is two or more mating
parts.

9.5.1 Interchangeability

One of the great advantages of tolerances is that they
allow for interchangeable parts, thus permitting the
replacement of individual parts, rather than having to
replace an entire system if only one part goes bad. For
example, if a bearing wears out, the replacement bearing
of the same specifications will work in the system.

In the 1800s, you could not buy a threaded bolt by it-
self; you had to buy a matched set of bolt and nut because
they were hand fitted together. All bolts and nuts were
made in sets and not even the machinist who made them
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A system is two or more mating parts.

Figure 9.46
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▼ Practice Problem 9.1
Sketch dimensions in decimal inches for the object
shown in the multiview drawing.
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could tell you the actual size of the threads! The inability
to define the threads, using dimensioning, made inter-
changeable parts impossible.

In the early days of the Industrial Revolution, all parts
were handmade and hand assembled. Each part of an
assembly was adjusted, polished, cut, and shaped to fit
perfectly with its mating part. A wagon wheel is a good
example. The spokes, hub, and rim were cut to fit one
wheel. The steel hoop was hand fitted to the wheel and
then heated and forced onto the rim. After cooling, the
hoop would shrink and squeeze the entire assembly
together. This was a precision assembly, but it required
very little measuring and virtually no communications
because one person made the whole assembly. In fact, the
wagon smith made the entire wagon.

In today’s manufacturing world, one company would
make the hub, another would make the spokes, and another
would make the rim. The solution lies in dimensioning and
tolerancing to make sure that the parts will fit together,
even though they are made by different companies.

9.6 Tolerance Representation
Tolerance is the total amount a dimension may vary and is
the difference between the maximum and minimum lim-
its. Because it is impossible to make everything to an
exact size, tolerances are used on production drawings to
control the manufacturing process more accurately and to
control the variation between mating parts. ASME stan-
dard Y14.5M–1994 commonly is used in U.S. industries
to specify tolerances on engineering drawings.

Tolerances can be expressed in several ways:

1. Direct limits, or as tolerance values applied di-
rectly to a dimension (Figure 9.47).

2. Geometric tolerances (Figure 9.48).

3. Notes referring to specific conditions.

4. A general tolerance note in the title block.
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4.00 ± .003

(B) Tolerance values

3.53
3.49

  1"
16

Minimum
spacing

(A) Direct limits

Representing tolerance values
Tolerances are represented as direct limits or as tolerance
values.

Figure 9.47

Practice Exercise 9.1
Take a ballpoint pen that has a removable cap and remove
the cap. The cap is not too difficult to remove, yet it is tight
enough to stay on by itself. The cap represents an inter-
changeable part. Another cap like it will fit just as well. Now
imagine you have a small business and you are making
these caps by hand. If you had all of the pens on hand, you
could polish the inside of each cap until it fit just right. This
is exactly how manufacturing was done 100 years ago.
Each part was hand fitted to its mating part.

The problems with such a “handmade” system today are
as follows:

a. There aren’t enough skilled machinists available.

b. You only get 3¢ each for the caps; they would cost
$5.00 in labor.

c. No employee would do the work for more than a
week; it would be very boring.

d. The pens may not be available because another
company in another state might make them.

0.01 A-A-

Geometric tolerance system used to
dimension parts

Figure 9.48
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9.6.1 General Tolerances

General tolerances are given in a note or as part of the title
block. A general tolerance note would be similar to:

ALL DECIMAL DIMENSIONS TO BE HELD
TO 	 .002�

This means that a dimension such as .500 would be as-
signed a tolerance of 	 .002, resulting in an upper limit of
.502 and a lower limit of .498.

For metric dimensions, the note would be similar:

ALL METRIC DIMENSIONS TO BE HELD
TO 	 0.05

This means that a dimension such as 65.00 would be as-
signed a tolerance of 	 0.05, resulting in an upper limit of
65.05 and a lower limit of 64.95.

If fractional dimensions are used, a general note might be:

ALL FRACTIONAL DIMENSIONS 	 1⁄64�
UNLESS OTHERWISE SPECIFIED

Angular dimensions can be toleranced through a note
such as:

ALL ANGULAR TOLERANCES 	 1 DEGREE

Another general tolerance method would specify the
tolerances on dimensions in terms of the number of deci-
mal places found in the dimensions, as follows:

UNLESS OTHERWISE SPECIFIED,
TOLERANCES ARE AS FOLLOWS:

Decimal inches:
� � 	 .020
�� � 	 .010
��� � 	 .005

Millimeters:
Whole numbers � 	 0.5

�� � 	 0.25
��� � 	 0.12

In this method, the dimension applied to each feature au-
tomatically identifies the required tolerance. Actual toler-
ances may vary from one company to another, but the
ones given here are common tolerances for machined
parts.

If a dimension has a tolerance added directly to it, that
tolerance supersedes the general tolerance note. A toler-
ance added to a dimension always supersedes the general
tolerance, even if the added tolerance is larger than the
general tolerance.

9.6.2 Limit Dimensions

Tolerances can be applied directly to dimensioned fea-
tures, using limit dimensioning. This is the ASME pre-
ferred method; the maximum and minimum sizes are
specified as part of the dimension (see Figure 9.47A).
Either the upper limit is placed above the lower limit, or,
when the dimension is written in a single line, the lower
limit precedes the upper limit, and they are separated by a
dash. A minimum spacing of 1⁄16 inch is required when the
upper limit is placed above the lower limit.

9.6.3 Plus and Minus Dimensions

With this approach, the basic size is given, followed by a
plus/minus sign and the tolerance value (Figure 9.49).
Tolerances can be unilateral or bilateral. A unilateral tol-
erance varies in only one direction. A bilateral tolerance
varies in both directions from the basic size. If the varia-
tion is equal in both directions, then the variation is pre-
ceded by a 	 symbol. The plus and minus approach can
be used only when the two variations are equal.

9.6.4 Single Limit Dimensions

When other elements of a feature will determine one limit
dimension, MIN or MAX is placed after the other limit di-
mension. Items such as depth of holes, length of threads,
corner radii, and chamfers can use the single limit dimen-
sion technique.

9.6.5 Important Terms

Figure 9.50 shows a system of two parts with toleranced
dimensions. The two parts are an example of ASME
Y14.5M–1994 important terms.
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Plus and minus tolerance system applied to
various dimensioning conditions

Figure 9.49
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Nominal size—a dimension used to describe the general
size, usually expressed in common fractions. The slot
in Figure 9.50 has a nominal size of 1⁄2�.

Basic size—the theoretical size used as a starting point for
the application of tolerances. The basic size of the slot
in Figure 9.50 is .500�.

Actual size—the measured size of the finished part after
machining. In Figure 9.50, the actual size is .501�.

Limits—the maximum and minimum sizes shown by the
toleranced dimension. The slot in Figure 9.50 has lim-
its of .502 and .498, and the mating part has limits of
.495 and .497. The larger value for each part is the
upper limit, and the smaller value is the lower limit.

Allowance—the minimum clearance or maximum inter-
ference between parts, or the tightest fit between two
mating parts. In Figure 9.50, the allowance is .001,
meaning that the tightest fit occurs when the slot is ma-

chined to its smallest allowable size of .498 and the
mating part is machined to its largest allowable size of
.497. The difference between .498 and .497, or .001, is
the allowance.

Tolerance—the total allowable variance in a dimen-
sion; the difference between the upper and lower lim-
its. The tolerance of the slot in Figure 9.50 is .004�
(.502 – .498 � .004) and the tolerance of the mating
part is .002� (.497 – .495 � .002).

Maximum material condition (MMC)—the condition
of a part when it contains the greatest amount of mate-
rial. The MMC of an external feature, such as a shaft, is
the upper limit. The MMC of an internal feature, such
as a hole, is the lower limit.

Least material condition (LMC)—the condition of a
part when it contains the least amount of material pos-
sible. The LMC of an external feature is the lower
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Drawing
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.501 – Actual measured
dimension

Upper Limit (MMC)

Toleranced parts and the important termsFigure 9.50
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limit. The LMC of an internal feature is the upper
limit.

Piece tolerance—the difference between the upper and
lower limits of a single part.

System tolerance—the sum of all the piece tolerances.

9.6.6 Fit Types

The degree of tightness between mating parts is called the
fit. The basic hole and shaft system shown in Figures 9.51
and 9.52 is an example of the three most common types of
fit found in industry.
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HOLESHAFT

SHAFT

.999

.998

MAX Clearance

MIN Clearance ALLOWANCE

Tolerance

Tolerance

1.000
1.001

1.003
1.002

MIN Interference

MAX Interference

Tolerance

Allowance always equals smallest hole minus largest shaft

CLEARANCE FIT
Allowance = + .001

INTERFERENCE FIT
Allowance = – .003

(A) (B)

Clearance and interference fits between two shafts and a hole
Shaft A is a clearance fit, and shaft B is an interference fit.

Figure 9.51

HOLESHAFT

SHAFT

.998

MAX Clearance

ALLOWANCE

Tolerance

1.000
1.001

1.002

MAX Interference

CLEARANCE FIT
+ .001

INTERFERENCE FIT
–.002

(A) (B)

Transition fit between a shaft and a hole 
When the shaft is machined to its smallest diameter (.998), there is a clearance fit with the hole. When the shaft is machined to its
largest diameter (1.002), there is an interference fit with the hole.

Figure 9.52
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Clearance fit occurs when two toleranced mating parts
will always leave a space or clearance when assembled. In
Figure 9.51, the largest that shaft A can be manufactured is
.999, and the smallest the hole can be is 1.000. The shaft
always will be smaller than the hole, resulting in a mini-
mum clearance of �.001, also called an allowance. The
maximum clearance occurs when the smallest shaft (.998)
is mated with the largest hole (1.001), resulting in a differ-
ence of �.003.

Interference fit occurs when two toleranced mating
parts always will interfere when assembled. An interfer-
ence fit fixes or anchors one part into the other, as though
the two parts were one. In Figure 9.51, the smallest that
shaft B can be manufactured is 1.002, and the largest the
hole can be manufactured is 1.001. This means that the
shaft always will be larger than the hole, and the minimum
interference is �.001. The maximum interference would
occur when the smallest hole (1.000) is mated with the
largest shaft (1.003), resulting in an interference of �.003.
In order to assemble the parts under this condition, it would
be necessary to stretch the hole or shrink the shaft or to use
force to press the shaft into the hole. Having an interfer-
ence is a desirable situation for some design applications.
For example, it can be used to fasten two parts together
without the use of mechanical fasteners or adhesive.

Transition fit occurs when two toleranced mating parts
are sometimes an interference fit and sometimes a clear-
ance fit when assembled. In Figure 9.52, the smallest the
shaft can be manufactured is .998, and the largest the hole
can be manufactured is 1.001, resulting in a clearance of
+.003. The largest the shaft can be manufactured is 1.002,
and the smallest the hole can be is 1.000, resulting in an
interference of –.002.

9.6.7 Fit Type Determination

If feature A of one part is to be inserted into or mated with
feature B of another part, the type of fit can be determined
by the following (Figure 9.53):

■ The loosest fit is the difference between the smallest
feature A and the largest feature B.

■ The tightest fit is the difference between the largest fea-
ture A and the smallest feature B.

This technique also works when there are more than two
parts in a system. For example, if two parts are to be in-
serted into a third, then the tightest fit is determined by
adding the maximum size of the two parts together, then
comparing that value with allowable sizes of the third part.
For example, the loosest fit is the difference between the

minimum size of the two parts together and the maximum
size of the third part.
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Largest Hole

Tightest Fit
(Allowance)

Tolerance

Smallest Hole

Largest Shaft

Smallest Shaft

Tolerance

Loosest
Fit

Determining fits
Determining the tightest and loosest fits for a system of parts
requires evaluating the extremes in possible dimensions.

Figure 9.53

Practice Exercise 9.2
Try writing a general equation that can be used to determine
tightest and loosest fits for a system having any number of
parts.

9.6.8 Tolerance Costs

Cost is a necessary consideration when determining the
tolerances for various parts of an assembly. The cost of a
part escalates rapidly as tolerances are tightened. Chang-
ing a tolerance from 	.010 to 	.005 can more than dou-
ble the cost of that feature. The tolerance is twice as
accurate, but the reject rate may go up dramatically, or the
new tolerance may require a totally different machining
operation. In all cases, the specified tolerance and the
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manufacturing process must be matched carefully to
achieve the desired level of quality at minimum cost.

It is important to remember that there may be other
ways to enhance the fit of mating parts, such as an align-
ment pin or some other centering device. These options
should be considered carefully before a decision is made
to tighten the tolerances.

9.6.9 Functional Dimensioning

When dimensioning a part, identify the functional features
first. Functional features are those that come in contact
with other parts, especially moving parts. Dimension and
tolerance these features first, then do all the remaining fea-
tures. This is called functional dimensioning.

As an example, in Figure 9.54, the holes and the dis-
tance between them are dimensioned first, with a tighter
tolerance. Then, the dimensions for the material around
the holes are added, at a much looser tolerance. Holes are
usually functional features. The tolerance on the positions
of the two holes is 	.005. In this case, the “pattern of two

holes” is located and dimensioned first, since the most im-
portant dimension is the distance between the holes or the
dimension within the pattern.

9.6.10 Tolerance Stack-Up

The additive rule for tolerances is that tolerances taken in
the same direction from one point of reference are addi-
tive. The corollary is that tolerances to the same point
taken from different directions become additive. The ef-
fect is called tolerance stack-up.

An example is shown in Figure 9.55 where Part A is
manufactured to fit Part B. When assembled, the cylindri-
cal features on Part B are inserted into Part A so that the in-
clined surface on each part is aligned. The holes in Part A
are dimensioned from the left side of the part, and the
holes in Part B are dimensioned from the right side of the
part. If the distance between the two holes were toleranced
on the basis of Part A or Part B alone, the tolerance would
be 	 0.010, which is the sum of the two tolerances taken
from the side in each case. However, the two parts are to
be fitted together, and the tolerance for the distance be-
tween the holes must be determined on the basis of both
Parts A and B. Since the distances to the two holes were
taken from different references in the two parts, the toler-
ances again must be added. This makes the tolerance for
the distance between the holes 	0.020.

If the reference for Part B had been the same as that for
Part A, that is, the left side of the part, the tolerance for the
distance between the holes would have remained at 	0.010,
which would have been more desirable (Figure 9.56).

The most desirable, and the most recommended, proce-
dure is to relate the two holes directly to each other, not to
either side of the part, and not to the overall width of the
part. The result will be the best tolerance, 	0.005, for the
distance between the holes (Figure 9.57 on page 464).

Coordinate dimensioning is an alternative way to apply
dimension values. The inherent problem with this method
is that the distance between two features is never a single
toleranced dimension. Each dimension is referenced to the
origin, and the additive rule given in the preceding section
applies.

Figure 9.58A (on page 464) shows a typical group of
holes. As in the previous example, an undesirable toler-
ance stack-up takes place if the holes are dimensioned as
shown. Figure 9.58B shows the same part dimensioned
using the locate, then dimension the pattern concept. This
greatly will increase the probability that the holes will
match up with the mating part, assuming that the mating
part is dimensioned in the same manner.
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R 10.00 ± .05

4.000 ± .005

ø 1.000 ± .005ø 1.250 ± .005

ø 1.000 ± .005ø 1.250 ± .005ø 1.50 ± .05

ø 1.20 ± .05
R 9.00 ± .05

Functional dimensioning
Step 2

Functional dimensioning
Step 1

4.000 ± .005

Functional dimensioning
Functional dimensioning begins with tolerancing the most
important features.

Figure 9.54
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 XX ±.005

PART A

1 2

XX
±.005

XX
±.005

XX ±.005

PART B

1 2

XX
±.005

XX
±.005

PARTS A and B
assembled

Tolerance stack-up
Tolerance stack-up causes assembly problems.

Figure 9.55

 XX ±.005

PART A

1 2

XX
±.005

XX
±.005

PART B

 XX ±.005

1 2

XX
±.005

XX
±.005

Tolerance stack-up eliminated
Tolerance stack-up can be eliminated by careful selection and
placement of dimensions.

Figure 9.56
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9.6.11 Metric Limits and Fits

The standards used for metric measurements are recom-
mended by the International Standards Organization
(ISO) and are given in ANSI B4.2–1978. The terms used
in metric tolerancing are as follows:

Basic size—the size to which limits of deviation are
assigned. The limits must be the same for both parts.
Basic sizes are selected from the chart in Figure 9.59.

Deviation—the difference between the actual size of the
part and the basic size.
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 XX ±.005

PART A

1 2

XX
±.005

XX
±.005

PART B

 XX ±.005

1 2

XX
±.005

XX
±.005

Alternate dimensioning technique
An alternate method of dimensioning involves locating the
pattern, then dimensioning it.

Figure 9.57

XX

(A)  No!

XX

XX XX

XX

XX

(B)

XX

XX XX

XX

XX

XX

Coordinate dimensioning stack-up
Avoid coordinate dimensioning stack-up by using a common
reference point and dimensioning the hole spacing directly (B).

Figure 9.58
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Upper deviation—the difference between the maximum
size limit and the basic size (Figure 9.60).

Lower deviation—the difference between the minimum
size limit and the basic size.

Fundamental deviation—the deviation closest to the basic
size. In Figure 9.61 (on the next page), the letter H repre-
sents the fundamental deviation for the hole, and the
letter f indicates the fundamental deviation for the shaft.

Tolerance—the difference between the maximum and
minimum size limits on a part.

Tolerance zone—the tolerance and its position relative to
the basic size (Figure 9.60).

International tolerance grade (IT)—a group of toler-
ances that vary depending on the basic size but have the
same level of accuracy within a given grade. The num-
bers 7 and 8 in Figure 9.61 are IT grades. There are 18
IT grades: IT0, IT1, and IT01 to IT16. The smaller the
grade number, the smaller the tolerance zone.

Hole basis—the system of fits where the minimum hole
size is the basic size. The fundamental deviation for a
hole basis system is indicated by the uppercase letter H
(Figure 9.61A).

Shaft basis—the system of fits where the minimum shaft
size is the basic size. The fundamental deviation for a
shaft basis system is indicated by the lowercase letter f
(Figure 9.61B).
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1.2 —
— 1.4
1.6 —
— 1.8
2.0 —
— 2.2
2.5 —
— 2.8
3.0 —
— 3.5
4.0 —
— 4.5
5.0 —
— 5.5
6.0 —
— 6.5

1.0

Basic Size,
mm

1st
Choice

2nd
Choice

—
— 1.1

— 9.0
10 —
— 11
12 —
— 13
14 —
— 15
16 —
— 17
18 —
— 19
20 —
— 21
22 —
— 23
— 24

—

Basic Size,
mm

1st
Choice

2nd
Choice

7.0
8.0 —

— 28
30 —
— 32
35 —
— 38
40 —
— 42
45 —
— 48
50 —
— 55
60 —
— 65
— 70
— 75
80 —

25

Basic Size,
mm

1st
Choice

2nd
Choice

—
— 26

— 110
120 —
— 130

140 —
— 150

160 —
— 170

180 —
— 190

200 —
— 220

250 —
— 280

300 —
— 320
— —

—

Basic Size,
mm

1st
Choice

2nd
Choice

90
100 —

ANSI preferred metric sizes used for metric tolerancingFigure 9.59

Upper deviation Max size

Lower deviation Min size

International
tolerance grade

(IT Number)

Fundamental
deviation

(Letter) Basic size
Lower deviation

Upper deviation

Fundamental
deviation
(Letter)

International
tolerance

grade
(IT Number) Max size

Min size

Tolerance
zone

Tolerance
zone

Important definitions used in metric
tolerancing

Figure 9.60
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Metric Tolerance Symbols Combining the IT grade num-
ber and the tolerance position letter establishes the toler-
ance symbol, which identifies the actual upper and lower
limits of a part. The toleranced size of the part is defined
by the basic size followed by a letter and a number, such
as 40H8 or 40f7. The internal part is preceded by the ex-
ternal part in the symbol. The basic callout for a metric fit
would appear as 40H8, where:

40 The basic size of 40 millimeters.

H An internal feature (hole).

8 A close running clearance fit.

Figure 9.62 indicates three methods of designating
metric tolerances on drawings. The values in parentheses
are for reference only and come from ANSI Standard
B4.2–1978 tables, as shown in Figure 9.63.
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(B)

(C)

(A)

Tolerance
grade

Fundamental
deviation

HOLE 40 H8

Basic size

IT grade

SHAFT 40 f7

Basic size
Tolerance
grade

IT grade
Fundamental

deviation

FIT 40 H8 / f 7

Tolerance
grade

Shaft
tolerance

Hole
tolerance

Metric symbols and their definitionsFigure 9.61

40H8

(C)

40H8
40.039
40.000

40.039
40.000 40H8

(B)(A)

Three methods of showing metric tolerance
symbols used for dimensions

Figure 9.62

LOCATIONAL CLEARANCE

40.160

Hole
H11

40.000
39.880
39.720

0.440
0.120

Shaft
c11

Fit

LOOSE RUNNING

50.160
50.000

49.870
49.710

0.450
0.130

60.190
60.000

59.860
59.670

0.520
0.140

80.190
80.000

79.550
79.660

0.530
0.150

100.220
100.000

99.830
99.610

0.610
0.170

120.220
120.000

119.820
119.600

0.620
0.180

160.250
160.000

159.790
159.540

0.710
0.210

200.290
200.000

199.760
199.470

0.820
0.240

250.290
250.000

249.720
249.430

0.860
0.280

300.320
300.000

299.670
299.350

0.970
0.330

400.360
400.000

399.600
399.240

1.120
0.400

500.400
500.000

499.520
499.120

1.280
0.480

40.062

Hole
H9

40.000
39.920
39.858

0.204
0.060

Shaft
d9

Fit

FREE RUNNING

50.062
50.000

49.920
49.858

0.204
0.080

60.074
60.000

59.900
59.826

0.248
0.100

80.074
80.000

79.900
79.826

0.248
0.100

100.087
100.000

99.880
99.793

0.294
0.120

120.087
120.000

119.880
119.793

0.294
0.120

160.100
160.000

159.855
159.755

0.345
0.145

200.115
200.000

199.830
199.715

0.400
0.170

250.115
250.000

249.830
249.715

0.400
0.170

300.130
300.000

299.810
299.680

0.450
0.190

400.140
400.000

399.790
399.650

0.490
0.210

500.155
500.000

499.770
499.615

0.540
0.230

40.039

Hole
H8

40.000
39.975
39.950

0.029
0.025

Shaft
f7

Fit

CLOSE RUNNING

50.039
50.000

49.975
49.950

0.089
0.025

60.046
60.000

59.970
59.940

0.106
0.030

80.046
80.000

79.970
79.940

0.106
0.030

100.054
100.000

99.964
99.929

0.125
0.036

120.054
120.000

119.964
119.929

0.125
0.036

160.063
160.000

159.957
159.917

0.146
0.043

200.072
200.000

199.950
199.904

0.168
0.050

250.072
250.000

249.950
249.904

0.168
0.050

300.081
300.000

299.944
299.892

0.189
0.056

400.089
400.000

399.938
399.881

0.208
0.062

500.097
500.000

499.932
499.869

0.228
0.068

40.025

Hole
H7

40.000
39.991
39.975

0.050
0.009

Shaft
g6

Fit

SLIDING

50.025
50.000

49.991
49.975

0.050
0.009

60.030
60.000

59.990
59.971

0.059
0.010

80.030
80.000

79.990
79.971

0.059
0.010

100.035
100.000

99.988
99.966

0.069
0.012

120.035
120.000

119.988
119.966

0.069
0.012

160.040
160.000

159.986
159.961

0.078
0.014

200.046
200.000

199.985
199.956

0.040
0.015

250.046
250.000

249.985
249.956

0.090
0.015

300.052
300.000

299.983
299.951

0.101
0.017

400.057
400.000

399.982
399.946

0.111
0.018

500.063
500.000

499.980
499.940

0.123
0.020

40.025

Hole
H7

40.000
40.000
39.984

0.041
0.000

Shaft
h6

Fit

50.025
50.000

50.000
49.984

0.041
0.000

60.030
60.000

60.000
59.981

0.049
0.000

80.030
80.000

80.000
79.981

0.049
0.000

100.035
100.000

100.000
99.978

0.057
0.000

120.035
120.000

120.000
119.978

0.057
0.000

160.040
160.000

160.000
159.975

0.065
0.000

200.046
200.000

200.000
199.971

0.075
0.000

250.046
250.000

250.000
249.971

0.075
0.000

300.052
300.000

300.000
299.968

0.084
0.000

400.057
400.000

400.000
399.964

0.093
0.000

500.063
500.000

500.000
499.960

0.103
0.000

BASIC
SIZE

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

MAX
MIN

40

50

60

80

100

120

160

200

250

300

400

500

A standard hole basis table for determining upper and lower limits of a hole dimensioned metricallyFigure 9.63
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Preferred Fits The hole basis system for clearance, inter-
ference, and transition fits is shown in Figure 9.64. Hole
basis fits have a fundamental deviation of H on the hole, as
shown in the figure.

The shaft basis system for clearance, interference, and
transition fits is shown in Figure 9.65 (on the next page).
Shaft basis fits have a fundamental deviation of h on the
shaft, as shown in the figure.

A description of the hole basis system and shaft basis
system is given in Figure 9.66 (on the next page).

Two methods are acceptable for representing metric
tolerances on a drawing. Figure 9.67 (on page 469) shows
the limit form and the note form. The limit form gives the
actual tolerance values, and the note form uses the basic
size (40) and letters that refer to standard tables to determine
the size. Figure 9.68 (on page 469) shows the techniques for
applying metric tolerances to a technical drawing.

9.6.12 Standard Precision Fits: English Units

A special group of English unit tolerance relationships,
called preferred precision fits, have been developed over
many years and have a history of working well under cer-
tain circumstances. ANSI Standard B4.1 specifies a series
of standard fits between cylindrical parts, based on the
basic hole system. The tables in Appendixes 3 through 7
list each type of fit, showing the ANSI recommended
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u6
s6

p6
n6

k6

Minimum
interference

H11

H9
H8 H7 H7 H7 H7 H7 H7 H7

h6
g6

f7

d9

c11

Hole
tolerance

Minimum
clearance

Shaft
tolerance

Shaft

Maximum
clearance

Hole

Clearance Transition Interference

Shaft tolerance

Hole
tolerance

Basic size

Maximum
interference

The metric preferred hole basis system of fitsFigure 9.64

Step by Step: Determining the Tolerance Using the
Hole Basis System
Use Appendix 9 and Figures 9.59 and 9.67 (on page 469).
Step 1. Given: A shaft and a hole, the hole basis system,

clearance fit, and a basic diameter of 41 mm for the hole.
Step 2. Solution: From Figure 9.59, assign the basic size of

40 mm to the shaft. From Figure 9.66, assign the sliding
fit H7/g6. Sliding fit is defined in the figure.

Step 3. Hole: Determine the upper and lower limits of the
hole from Appendix 9, using column H7 and row 40 from

the hole basis charts. From the table, the limits are
40.025 and 40.000.

Step 4. Shaft: Determine the upper and lower limits of the
shaft from Appendix 9, using column g6 and row 40.
From the table, the limits are 39.991 and 39.975.
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C11

D9

F8

G7
H7

h6
K7

h6
N7

h6 h6 h6

P7
S7

U7

h6h6h7
h9

h11
Shaft

Hole

Basic
size

Minimum
interference

Hole
tolerance

Minimum
clearance

Shaft
tolerance

Maximum
clearance

Clearance Transition Interference

Shaft tolerance

Hole
tolerance

Maximum
interference

The metric preferred shaft basis system of fitsFigure 9.65

H11/c11

ISO Symbol

Hole
Basis

Shaft
Basis

C11/h11 Loose running fit for wide commercial tolerances or allowances on external members

Free running fit not for use where accuracy is essential, but good for large temperature
variations, high running speeds, or heavy journal pressures

Close running fit for running on accurate machines and for accurate location at moderate
speeds and journal pressures

Sliding fit not intended to run freely but to move and turn freely and locate accurately

H9/d9 D9/h9

H8/f7 F8/h7

H7/g6 G7/h6

H7/h6 H7/h6

H7/k6 K7/h6

H7/n6 N7/h6

H7/p6* P7/h6

H7/s6 S7/h6

H7/u6 U7/h6

Locational clearance fit provides snug fit for locating stationary parts but can be freely
assembled and disassembled

Locational transition fit for more accurate location where greater interference is permissible

Locational transition fit for accurate location; a compromise between clearance
and interference

Locational interference fit for parts requiring rigidity and alignment with prime accuracy of
location but without special bore pressure requirements

Medium drive fit for ordinary steel parts or shrink fits on light sections; the tightest fit
usable with cast iron

Force fit suitable for parts that can be highly stressed or for shrink fits where the heavy
pressing forces required are impractical
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*Transition fit for basic sizes in range from 0 through 3 mm

Description of preferred metric fitsFigure 9.66
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Method 1
Limit Form

39.991
39.975

40.025
40.000

40.025
40.000

.025 Hole
tolerance

39.991
39.975

Shaft

.016 Shaft
tolerance

ø

ø

Hole

Method 2
Note Form

40.025
40.000

Hole

.025 Hole
tolerance

39.991
39.975

Shaft

.016 Shaft
tolerance

ø 40g6

ø 40H7

The limit form and note form of metric tolerancingFigure 9.67

36.5
36.0

39.991
39.975

25.2°
25.1°

25° 30' 45"
25° 30' 15"

ø 4.2 – 4.3

Small limit
first

40.025
40.000

Large limit
on top

  1"
16

Min.

ø ø

Standard methods of representing metric tolerances on drawingsFigure 9.68
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sizes, allowances, tolerances, and fits in decimal inches.
The different fit classes are as follows:

Running and sliding fits (RC)—These are the loosest of
the fit classes. These fits would be used when there is a
shaft that must move freely inside a bearing or hole,
and when the positioning of the shaft is not critical.
There always is clearance between the shaft and the
hole.

Clearance locational fits (LC)—These are tighter than the
RC class fits, but the shaft and hole may be the same
size, which is called a line-to-line fit. In an LC fit, the
shaft is located more accurately than in the RC fit, but
it still may be loose. The shaft does not move as freely
inside the hole.

Transition locational fits (LT)—These are the transition
between LC and LN fits. In some cases, these are simi-
lar to LC (clearance) fits, and in other cases they will
act like LN (interference) fits.

Interference locational fits (LN)—In these fits, the shaft
can be line to line with the hole, but it almost always is
larger than the hole. These are used for alignment
dowel pins and other devices where a part must be pos-
itively located relative to another part.

Force and shrink fits (FN)—These are pure interference
fits, where the shaft is always considered larger than
the hole. Such fits are used to transmit torque; they will
secure a pulley or bearing to a shaft, even if there is a
twisting force. These fits also are used to anchor parts
that may slide along a shaft.

The letters plus a number determine the class of fit within
each type. For example, LC 4 means a class 4 locational
clearance fit.

Basic Size The basic size is the exact theoretical size
from which the limits of mating parts are assigned when
tolerancing. In Figure 9.69, the nominal size is 1⁄2 inch, and
the basic size of 0.500 inch is assigned to the smallest
hole. The other limits of the hole and shaft then are
assigned by adding or subtracting the desired allowance
and tolerance. Normally, only two systems are used when
determining the basic size: basic hole and basic shaft.

Basic Hole System In the basic hole system, which is
used to apply tolerances to a hole and shaft assembly, the
smallest hole is assigned the basic diameter from which
the tolerance and allowance are applied (Figure 9.69). The
basic hole system is used widely in industry because many
of the tools used to drill holes, such as drills and reamers,
are designed to produce standard-sized holes.
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Basic
Size

.500

Smallest
Hole

.500

Basic hole system

Interference
Fit

Clearance
Fit

Largest
Shaft

.500

Basic shaft system

Interference
Fit

Clearance
Fit

The basic hole and shaft systems for applying English unit tolerances to partsFigure 9.69

Step by Step: Creating a Clearance Fit Using the Basic
Hole System
Step 1. Using the basic hole system, assign a value of

.500� to the smallest diameter of the hole, which is the
lower limit (Figure 9.70).

Step 2. The allowance of .004� is subtracted from the di-
ameter of the smallest hole to determine the diameter of
the largest shaft, .496�, which is the upper limit.

Step 3. The lower limit for the shaft is determined by sub-
tracting the part tolerance from .496�. If the tolerance of
the part is .003�, the lower limit of the shaft is .493�.

Step 4. The upper limit of the hole is determined by adding
the tolerance of the part to .500�. If the tolerance of the
part is .003�, the upper limit of the hole is .503�.
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.500 LOWER LIMIT HOLE

Step 1 Step 2 Step 3

Step 4

Tightest Fit Equals
the Allowance

Step 7

Loosest Fit

Step 8 Step 9

.496
–.003
.493

PART TOLERANCE
LOWER LIMIT SHAFT

.500
–.004
.496

ALLOWANCE
UPPER LIMIT SHAFT

.500
+.003

.503
PART TOLERANCE
UPPER LIMIT HOLE

Step 6

.500
–.496
.004

SMALLEST HOLE
LARGEST SHAFT

.503
–.493
.010

LARGEST HOLE
SMALLEST SHAFT

.003
+.003

.006

HOLE TOLERANCE
SHAFT TOLERANCE
SYSTEM TOLERANCE

Step 5

.503

.500
.496
.493

.503
–.500
.003

UPPER LIMIT HOLE
LOWER LIMIT HOLE
PIECE TOLERANCE

.496
–.493
.003

UPPER LIMIT SHAFT
LOWER LIMIT SHAFT
PIECE TOLERANCE

Basic
Size

.500

Smallest
Hole

.500

Basic hole system

Interference
Fit

Clearance
Fit

Applying tolerances for a clearance fit using the basic hole systemFigure 9.70

Step 5. The parts are dimensioned on the drawing, as
shown in Figure 9.70.

Step 6. Using the assigned values results in a clearance fit
between the shaft and the hole. This is determined by

finding the difference between the smallest hole (.500�

lower limit) and the largest shaft (.496� upper limit), which
is a positive .004�. As a check, this value should equal
the allowance used in Step 2.
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An interference fit would be possible if an allowance is
added to the basic size assigned to the hole (Figure 9.71).

Basic Shaft System The basic shaft system, a less popular
method of applying tolerances to a shaft and hole, can be
used for shafts that are produced in standard sizes. For this
system, the largest diameter of the shaft is assigned the
basic diameter from which all tolerances are applied (Fig-
ure 9.72).
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Step by Step: Creating an Interference Fit Using
the Basic Hole System
Step 1. Using the basic hole system, assign a value of

.500� to the smallest diameter of the hole, which is the
lower limit.

Step 7. The difference between the largest hole (.503�

upper limit) and the smallest shaft (.493� lower limit)
equals a positive .010�. Because both the tightest and
loosest fits are positive, there always will be clearance
between the shaft and the hole, no matter which manu-
factured parts are assembled.

Step 8. Check the work by determining the piece toler-
ances for the shaft and the hole. To do so, first find the
difference between the upper and lower limits for the
hole. Subtract .500� from .503� to get .003� as a piece
tolerance. This value matches the tolerance applied in
Step 4. For the shaft, subtract .493� from .496� to get
.003� as the piece tolerance. This value matches the
tolerance applied in Step 3.

Step 9. The system tolerance is the sum of all the piece tol-
erances. To determine the system tolerance for the shaft
and the hole, add the piece tolerances of .003� and .003�

to get .006�.

.500 LOWER LIMIT HOLE

Step 1 Step 2 Step 3 Step 4

Tightest Fit Equals the Allowance

Step 7

Loosest Fit

Step 6

.500
–.507
–.007

SMALLEST HOLE
LARGEST SHAFT

.500
+.007

.507
ALLOWANCE
UPPER LIMIT SHAFT

.507
–.003
.504

TOLERANCE
LOWER LIMIT SHAFT

.500
+.003

.503
TOLERANCE
UPPER LIMIT HOLE

.503
–.504
–.001

LARGEST HOLE
SMALLEST SHAFT

Step 5

.503

.500
.507
.504

Applying tolerances for an interference fit using the basic hole systemFigure 9.71

Step 2. The allowance of .007� is added to the smallest
hole diameter to determine the diameter of the largest
shaft, .507�, which is the upper limit.

Step 3. The lower limit for the shaft is determined by sub-
tracting the part tolerance from .507�. If the part toler-
ance is .003�, the lower limit of the shaft is .504�.

Step 4. The upper limit of the hole is determined by adding
the part tolerance to .500�. If the part tolerance is .003�,
the upper limit of the hole is .503�.

Step 5. The parts are dimensioned on the drawing, as
shown in Figure 9.71.

Step 6. Using the assigned values results in an interference
fit between the shaft and the hole. This is determined by
finding the difference between the smallest hole (.500�

lower limit) and the largest shaft (.507� upper limit), which
is a negative .007�. This value equals the allowance used
in Step 2.

Step 7. The difference between the largest hole (.503�

upper limit) and the smallest shaft (.504� lower limit)
equals a negative .001�. Because both the tightest and
loosest fits are negative, there always will be an interfer-
ence between the shaft and the hole, no matter which
manufactured parts are assembled.
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Precision Fit Calculation In the following exercise, dimen-
sion and tolerance a shaft diameter using ANSI standard
tables. A 1⁄2 -inch shaft is to be fit into a hole by pressing (an
interference fit). In this type of fit, the shaft is always larger
than the hole and they must be forced together mechanically.
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Step 2

.500
+.004

.504
ALLOWANCE
LOWER LIMIT HOLE

Step 3

.504
+.003

.507
TOLERANCE
UPPER LIMIT HOLE

Step 4

.500
–.003
.497

TOLERANCE
LOWER LIMIT SHAFT

.500 UPPER LIMIT SHAFT

Step 1

Basic
Size

.500

Largest
Shaft

.500

Basic shaft system

Interference
Fit

Clearance
Fit

Applying tolerances for a clearance fit using
the basic shaft system

Figure 9.72

Step by Step: Creating a Clearance Fit Using the Basic
Shaft System
Step 1. Using the basic shaft system, assign a value of

.500� to the largest diameter of the shaft.
Step 2. The allowance of .004� is added to the largest shaft

diameter to determine the diameter of the smallest hole,
.504�.

Step 3. The largest limit for the hole is determined by
adding the part tolerance to .504�. If the part tolerance is
.003�, the upper limit of the hole is .507�.

Step 4. The smallest limit of the shaft is determined by
subtracting the part tolerance from .500�. If the part

tolerance is .003�, the lower limit of the shaft is .497�.
This results in a clearance fit between the shaft and the
hole. An interference fit would be possible by subtracting
the allowance from the basic size assigned to the shaft.

Step by Step: Using Precision Fit Tables
Step 1. Select the precision fit class that is appropriate. In

this case, use FN (Force or Shrink class) and select a
midrange class, such as FN 2.

Step 2. Consider the nominal dimension. In this case, the
nominal is .5000. (In precision fits, it is common to use
four decimals of accuracy.)

Step 3. Using the fit table shown in Figure 9.73 (on the next
page, from Appendix 7), under the Nominal Size Range,
inches column, look up the nominal shaft range from
0.40 through 0.56. Read across this row and find the
shaft column values under the Class FN 2 column. The
values �1.6 and �1.2 appear in the box.

Step 4. It is important to remember that the two numbers
(1.6 and 1.2) are in thousandths (.001) of an inch. To
avoid mistakes, write these numbers properly so that
their true values are obvious: .0016 and .0012.

Step 5. Add the .0016 to .5000 to create the upper limit
value, and add the .0012 to .5000 to create the lower
limit value. These are the limit tolerances for the shaft.
The resulting shaft dimension will look as follows:
.5016
.5012

Step 6. To calculate the limit dimensions for the hole, fol-
low the same procedure, but use the hole column
values, which are �0.7 and �0.

Step 7. These values are also in thousandths of an inch
and are written as .0007 and .0000.

Step 8. Add the .0007 to .5000 to create the upper limit value
of the hole, and subtract the .0000 from .5000 to create the
lower limit value. These are the limit tolerances for the hole.
The resulting hole dimension will look as follows:
.5007
.5000

Compare the values in Step 5 with those in Step 8 to reveal
that this is an interference fit because the hole is always
smaller than the shaft.
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9.7 Tolerances in CAD
Some tolerancing concepts are unique to CAD. In hand
drawing, the graphics are an image of the part, and the
dimensions add important information to the drawing. In
CAD, the graphics can become more descriptive because
an accurate mathematical definition of the shape of a part
is created, whereas in hand drawing, the graphics are not
as accurate.

CAD drawings, then, can be considered geometry files
rather than simply drawings. CAD geometry databases
often are translated directly to machining equipment,
making them considerably more useful than hand draw-
ings. Rather than having a machinist interpret the dimen-
sion shown on the drawing, the machine tool uses the size
of the geometric elements encoded in the CAD database.

9.7.1 Geometric Accuracy

When the geometry of a part is created using CAD, that
geometry must be completely accurate. Do not use coordi-

nate positions from a readout to locate features because
readouts are accurate only to the number of decimals dis-
played. For example, a reading of 4.0000 may appear to be
4 inches, but if the readout is changed to five decimals, it
may read 4.00004. An angle may appear to be 45 degrees,
when in fact it is 45.00035 degrees.

Part geometry should be made so that it can be trans-
lated directly to a CAM system for machining. In order for
this to occur, lines must

End exactly at corners.
Never be short (even by .00002 inch).
Never be one on top of another.
Have all lengths and angles that are perfect.

9.7.2 Associative Dimensioning

Most CAD systems have a function that ties a feature di-
rectly to its dimension; if the feature changes, the dimen-
sion will change automatically. This associative function
is an excellent tool for checking geometry as it is being

474 CHAPTER 9

Class FN 1 Class FN 2 Class FN 3 Class FN 4 Class FN 5

Nominal Standard Standard Standard Standard Standard
Size Range, Limits Limits Limits Limits Limits
inches

Hole Shaft Hole Shaft Hole Shaft Hole Shaft Hole Shaft
Over   To H6 H7 s6 H7 t6 H7 u6 H8 x7

0    –   0.12 0.05 �0.25 �0.5 0.2 �0.4 �0.85 0.3 �0.4 �0.95 0.3 �0.6 �1.3
0.5 �0 �0.3 0.85 �0 �0.6 0.95 �0 �0.7 1.3 �0 �0.9

0.12 – 0.24 0.1 �0.3 �0.6 0.2 �0.5 �1.0 0.4 �0.5 �1.2 0.5 �0.7 �1.7
0.6 �0 �0.4 1.0 �0 �0.7 1.2 �0 �0.9 1.7 �0 �1.2

0.24 – 0.40 0.1 �0.4 �0.75 0.4 �0.6 �1.4 0.6 �0.6 �1.6 0.5 �0.9 �2.0
0.75 �0 �0.5 1.4 �0 �1.0 1.6 �0 �1.2 2.0 �0 �1.4

0.40 – 0.56 0.1 �0.4 �0.8 0.5 �0.7 �1.6 0.7 �0.7 �1.8 0.6 �1.0 �2.3
0.8 �0 �0.5 1.6 �0 �1.2 1.8 �0 �1.4 2.3 �0 �1.6

0.56 – 0.71 0.2 �0.4 �0.9 0.5 �0.7 �1.6 0.7 �0.7 �1.8 0.8 �1.0 �2.5
0.9 �0 �0.6 1.6 �0 �1.2 1.8 �0 �1.4 2.5 �0 �1.8

0.71 – 0.95 0.2 �0.5 �1.1 0.6 �0.8 �1.9 0.8 �0.8 �2.1 1.0 �1.2 �3.0
1.1 �0 �0.7 1.9 �0 �1.4 2.1 �0 �1.6 3.0 �0 �2.2

0.95 – 1.19 0.3 �0.5 �1.2 0.6 �0.8 �1.9 0.8 �0.8 �2.1 1.0 �0.8 �2.3 1.3 �1.2 �3.3
1.2 �0 �0.8 1.9 �0 �1.4 2.1 �0 �1.6 2.3 �0 �1.8 3.3 �0 �2.5

1.19 – 1.58 0.3 �0.6 �1.3 0.8 �1.0 �2.4 1.0 �1.0 �2.6 1.5 �1.0 �3.1 1.4 �1.6 �4.0
1.3 �0 �0.9 2.4 �0 �1.8 2.6 �0 �2.0 3.1 �0 �2.5 4.0 �0 �3.0
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Table used to apply precision tolerances to partsFigure 9.73
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dimensioned. Avoid the temptation to type over a dimen-
sion when it is not exactly correct; change the geometry,
not the dimension value. Uniformly applying a size stan-
dard simplifies the later addition of dimensions to a CAD
drawing. For example, if the part is drawn using nominal
sizes, the dimensioning command can be set up to auto-
matically add and subtract from the nominal size to show
the upper and lower limits, respectively.

9.8 Surface Texture Symbols
The surface texture of a finished part is critical for many
products, such as automobiles and aircraft, to reduce fric-
tion between parts or aerodynamic drag caused by the fric-
tion of air passing over the surface. Standard drawing
practices relate directly to the grinding process, which is
used to produce finished surfaces. ANSI Y14.36–1978

(R1987) is the standard used for designating surface tex-
ture and material. The surface finish for a part is specified
on an engineering drawing using a finish mark symbol
similar to a checkmark (Figure 9.74). One leg of the sym-
bol is drawn 1.5 times the height of the lettering, the other
leg is drawn three times the height of the lettering, and the
angle between the two legs is 60 degrees.

Variations of the surface texture symbol are shown in
Figure 9.74. A number preceding the finish symbol repre-
sents the amount of material to be removed by machining.
The direction that the machine tools passes over the part
(i.e., the lay of the tool) can be controlled by adding a let-
ter or symbol to the right of the finish mark (Figure 9.75).
For example, the letter M means the machine tool is mul-
tidirectional.

Finish marks are shown in every view in which the fin-
ished surface appears as a visible or hidden line (Fig-
ure 9.76 on the next page). Various applications of surface
symbols are shown in Figure 9.77 (on the next page).

The surface roughness produced by common produc-
tion methods is shown in Figure 9.78 (on page 477). The
average roughness heights are shown across the top of the
chart, and the range of roughness produced by each
process is shown as a solid bar.
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SURFACE TEXTURE SYMBOLS AND CONSTRUCTION

Symbol Meaning

Basic surface texture symbol.  Surface may be produced by
any method, except when the bar or circle is specified.

Material removal by machining is required. The horizontal
bar indicates that material removal by machining is required
to produce the surface and that material must be provided
for that purpose.

Material removal allowance. The number indicates the
amount of stock to be removed by machining in millimeters
(or inches). Tolerances may be added to the basic value
shown or in a general note.

Material removal prohibited. The circle in the vee indicates
that the surface must be produced by processes such as
casting, forging, hot finishing, cold finishing, die casting,
powder metallurgy, or injection molding, without subsequent
removal of material.

Surface texture symbol. This is used when any surface
characteristics are specified above the horizontal line or to
the right of the symbol.  Surface may be produced by any
method, except when the bar or circle is specified.

The recommended proportions for drawing the surface texture
symbol are shown above. The letter height and line width
should be the same as that for dimensions and dimension
lines.

3.5

0.00

1.5 X

3 X

LETTER HEIGHT = X

00
00
00

3 X APPROX.

60°

60°

1.5 X
3 X

Surface texture symbols and constructionFigure 9.74

LAY SYMBOLS

Lay
symbol

Meaning

Lay approximately parallel to the line
representing the surface to which the
symbol is applied.

Lay approximately perpendicular to the
line representing the surface to which
the symbol is applied.

Lay angular in both directions to line
representing the surface to which the
symbol is applied.

Lay multidirectional.

Lay approximately circular relative to
the center of the surface to which the
symbol is applied.

X

M

C

R

P

X

Lay approximately radial relative to the
center of the surface to which the
symbol is applied.

Lay particulate, nondirectional, or
protuberant.

Example showing
direction of tool marks

R

C

M

P

Special surface texture lay symbolsFigure 9.75
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9.9 Summary
Dimensioning is a method of accurately communicating
size information for objects and structures so that they can
be produced. Dimensioning of mechanical devices follows
standards established byANSI. These standards include the
proper use and placement of dimensional information on
engineering drawings. Many parts need to be dimensioned
using toleranced values. Tolerances allow a dimension to
vary within limits. Toleranced dimensions especially are
useful in the accurate manufacture of assembled parts.

Just as the clear communication about the shape of an
object is accomplished by following the standard princi-
ples and conventions of orthographic projection, the clear

communication about the size of an object is accomplished
through adherence to standard dimensioning practices.
Unless both shape and size information are communicated
clearly, it is not possible to move design ideas to reality.
Tables 9.1 (on page 478) and 9.2 (on page 479) summarize
the basics of dimensioning and tolerancing. 

476 CHAPTER 9

Online Learning Center (OLC) Features

There are a number of Online Learning Center features listed below that you can use to supplement your text reading to
improve your understanding and retention of the material presented in this chapter.

■ Learning Objectives
■ Chapter Outline
■ Chapter Overview
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions

■ Key Terms
■ Flashcards
■ Website Links
■ Image Library
■ AutoCAD Exercises
■ Stapler Design Problem

1.6
1.6

ø XX 1.6
3.2

UNLESS OTHERWISE SPECIFIED:
ALL SURFACES

Application of surface symbols to a simple
part

Figure 9.76

APPLICATION OF SURFACE TEXTURE VALUES TO SYMBOL

1.6
Roughness average rating is placed at the left of the long leg. The specification
of only one rating shall indicate the maximum value, and any lesser value shall
be acceptable.  Specify in micrometers (microinch).

1.6
0.8

The specification of maximum and minimum roughness average values indicates
permissible range of roughness.  Specify in micrometers (microinch).

0.8
0.005-5 Maximum waviness height rating is the first rating placed above the horizontal

extension. Any lesser rating shall be acceptable.  Specify in millimeters (inch).
Maximum waviness spacing rating is the second rating placed above the
horizontal extension and to the right of the waviness height rating. Any lesser
rating shall be acceptable.  Specify in millimeters (inch).

Material removal by machining is required to produce the surface. The basic
amount of stock provided for material removal is specified at the left of the short
leg of the symbol.  Specify in millimeters (inch).

1.6
3.5

1.6 Removal of material is prohibited.

0.8 Lay designation is indicated by the lay symbol placed at the right of the long leg.

2.50.8
Roughness sampling length or cutoff rating is placed below the horizontal
extension. When no value is shown, 0.80 mm (0.030 inch) applies.  Specify in
millimeters (inch).

Where required, maximum roughness spacing shall be placed at the right of
the lay symbol. Any lesser rating shall be acceptable.  Specify in millimeters
(inch).0.5

0.8

Surface texture values and related symbolsFigure 9.77
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Less frequent application

ROUGHNESS AVERAGE Ra - MICROMETERS µm (MICROINCHES µin.)

Process 50 25 12.5 6.3 3.2 1.6 0.80 0.40 0.20 0.10 0.05 0.025 0.012

Flame cutting
Snagging
Sawing
Planing, shaping

Drilling
Chemical milling
Elect. discharge mach.
Milling

Broaching
Reaming
Electron beam
Laser
Electrochemical
Boring, turning
Barrel finishing

Electrolytic grinding
Roller burnishing
Grinding
Honing

Electropolishing
Polishing
Lapping
Super finishing

Sand casting
Hot rolling
Forging
Perm. mold casting

Investment casting
Extruding
Cold rolling, drawing
Die casting

The ranges shown above are typical of the processes listed.

Higher or lower values may be obtained under special conditions.

KEY Average application

(2000) (1000) (500) (250) (125) (63) (32) (16) (8) (4) (2) (1) (0.5)

Surface roughness produced by common production methodsFigure 9.78
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1. Apply the standard dimensioning practices for me-
chanical drawings. Section 9.2.6

2. Differentiate between current ANSI standards and
past practices for dimensioning. Section 9.3

3. Apply English and metric tolerances to dimensions.
Sections 9.5 and 9.6

4. Calculate standard tolerances for precision fits.
Section 9.6.6

5. Apply tolerances using the basic shaft and basic hole
systems. Section 9.6.6

Goals Review

Basics of DimensioningTable 9.1

Parts of a Dimension

Dimension—A dimension is a numerical value shown on a drawing to define the size of an object or a part of an object. Dimensions
may be expressed in either U.S. or metric units.
Dimension line—A dimension line is a thin, solid line used to show the extent and direction of a dimension.
Arrowheads—Arrowheads are placed at the ends of dimension lines to show the limits of the dimension.
Extension line—Extension lines are thin lines drawn perpendicular to dimension lines, and they indicate the feature of the object to
which the dimension refers.
Leader line—A leader line is a thin, solid line used to direct dimensions or notes to the appropriate feature.
Tolerance—Tolerances are the amount a dimension is allowed to vary. The tolerance is the difference between the maximum and
minimum permitted sizes. 

Principles of Good Dimensioning

The overriding principle of dimensioning is clarity.
1. Each feature of an object is dimensioned once and only once.
2. Dimensions should be selected to suit the function of the object.
3. Dimensions should be placed in the most descriptive view of the feature being dimensioned.
4. Dimensions should specify only the size of a feature. The manufacturing method should only be specified if it is a mandatory

design requirement.
5. Angles shown on drawings as right angles are assumed to be 90 degrees unless otherwise specified, and they need not be

dimensioned.
6. Dimensions should be located outside the boundaries of the object whenever possible.
7. Dimension lines should be aligned and grouped where possible to promote clarity and uniform appearance.
8. Crossed dimension lines should be avoided whenever possible. When dimension lines must cross, they should be unbroken.
9. The space between the first dimension line and the object should be at least 3/8 inch (10 mm).

The space between dimension lines should be at least 1/4 inch (6 mm).
10. There should be a visible gap between the object and the origin of an extension line.
11. Extension lines should extend 1/8 inch (3 mm) beyond the last dimension line.
12. Extension lines should be broken if they cross or are close to arrowheads.
13. Leader lines used to dimension circles or arcs should be radial.
14. Dimensions should be oriented to be read from the bottom of the drawing.
15. Diameters are dimensioned with a numerical value preceded by the diameter symbol.
16. Concentric circles should be dimensioned in a longitudinal view whenever possible.
17. Radii are dimensioned with a numerical value preceded by the radius symbol.
18. When a dimension is given to the center of an arc or radius, a small cross is shown at the center.
19. The depth of a blind hole may be specified in a note. The depth is measured from the surface of the object to the deepest

point where the hole still measures a full diameter in width.
20. Counterbored, spotfaced, or countersunk holes should be specified in a note.
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Basics of TolerancingTable 9.2

The basics of tolerancing are explained in terms of a mating
shaft and hole.

Limits of Size
■ The upper limit of the shaft is the diameter of the largest

permissible shaft.
■ The upper limit of the hole is the largest permissible

diameter of the hole.
■ The lower limit of the shaft is the smallest permissible

diameter of the shaft.
■ The lower limit of the hole is the smallest permissible

diameter of the hole.

The piece tolerance is the difference between the upper and
lower limits of one part (hole or shaft).

Limits of Fit
■ The tightest fit (between hole and shaft) is the difference

between the largest shaft and the smallest hole. This
creates the minimum clearance.

■ The loosest fit (between hole and shaft) is the difference
between the smallest shaft and the biggest hole. This
creates the maximum clearance.

The system tolerance is the difference between the tightest and
loosest fits. As a check, this value should equal the sum of the
piece tolerances.

Types of Fit
■ A clearance fit means that all the shaft(s) will fit into the

hole(s), resulting in a positive clearance.
■ An interference fit means the shaft(s) will not fit freely into

the hole(s), thus resulting in a negative clearance.
■ A transition fit means that some shafts will fit into some

of the holes, but not all of the shafts will fit into all of the
holes.

Clearance fit

Interference fit

Lower limit
Upper limit

Upper limit
Lower limit

Transition fit
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1. How are concentric circles best dimensioned?

2. Sketch the symbols for diameter, radius, depth,
counterbore, countersink, and square.

3. Where are these symbols placed with respect to their
numerical values?

4. What is the primary difference between counterbore
and spotface?

5. When is a small cross required at the center of a
radius?

6. Define the depth of a blind hole.

7. When are angled extension lines used? Sketch an
example.

8. When should extension lines be broken?

9. How is a reference dimension identified?

10. How can you tell if a dimension is out of scale (with-
out measuring the drawing)?

11. Write a note showing that a .25-inch deep .875-inch
diameter hole is to be repeated six times.

12. When is an arc dimensioned with a diameter, and
when is one dimensioned with a radius?

13. When should the word “drill” replace the word
“diameter” when dimensioning a hole?

14. What is the proper proportion of width to length of
arrowheads?

15. What is the difference between limit dimensioning
and plus and minus dimensioning?

16. What is the term for the theoretical size of a feature?

17. Compare the thickness of dimension lines to object
lines.

18. Compare the thickness of dimension lines to exten-
sion lines.

19. If two dimensioning guidelines appear to conflict,
which guideline should be followed?

20. Write a definition of what Rule 1 means for a drawing
of a flat washer with a 0.500 diameter ID, 1.000 di-
ameter OD, and a thickness of 0.062. Use a tolerance
of plus or minus 0.005.

Questions for Review
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Workbook Problems

Workbook Problems are additional exercises to help you
learn the material presented in this chapter. The problems
are located at the back of the textbook and can be removed
from the book along the perforated edge.

9.1 Dimensioning 1. Use sketching to fully dimension
the objects.

9.2 Dimensioning 2. Use sketching to fully dimension
the objects.

9.3 Tolerancing 1. Use the tolerancing tables in the
appendixes to calculate the limit dimensions
between the shaft and the hole for the given class
of fit.

Problems

Problem Instructions

The website contains starter files for most of the drawing
problems in either your native CAD file format or as a
DXF file which can be imported into most CAD software
programs. If you are sketching the problems, use either
paper recommended by your instructor or the workbook
that accompanies this text.

9.1 (Figures 9.79 and 9.80) Using an A- or B-size lay-
out, sketch or draw the assigned problems, using
instruments or CAD. Each grid square equals .25�
or 6 mm. Completely dimension the drawing, using
one-place millimeter or two-place decimal inches.

Problem 9.1Figure 9.79

(4) (5) (6)

(1) (2) (3)
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9.2 (Figures 9.81 through 9.92) Sketch, or draw with
instruments or CAD, a multiview drawing, then
add dimensions.

9.3 (Figure 9.93) Use the tolerancing tables in Appen-
dixes 3–7 to calculate the limit dimensions between
the shaft and hole for the given classes of fit.

9.4 (Figure 9.94) Determine the limit dimensions be-
tween the shoulder screw and bushing and between
the bushing and housing, using the specified fit and
the tolerancing tables in Appendix 7.

9.5 Identify an everyday item that would work better if
its features were toleranced for geometry, as well as
for size. Discuss why.

482 CHAPTER 9

(1) (2) (3)

(4) (5) (6)

Problem 9.1Figure 9.80

.40

1.20

R .20
.70

1.50

2.00

6.00

1.90 4.20

.40

45° 1.30

R .40

6.00 1.84

Gusseted angle bracketFigure 9.81
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2.72

.75

.69

.75

15°

.69ø .375-24 UNF
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Design in Industry
John Deere 8020 Series Tractor

need for physical prototypes, guaranteed that expensive
tooling and parts were made exactly to the engineers’ spec-
ifications, and allowed engineers to analyze and optimize
the design at their desktop prior to building hardware—
including all the tractor’s hydraulic lines, fittings, cap-
screws, o-rings, and washers.

With this level of detail, the marketing and service pub-
lication teams also used the Pro/Engineer models to make
many of the marketing brochure photos, cut-aways, and
parts-book pictures. This helped to decrease the develop-
ment time of such publications and substantially raised the
quality of detail in the artwork.

488

This case study describes the design of the John Deere
8020 Series Tractor using 3-D modeling and CAD. In this
case study, you will see examples of how the design
process is used and the importance of 3-D modeling to
shorten the design cycle, create photographic realistic ren-
derings, and prepare the parts for manufacturing.

Pro/Engineer Eases Manufacturability
The engineering team at John Deere Waterloo Works in
Waterloo, Iowa, predicted how to assemble the agricul-
tural equipment division’s new 8020 series tractor before
any of its 10,000 individual parts were manufactured.
By using computer-aided design programs such as Pro/
Engineer, Pro-PDM, Pro-Mechanica, and ICEM, John
Deere’s development team completed much of their work
without the need for hardware, thus producing their prod-
uct in the most cost- and time-effective manner possible.

“The phrase ‘modeled once, used by many’ summed
up the team goal. This team was the first at John Deere
Waterloo to achieve specific detail in a CAD assembly of
this size or scale,” said chassis engineer Brian Potter.

Through the use of Pro/Engineer, designers all over the
world worked on different areas of development—from
design of Independent Link Suspension™ to the head-
lights and tires—allowing the design team to experiment
with complex design assemblies of the vehicle. This fea-
ture also made for virtually invisible data sharing and
ensured that everyone on the development team was
working with the latest design at all times.

The large majority of individual part fit-up checks were
also done on Pro/Engineer. These e-builds eliminated the

Sectioned assembly drawing
(Courtesy of John Deere.)
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10
Working Drawings
and Assemblies

Civilization expands by extending the number of
important operations we can perform without thinking
about them.

—Alfred North Whitehead

Objectives and Overview
After completing this chapter, you will be able to:

1. Define working drawings.

2. Describe how working drawings are used in industry.

3. List the major components of a complete set of
working drawings.

4. Describe the differences between detail and assem-
bly drawings.

5. Describe how part numbers, zoning, and tables are
used on working drawings.

6. Draw standard representations of threads.

7. Specify a metric or English thread in a note.

8. Use the graphic language of mechanisms such as
gears, cams, bearings, and linkages.

9. Interpret the specialized graphic language used in
welding drawings.

10. Describe how CAD is used to create, store, and
retrieve working drawings.

11. List techniques used to create copies of engineering
drawings.

Production or working drawings are specialized engineer-
ing drawings that provide information required to make
the part or assembly of the final design. Working drawings
rely on orthographic projection and many other graphical

CHAPTER

489
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techniques to communicate design information for pro-
duction. Though there is a common method for represent-
ing mechanical parts for production, many industries use
specialized production drawings. In addition to standard
mechanical drawings, two types of specialized drawings,
piping drawings and welding drawings, are described in
this chapter.

An engineered product typically will contain numer-
ous parts. In addition to specialized parts, these products
also contain many standard parts such as fasteners (e.g.,
screws, bolts, and pins) and mechanisms (e.g., gears,
cams, and bearings). This chapter will explain the basic
functionality of these standard parts and how they are rep-
resented in production drawings.

Reprographics is the storage, retrieval, and copying of
engineering drawings. Reprographics techniques such as
diazo printing and the digital techniques used with CAD
are covered in this chapter.

10.1 Basic Concepts
Engineering drawings are used to communicate designs
to others, document design solutions, and communicate
design production information (Figure 10.1). Preceding
chapters discussed the development of engineering draw-
ings for the purpose of communicating the design to oth-
ers. This chapter will focus on communication of the final
design for production purposes (Figures 10.2 and 10.3).
These types of drawings are called working drawings or
production drawings.

490 CHAPTER 10

Engineering drawings are used as a communications tool.
(Copyright © Douglass Kirkland/Corbis)

Figure 10.1

Working drawings are used to produce products, structures, and
systems.
(© Michael Rosenfeld/Stone/Getty Images)

Figure 10.2

Working drawings show how complex assemblies are put
together.
(Copyright © Brownie Harris/Corbis)

Figure 10.3
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Figure 10.4 shows the components of the production
cycle. Documenting is the process of communicating and
archiving design and manufacturing information on a
product or structure. The documents created include draw-
ings, models, change orders, memos, and reports.

Part of the documenting process includes storing,
retrieving, and copying engineering drawings, a process
called reprographics. Archiving is part of reprographics and
involves the storage and retrieval aspects of that process.

CAD has brought significant changes to this area of
design documentation. With 3-D CAD and modern manu-
facturing techniques, the need for production drawings is
minimized. Rather than creating 2-D drawings of the 3-D
model, manufacturers extract production information and
geometry directly from the computer model. With both 2-D
and 3-D CAD, electronic file storage and distribution elim-
inate the need for many traditional reprographics activities.
With networked computers, personnel in any phase of man-
ufacturing can access the most current version of the pro-
duction drawings or models on their computer screens.

10.2 Working Drawings
Working drawings are the complete set of standardized
drawings specifying the manufacture and assembly of a
product based on its design. The complexity of the design

determines the number and types of drawings. Working
drawings may be on more than one sheet and may contain
written instructions called specifications.

Working drawings are the blueprints used for manufac-
turing products. Therefore, the set of drawings must:
(a) completely describe the parts, both visually and
dimensionally; (b) show the parts in assembly; (c) identify
all the parts; and (d) specify standard parts. The graphics
and text information must be sufficiently complete and
accurate to manufacture and assemble the product without
error.

Generally, a complete set of working drawings for an
assembly includes:

1. Detail drawings of each nonstandard part.

2. An assembly or subassembly drawing showing all
the standard and nonstandard parts in a single
drawing.

3. A bill of materials (BOM).

4. A title block.

10.2.1 Detail Drawings

A detail drawing is a dimensioned, multiview drawing of
a single part (Figure 10.5 on the next page), describing the
part’s shape, size, material, and finish, in sufficient detail

ProcessesInput Output

PRODUCTION CYCLE

• Customer
Needs/Demands

• Material
• Capital
• Energy
• Time
• Human

Knowledge
• Human Skills
• People

• Designing
• Planning
• Producing &

Constructing
• Managing
• Marketing
• Financing

• Products, or
structures for
various markets

• Support Activities
   – Training
   – Service
   – Customer
      Satisfaction
• Company Profits

Production cycle
The production cycle includes documenting as a major process.

Figure 10.4
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for the part to be manufactured based on the drawing
alone. Detail drawings are produced from design sketches
or extracted from 3-D computer models. They adhere
strictly to ANSI standards, and the standards for the spe-
cific company, for lettering, dimensioning, assigning part
numbers, notes, and tolerances.

In an assembly, standard parts such as threaded fasten-
ers, bushings, and bearings are not drawn as details, but
are shown in the assembly view. Standard parts are not
drawn as details because they normally are purchased, not
manufactured, for the assembly.

For large assemblies or assemblies with large parts, de-
tails are drawn on multiple sheets, and a separate sheet is
used for the assembly view. If the assembly is simple or
the parts are small, detail drawings for each part of an as-
sembly can be placed on a single sheet. However, many
large companies put each part and its part number on a
separate drawing sheet, regardless of the size of the part,
to facilitate sales and reuse of the part in other assemblies.
Figure 10.6 (on the next page) is from a set of working
drawings for an engine piston and rod subassembly.

Multiple details on a sheet are usually drawn at the
same scale. If different scales are used, they are marked
clearly under each detail. Also, when more than one detail
is placed on a sheet, the spacing between details is care-
fully planned, including leaving sufficient room for
dimensions and notes (Figure 10.7 on page 495). One
technique involves lightly blocking in the views for each
detail, using construction lines. CAD detail drawings
extracted from 3-D models or created in 2-D CAD are
manipulated more easily to provide adequate spacing and
positioning of multiple details on a single sheet.

10.2.2 Assembly Drawings

An assembly drawing shows how each part of a design is
put together (Figure 10.8 on page 496). If the design
depicted is only part of the total assembly, it is referred to
as a subassembly. For example, Figure 10.6 is a subassem-
bly drawing of a piston used in an engine.

An assembly drawing normally consists of:

1. All the parts, drawn in their operating position.

2. A parts list or bill of materials (BOM) (shown in
Figure 10.8 at the bottom of the drawing sheet, to
the left of the title block), showing the detail num-
ber for each part, the quantity needed for a single
assembly, the description or name of the part, the
catalog number if it is a standard part, and the
company part number.

3. Leader lines with balloons, assigning each part a
detail number, in sequential order and keyed to
the list of parts in the parts list. For example, the
assembly shown in Figure 10.8 has 21 assigned
detail numbers, each with a leader and circle, and
detail number 5 in the sectioned assembly view is
described as an end cap in the parts list.

4. Machining and assembly operations and critical
dimensions related to these functions. In Fig-
ure 10.8, the note on the left side view, RECOM-
MENDED INSTALLATION TORQUE 45–50 Nm
(33–37 FT. LBS.), is an assembly operation rec-
ommended by the engineer to the person tighten-
ing the socket head cap screw.

Assembly drawings are used to describe how parts are
put together, as well as the function of the entire unit;
therefore, complete shape description is not important.
The views chosen should describe the relationships of
parts, and the number of views chosen should be the min-
imum necessary to describe the assembly. It is fairly com-
mon to have a single orthographic assembly view, such as
the front view, without showing a top and profile view. 

An assembly drawing is produced by tracing the
needed views from the detail drawings, or by creating the
drawing from scratch. With 2-D CAD, it is possible to
copy detail views, then place them on the assembly draw-
ing. With 3-D models, simply assemble all the models,
then determine the line of sight to extract the needed as-
sembly view.

Dimensions are not shown on assembly drawings, un-
less necessary to provide overall assembly dimensions, or
to assist machining operations necessary for assembly.

Also, hidden lines are omitted in assembly drawings,
except when needed for assembly or clarity.

The three basic types of assembly drawings are outline,
sectioned, and pictorial.

An outline assembly gives a general graphic descrip-
tion of the exterior shape (Figure 10.9 on page 497). Out-
line assemblies are used for parts catalogs and installation
manuals, or for production when the assembly is simple
enough to be visualized without the use of other drawings.
Hidden lines are omitted, except for clarity.

A sectioned assembly gives a general graphic descrip-
tion of the interior shape by passing a cutting plane
through all or part of the assembly (see Figure 10.8). The
sectioned assembly is usually a multiview drawing of all
the parts, with one view in full section. Other types of
sections, such as broken-out and half sections, also can
be used.

Working Drawings and Assemblies 493
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Chapter 8, “Section Views,” describes the important
conventions that must be followed when assemblies are
sectioned. These conventions are summarized as follows:

1. Standard parts, such as fasteners, dowels, pins,
bearings, and gears, and nonstandard parts, such
as shafts, are not sectioned; they are drawn show-
ing all their exterior features. For example, in Fig-
ure 10.8, fasteners, such as part number 7, socket
head cap screw, are not sectioned.

2. Adjacent parts in section are lined at different an-
gles, using the cast iron or other type of symbol
(Figure 10.8).

3. Thin parts, such as gaskets, are shown solid black.

Sectioned assembly drawings are used for the manufac-
ture and assembly of complicated devices. With CAD, a
sectioned assembly can be created by copying detail views
and editing them. A 3-D model also can be sectioned to cre-
ate a sectioned assembly (Figure 10.10 on page 498).

A pictorial assembly gives a general graphic descrip-
tion of each part and uses center lines to show how the
parts are assembled (Figure 10.11 on page 498). The pic-
torial assembly is normally an isometric view and is used
in installation and maintenance manuals.

With 2-D CAD, pictorial assembly drawings can be cre-
ated using traditional techniques. A 3-D CAD model also
can be used to render and create pictorial assemblies by
positioning each part in a pictorial view (Figure 10.12 on
page 499). Center lines and a parts list are added to complete
the drawing. With more sophisticated CAD systems, the
part models are referenced from a central CAD database.
When specifications on an individual part change, this
change is reflected automatically in the assembly model.

10.2.3 Part Numbers

Every part in an assembly is assigned a part number,
which is usually a string of numbers coded in such a way

Working Drawings and Assemblies 495
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that a company can keep accurate records of its prod-
ucts. For example, in Figure 10.8, the part with detail
number 5 in the sectioned assembly drawing has a com-
pany part number of 247987-01, as shown in the parts
list. Some assemblies are extremely complicated, with
thousands of parts. For example, large aircraft have
thousands of parts, and considerable documentation is
necessary to design, manufacture, assemble, and main-
tain the aircraft.

10.2.4 Drawing Numbers

Every drawing used in industry is assigned a number.
Each company develops its own standard numbering sys-
tem, based on various criteria, such as sequential numbers,
combinations of numbers and letters, sheet sizes, number
of parts in the assembly, model numbers, function, etc.
Going back to Figure 10.8, the drawing number assigned
is 247783R03, which can be found at the lower right-hand
corner of the drawing sheet in the bottom of the title block.

Both part numbers and drawing numbers commonly
are used to name CAD files and code information for

498 CHAPTER 10

Sectioned assembly model on the left, created with CAD
Sectioned assembly drawings are used by assembly technicians to determine how complicated devices are assembled and for design
visualization.
(Courtesy of Parametric Technologies.)

Figure 10.10

Pictorial assembly
This model was created as an illustration for maintenance
handbooks published by Northwind Engineering.

Figure 10.11
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companywide CIM databases. This coordination between
drawings and electronic information simplifies retrieval
and updating of design information.

10.2.5 Title Blocks

Title blocks are used to record all the important infor-
mation necessary for the working drawings. The title
block normally is located in the lower right corner of the
drawing sheet. Figure 10.13 (on the next page) shows
the ANSI standard formats for full and continuation title
blocks. A continuation title block is used for multiple-
sheet drawings and does not contain as much detail as
the title block found on the first sheet. Many industries
use their own title block formats.

Title blocks should contain the following:

1. Name and address of the company or design activ-
ity (Figure 10.13A).

2. Title of the drawing (Figure 10.13B).

3. Drawing number (Figure 10.13C).

4. Names and dates of the drafters, checker, issue
date, contract number, etc. (Figure 10.13D).

5. Design approval, when subcontractors are used
(Figure 10.13E).

6. Additional approval block (Figure 10.13F).

7. Predominant drawing scale (Figure 10.13G).

8. Federal supply code for manufacturers (FSCM)
number (Figure 10.13H).

9. Drawing sheet size letter designation (Fig-
ure 10.13J).

10. Actual or estimated weight of the item (Fig-
ure 10.13K).

11. Sheet number, if there are multiple sheets in the
set (Figure 10.13L).

Other information that can be entered in a title block
includes surface finish, hardness of material, and heat
treatment.

Working Drawings and Assemblies 499

Rendered pictorial of an exploded assembly drawing made from a 3-D CAD model
(Courtesy of SDRC.)

Figure 10.12
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Title block lettering is vertical or inclined Gothic capi-
tal letters. The height of the text varies by the importance
of the information. For example, the drawing number
should be the largest, followed by the name of the part and
the name of the company.

10.2.6 Parts Lists

A complete set of working drawings must include a de-
tailed parts list or bill of material. Based on ANSI stan-
dards, a parts list should be located in the lower right

corner above the title block (Figure 10.14). Additional
parts lists may be located at the left of and adjacent to the
original block (ANSI Y14.1–1980). As an example, in
Figure 10.8, the parts list is located to the left of the title
block.Aparts list must include a minimum amount of infor-
mation necessary to manufacture and assemble the part. The
information normally included in a parts list is as follows:

1. Name of the part.

2. A detail number for the part in the assembly.

3. The part material, such as cast iron or bronze.

4. The number of times that part is used in the
assembly.

5. The company-assigned part number.

6. Other information, such as weight, stock size, etc.

Parts are listed in the general order of size or impor-
tance in an assembly. For example, the main body of a part
would be assigned detail number 1. If a parts list is started
with the labels on the top, then the parts are listed in as-
cending order from top to bottom. If the parts list is started
with the labels on the bottom, then the parts are listed in
descending order from top to bottom (see Figure 10.6,
upper-right corner). This technique is used so that new
parts added to an assembly can be added to the parts list
without affecting the numbering sequence.

Information on standard parts, such as threaded fasten-
ers, includes the part name and size or catalog number. For
example, in Figure 10.15, information on the head liner
bushing would be obtained from the tabular drawing from
an engineering catalog. Such information includes critical
dimensions and model number, such as HL-64-22.

Often, parts manufacturers have their parts listed in an
electronic format for use with a CAD system. The parts in-
formation is available on disk or CD-ROM. Parts infor-
mation from outside vendors and parts produced in-house
can be merged together into a single CAD database. When
assembly drawings are produced with 2-D or 3-D CAD,
software working with the CAD system can automatically
inventory all parts used in the assembly and generate a
parts list.

10.2.7 Part Identification

Parts are identified in assembly drawings by a leader line
with an arrow that points to the part. The other end of the
leader has a balloon showing the part detail number (Figure
10.16). The balloon is approximately four times the height
of the number. Part names are given which are placed as
close to the part as possible (Figure 10.17 on page 502).
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Standard parts list
The parts list runs vertically for as many rows as are needed to list the parts. (ANSI Y14.1–1980)
(Courtesy of ASME.)

Figure 10.14

FLAT WASHERS

Bolt
Size

Diameter Pcs./
Lb.

Plain Steel Zinc Plated Steel

3/16"

1/4"

5/16"

3/8"

7/16"

1/2"

9/16"

5/8"

3/4"

7/8"

1"

1 1/8"

1 1/4"

1 3/8"

1 1/2"

1 5/8"

1 3/4"

2"

2 1/4"

2 1/2"

I.D.          O. D.

1/4"

5/16"

3/8"

7/16"

1/2"

9/16"

5/8"

11/16"

13/16"

15/16"

1 1/16"

1 1/4"

1 3/8"

1 1/2"

1 5/8"

1 3/4"

1 7/8"

2 1/8"

2 3/8"

2 5/8"

9/16"

3/4"

7/8"

1"

1 1/4"

1 3/8"

1 1/2"

1 3/4"

2"

2 1/4"

2 1/2"

2 3/4"

3 "

3 1/4"

3 1/2"

3 3/4"

4 "

4 1/2"

4 3/4"

5"

3/64"

1/16"

5/64"

5/64"

5/64"

7/64"

7/64"

9/64"

5/32"

11/64"

11/64"

11/64"

11/64"

3/16"

3/16"

3/16"

3/16"

3/16"

7/32"

15/64"

Thk.
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154

92

79

41

30
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11

5

   4
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4

3

2

2

2

1

1

1
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91081A029..... 1.48

91081A030..... 1.43

91081A031..... 1.43

91081A032..... 1.37

91081A033..... 1.35

91081A034..... 1.33

91081A035..... 1.35

91081A036..... 1.31

91081A037..... 1.31

91081A038..... 1.31

91081A039..... 1.31

91081A040..... 1.45

91081A042..... 1.45

91081A041..... 1.45
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91081A027....$1.98

91081A029..... 1.67

91081A030..... 1.62

91081A031..... 1.56

91081A032..... 1.54

91081A033..... 1.48

91081A034..... 1.54

91081A035..... 1.46

91081A036..... 1.46

91081A037..... 1.46

91081A038..... 1.46

91081A039..... 1.61

91081A040..... 1.61

91081A042..... 1.65

91081A041..... 1.65

91081A043..... 1.65

91081A044..... 1.65

91081A046..... 1.65

91081A047..... 2.15

91081A048..... 2.15

No. NET/LB.

USS FLAT WASHERS
Standard washers for general purpose application.
Available in plain or zinc plated steel.
SOLD IN PACKAGE QUANTITIES OF 5 LBS. ONLY

Typical page from a parts catalog
Part numbers for standard parts are listed in parts catalogs.

Figure 10.15
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Balloons in an assembly
Balloons are used to identify parts by their assigned number in
the assembly.

Figure 10.16



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

10. Working Drawings and 
Assemblies

Text514 © The McGraw−Hill 
Companies, 2007

10.2.8 Revision Block

Drawing revisions occur because of design changes, tool-
ing changes, customer requests, errors, etc. If a drawing is
changed, an accurate record of the change must be created
and should contain the date, name of the person making
the change, description of the change, the change number,
and approval. This information is placed in a revision
block (Figure 10.18), which is normally in the upper right

corner of the drawing, with sufficient space reserved for
the block to be expanded downward.

A number, letter, or symbol keyed to the revision block
identifies the location of the change on the drawing. The
most common key is a number placed in a balloon next to
the change. For zoned drawings, the change is specified by
listing the zone in the revision block.

10.2.9 Engineering Change Orders (ECO)

Making engineering changes after the design has been
finalized is very expensive and should be avoided but is
necessary if there is a design error, a change request by the
customer, or a change in the material or manufacturing
process. To make a change in a design, most industries re-
quire the use of an engineering change notice (ECN) or
engineering change order. The form used to request a
change varies by industry, but they all have common fea-
tures such as:

Identification of what has to be changed in the form of part
numbers, part names, and drawing numbers.

An explanation of the need for the requested change.
A list of all documents and departments within an organi-

zation that is affected by the change.
A description of the change including drawings of the

part(s) before and after the change.
Approval of the changes by project managers.
Instructions describing when the changes are to be im-

plemented.
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Part name in a detail drawing
In detail drawings of an assembly, the part name and detail
number are located near one of the views or in the title block.

Figure 10.17
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DESCRIPTIONREVZONE DATE APPROVED

REVISIONS

DESCRIPTIONREVZONE DATE APPROVED

Revision block for A, B, C, and G - sizes

Revision block for D, E, F, H, J, and K - sizes

.500
.38

6.50

1.00.88

.25

.50

Standard revision block (ANSI Y14.1–1980)
(Courtesy of ASME.)

Figure 10.18
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10.2.10 Scale Specifications

The scale used on a set of working drawings is placed in
the title block (see Figure 10.9). If more than one scale is
used, the scale is shown near the detail drawing. Scales are
indicated in metric drawings by a colon, such as 1:2; for
the English system, an equal sign, such as 1 � 2, is used.

Common English scales found on engineering draw-
ings are:

1 � 1 Full
1 � 2 Half
1 � 4 Quarter
1 � 8 Eighth
1 � 10 Tenth
2 � 1 Double

Common metric scales include:

1:1 Full
1:2 Half
1:5 Fifth
1:10 Tenth
1:20 Twentieth
1:50 Fiftieth
1:100 Hundredth

The designations METRIC or SI appear in or near the
title block to show that metric dimensions and scale are
used on the drawing.

A graphics scale also can be used, especially on map-
ping drawings (Figure 10.19). This graphics scale has cal-
ibrations for transferring measurements from the drawing
to the scale to determine distances.

CAD drawings are nearly always made full-size so that
automatic dimensioning will show the true dimensions. To
fit on the paper, CAD drawings are scaled when printed or
plotted. The scale number on the CAD plot represents the
print/plot scale, not the scale at which the CAD drawing
was created. Adjustments then must be made for text size
so that the text is not too large or too small when the scaled
plot is created.

10.2.11 Tolerance Specifications

Tolerances are specified in a drawing using toleranced di-
mensions. For those dimensions that are not specifically

toleranced, a general tolerance note is used. This note is
placed in the lower right corner, near the title block, and
usually contains a tolerance and a general statement, such
as UNLESS OTHERWISE SPECIFIED.

For example, in Figure 10.20, the general tolerance
note specifies the following tolerances for untoleranced
dimensions:

One-place decimal inches 	.1
Two-place decimal inches 	.02
Three-place decimal inches 	.005
One-place decimal millimeters 	2.5
Two-place decimal millimeters 	0.51
Three-place decimal millimeters 	0.127
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0 50 100

Graphic scaleFigure 10.19

General tolerance note for inch and
millimeter dimensions
(Courtesy of Kennametal, Inc.)

Figure 10.20
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The general tolerance note also should contain a gen-
eral note for angles. In Figure 10.20, the general tolerance
note states that unless otherwise specified, all angles are
toleranced 	1 degree.

Refer to Chapter 9, “Dimensioning and Tolerancing
Practices,” for a more detailed explanation of tolerances.

10.2.12 Zones

Zones are used on large sheets for reference purposes.
Zones in engineering drawings are similar to the zones
used on highway maps. Refer back to Figure 10.5 for an
example of a standard drawing sheet with zone markings
along the edges. Numerals are used horizontally and let-
ters vertically. To locate a detail in a zone, a letter and
number designation would be used, specifying that loca-
tion. For example, the title block on the E-size ANSI stan-
dard drawing sheet is located in zone A-1 and the revision
block is located in zone H-1.

10.2.13 Tabular Drawings

Tabular drawings are used when several similar parts
have common features. Such parts can be grouped to-
gether into a family of parts. An example is a series of air
cylinders that have many common features, yet vary in
length of stroke, diameter of cylinder, etc. Figure 10.21 is
a tabular drawing for such air cylinders and can be used to

determine critical dimensions. In the drawing, letters are
used for dimensions instead of numbers. Each letter corre-
sponds to a specific column in the table. For a specific
bore size, the table is consulted to determine the actual di-
mensions for the part. For example, if the cylinder has a 3⁄4�
bore, dimension G would be .62, dimension N would be 1⁄4,
and so on.

The obvious advantage of a tabular drawing is that it
saves time. Several parts in a family can be specified in a
single engineering drawing, with only those dimensions
that vary between parts having to be specified in the table.

10.2.14 Working Assembly Drawing

Aworking assembly drawing, also known as a detailed as-
sembly, combines on a single sheet the detail drawing and
the assembly drawing, usually a section view. Such draw-
ings are used for relatively simple assemblies that use some
standard parts. Figure 10.22 shows a working assembly
drawing of a clamping unit, which has a total of 21 parts, all
of which are listed in the QTY(quantity) column of the parts
list. Of the 21 parts, only details 1 and 2 are not standard
parts. Detail numbers 6 through 16 are all standard parts
purchased from other vendors, and therefore do not need de-
tail drawings. Also, parts 3 through 5 are standard in-house
parts with their own catalog numbers, so they do not need
detail drawings. That leaves only details 1 and 2, which are
dimensioned in the front, bottom, and left side views.
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Tabular drawing of an air cylinder, from a Paris catalog 
(Courtesy of American Cylinder.)

Figure 10.21
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10.3 Standard Parts
There are many designs that will use standard parts as part
of the assembly. For example, if a design consists of many
parts, they can be held together with fasteners, such as ma-
chine screws and nuts. Other designs might require the use
of springs or bearings. Many of these parts are created in
standard sizes because they are used commonly in design.
As a designer, you want to use as many standard parts in a
design as possible to save money and lower cost to manu-
facture and assemble the product.

There are many companies that manufacture, stock, and
supply standard parts for industry. There are also a number
of websites that have consolidated many standard part sup-
pliers’ products through a website by making online parts
libraries available to designers at no cost. These sites offer
advanced search tools to help locate hard to find components
or offer the ability to browse thousands of standard part

catalogs. Once you find the part you need for your design,
you can preview a 3-D CAD model and 2-D drawing of the
part online and perform design calculations. Once the deci-
sion is made to use the standard part, the 3-D CAD model
and 2-D drawing of the part can be downloaded and placed
directly into the CAD model or drawing you are creating for
your design. Figure 10.23 is an example of an online catalog
that is available to search and download standard parts.

10.4 Using CAD to Create a Detailed
Working Drawing from a 3-D Model
The traditional method of creating a detail drawing was to
create the views by drawing each feature. This technique
was used whether you were using traditional hand tools or
a 2-D CAD program. Many CAD programs have the ca-
pability to automatically extract 2-D views from a 3-D

506 CHAPTER 10

Many standard parts can be found online through websites and the 3-D model and 2-D drawing downloaded into your CAD model
or drawing.
(Courtesy of Trace Parts S.A.)

Figure 10.23
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part model. Parts of an assembly that are created as 3-D
models are used as the base for creating the 2-D detailed
working drawing.

Normally, this process begins with creating a base view
of the part by automatically extracting the view from the
3-D model. The user selects the viewing direction to cre-
ate the base view and positions it on a drawing sheet, as
shown in Figure 10.24. Once the base view is positioned,
the CAD software can be used to automatically project
other orthographic and auxiliary views, if necessary.
Those new views easily can be positioned and aligned
with the base view. You also can create a pictorial view of
the part and place that on the drawing sheet along with the
orthographic views, as shown in Figure 10.25.

Section views also can be generated automatically by
selecting the type of section view and positioning the
location of the cutting plane with the cursor (Fig-
ure 10.26). Various hatch patterns and the cutting-plane

line can be selected and added automatically to the new
section view.

After creating the orthographic views, center lines and
dimensions normally are added when creating a detailed
working drawing of a part. Center lines can be added by
drawing them with the CAD system or placed automati-
cally. Models created through a parametric modeling tech-
nique normally will have dimensions attached to the model.
The parametric dimensions can be displayed automatically
by invoking the proper command. However, parametric
dimensions usually will be displayed in a manner that is not
to drawing standards (Figure 10.27). Therefore, it is neces-
sary to reposition the parametric dimensions by picking
them and dragging them into the proper position according
the ANSI standards (Figure 10.28 on the next page).

After all of the dimensions and notes have been placed
on the drawing, it is necessary to zoom into the title block
of the drawing sheet to add the text necessary to complete
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Base view placement
From Autodesk Inventor by James M. Leake, © 2003 the McGraw-Hill Companies.

Figure 10.24

Projected views
From Autodesk Inventor by James M. Leake, © 2003 the McGraw-Hill Companies.

Figure 10.25

Section view
From Autodesk Inventor by James M. Leake, © 2003 the McGraw-Hill Companies.

Figure 10.26

Model dimensions displayed
From Autodesk Inventor by James M. Leake, © 2003 the McGraw-Hill Companies.

Figure 10.27
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the title block information. That will complete the detailed
working drawing, as shown in Figure 10.29.

10.5 Threaded Fasteners
Fastening is a method of connecting or joining two or
more parts together, using devices or processes. Fasteners
are used in nearly every engineered product and structure
(Figure 10.30). For example, structures such as bridges,
communications towers, and buildings use many fasteners
of several different types in their construction. In addition,
products used in medicine, sports, transportation, and pip-
ing use fasteners. 

10.5.1 Thread Terminology

The terms described in this section are the ones used most
commonly for representing threads on technical drawings
(Figure 10.31). For a complete list of terms and definitions
related to screw threads, refer to ANSI/ASME Standard
B1.7M–1984.

Axis—the longitudinal center line that passes through the
screw thread cylinder.

Chamfer—the angular relief at the last thread; allows
easier engagement with the mating part.

Crest—the peak or top surface of a screw thread.
Depth—the distance between the crest and the root of a

thread, measured normal to the axis.
Die—a tool used to form external threads.
External thread—the screw thread on the outside of a

cylindrical or conical surface.
Internal thread—the screw thread on the inside of a

cylindrical or conical surface.
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Repositioned dimensions
From Autodesk Inventor by James M. Leake, © 2003 the McGraw-Hill Companies.

Figure 10.28

Completed detail working drawing
From Autodesk Inventor by James M. Leake, © 2003 the McGraw-Hill Companies.

Figure 10.29

The integrity of this bridge depends not only on the quality of
its cable and steel but also on the fasteners that link them.
(© Photri, Inc.)

Figure 10.30
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Lead—the distance a screw will travel when turned
360 degrees, or one revolution.

Major diameter—the largest diameter on an internal or
external thread.

Minor diameter—the smallest diameter on an internal or
external thread.

Pitch—the distance between corresponding points on ad-
jacent thread forms, measured parallel to the axis. The
pitch is equal to the number 1 divided by the number of
threads per inch. For example, a screw thread with
12 threads per inch would have a pitch of 1⁄12.

Pitch diameter—the diameter of an imaginary cylinder
that is located equidistant between the major and minor
diameters.

Root—the bottom of a screw thread cut into a cylinder.
Screw thread—a continuous and projecting helical ridge

on a cylindrical or conical surface.
Side—the screw thread surface that connects the crest and

root.
Tap—a tool used to make threads in holes.
Tap drill—a drill bit used to make a hole in metal before

tapping an internal thread.
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Thread angle—the angle between the surfaces of two ad-
jacent threads.

Thread form—the profile or shape of a thread cut into a
cylinder.

Thread series—the number of threads per inch for a
given diameter.

Threads per inch—the number of threads in one inch,
measured axially (parallel to the axis); the reciprocal of
the pitch.

10.5.2 Thread Specifications: English System

To specify a thread, you must provide a minimum of five
pieces of information:

1. Thread form

2. Thread series

3. Major diameter

4. Class of fit

5. Threads per inch

Normally, thread specifications are given in the form of
a note, using abbreviations and numerical information. The
text of the note is done in 1⁄8-inch or 3-mm sized lettering.

10.5.3 Form

Thread form is the shape or profile of a screw thread. Many
types of thread forms have been developed (Figure 10.32).

The sharp-V thread was originally developed by
William Sellers. It is generally used only where in-
creased friction is necessary, such as in set screws or on
brass pipes. The American National thread replaced the
sharp-V thread and is stronger than the sharp-V thread.
This thread form flattens the crest and root of the thread.
The Unified thread is the current standard used in the
United States, Canada, and England. This thread form
rounds the root and either rounds or leaves the crest as
a sharp V. The symbol for a Unified thread in a thread
note is UN. (For a complete listing of screw thread des-
ignations, refer to ANSI Y14.6–1978, “Screw Thread
Representation.”)

A variation on the Unified thread is the Unified Na-
tional Round thread, abbreviated UNR. The UNR has a
rounded root and is specified only for external threads.

The metric thread is the international standard thread that
is similar in shape to the Unified thread. The crests and roots
are flat, but the depth is less than that of the Unified thread.

The Acme, square, and buttress threads are used
primarily to transmit power in gearing and other types of

machines. The knuckle thread usually is rolled from sheet
metal or cast, and it is used for lightbulb bases, bottle caps,
and glass jars.

10.5.4 Series

The thread series refers to the standard number of threads
per inch, and there are four classes: coarse (C), fine (F),
extra fine (EF), and constant pitch (Appendix 13). When
used with the Unified thread, they are abbreviated UNC,
UNF, and UNEF. The constant pitch series threads are 4,
6, 8, 12, 16, 20, 28, and 32.
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Coarse series fasteners are used for quick assembly or
disassembly of cast iron, soft metals, and plastic, and are
designated NC or UNC.

Fine series fasteners are used when a great deal of
force is necessary for assembly and are designated NF or
UNF. These fasteners are used extensively in the aero-
space and automotive industries.

Extra fine series fasteners are used when the length of
engagement is short and the application calls for high de-
grees of stress. They are designated NEF or UNEF.

The constant pitch series is specified by writing the
number before the form designation. These threads are for
special purposes, such as large-diameter or high-pressure
environments. The 8 series is used as a substitute for
the coarse series thread diameters larger than 1 inch. The
12 series is used as a continuation of the fine series thread
diameters larger than 11⁄2 inches. The 16 series is a contin-
uation of the extra fine series thread diameters larger than
111⁄16 inches.

10.5.5 Class of Fit

There are three classes of fit established by ANSI for gen-
eral use. Designated 1, 2, and 3, the classes indicate the
tolerance or tightness of fit between mating threaded parts.

Class 1—a loose fit where quick assembly is required and
looseness or play between parts is acceptable.

Class 2—a high-quality, general-purpose, commercial
class of fit for bolts, nuts, and screws widely used in
mass production.

Class 3—a very high-quality threaded fastener with a
close fit, used for precision tools and for high-stress
and vibration applications.

Refer to the Machinery’s Handbook, Table 4, “Screw
Thread Systems,” for the actual upper and lower limits of
each class of fit for a particular thread.

10.5.6 Thread Notes

Threads are represented only symbolically on drawings;
therefore, thread notes are needed to provide the required
information. A thread note must be included on all
threaded parts, with a leader line to the external thread or
to an internal thread in the circular view. The recom-
mended thread note size is 1⁄8� or 3-mm lettering, whether
done by hand or with CAD. The thread note must contain
all the information necessary to specify the threads com-
pletely (Figure 10.33). External thread notes are given in
the longitudinal view. Internal thread notes are given on
the end view, with a pointer to the solid circle.

A thread note should contain the following informa-
tion, in the order given:

1. Major diameter, in three-place decimal form, fol-
lowed by a dash. Fractional sizes are permitted. If
a standard number designation is used, the deci-
mal equivalent should be given in parentheses,
such as No. 10 (.190)-32 UNF-2A.
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Left hand

External

UNC
UNF
UNEF
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Threads per inch

Form
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Class of fit
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Standard thread note for English
dimension fasteners
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2. Number of threads per inch, followed by a space.

3. Thread form designation.

4. Thread series designation, followed by a dash.

5. Thread class designation (1, 2, or 3).

6. Internal or external symbol (A is for external
threads, B is for internal threads), followed by a
space.

7. Qualifying information, such as:

LH for left-hand threads. If the thread is right-hand,
RH is omitted.

DOUBLE or TRIPLE for multiple threads.

Thread length.

Material.

Thread notes also can provide information about tap
drill depth and size, drill and thread depths, countersink-
ing, counterboring, and number of holes to be threaded
(Figure 10.34). Tap drill sizes are shown in Appendix 15
and are found in Machinery’s Handbook, Table 3, in the
section “Tapping and Thread Cutting.”

Refer to ANSI Y14.6–1978 for more detailed examples
of thread notes. 10.5.7 Thread Specifications: Metric System

Metric thread specifications are based on ISO recommen-
dations and are similar to the Unified standard. ANSI
Y14.6aM–1981 can be referenced when specifying metric
threads (see Appendix 14). The basic designation for a
metric thread is shown in Figure 10.35. The note specifies
that the thread is metric (M), the diameter of the thread is
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Drill depth

Thread depth

Tap drill size

.75

1.00

Tap drill depth

Thread depth
(to last perfect thread)

ø .147
    1.00
ø .190-32UNF-2B
    .75

Standard thread note for specifying tap drill sizeFigure 10.34

Practice Exercise 10.1
Get a threaded fastener such as a bolt from your instructor
or from a hardware store. Use a scale to determine the
number of threads per inch and the pitch of the bolt. Use a

scale to determine the nominal major diameter of the bolt.
Look at the head of the bolt and determine its grade by
comparing what you see with the appropriate table in the
Machinery’s Handbook.

Internal

M24 X 2

Metric
Diameter (mm)

Pitch (mm)

 M24 X 2

External

Basic metric thread note for specifying
threads

Figure 10.35
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24 millimeters, followed by the multiplication sign �, and
the pitch is 2 millimeters. Metric threads are either a
general-purpose coarse thread or a fine thread.

A complete metric thread note, shown in Figure 10.36,
should contain the following information, in the order given:

1. Thread form symbol. The letter M is used to desig-
nate the metric profile. The J profile class is a
modified M profile.

2. Nominal size (basic major diameter) in millime-
ters, followed by an �.

3. Pitch in millimeters, followed by a dash. The pitch
can be eliminated for coarse threads, but it is pre-
ferred in the American use of the standard.

4. General-purpose tolerance, which for external
metric threads is 6g, and for internal metric
threads is 6H. For closer fits, 6H is used for inter-
nal threads and 5g6g is used for external threads.
The tolerance class designation then includes:

Pitch diameter tolerance: grade, position

Minor diameter tolerance: grade, position

For external threads, designate tolerance positions using
lowercase letters. For internal threads, designate tolerance
positions using uppercase letters. For a left-hand thread,
add a dash after the last position tolerance, then the letters
LH. Closer-fitting threads for mating parts are specified
with a slash followed by the closer tolerance designation,
such as /5g6g.

10.5.8 Thread Drawings

Most threads are difficult to represent graphically in their
true form. The three conventional methods for drawing
thread forms are detailed, schematic, and simplified
(Figure 10.37 on the next page). The detailed thread rep-
resentation is the most realistic but is more difficult and
time consuming to draw and is rarely used on technical
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drawings. Its use normally is limited to illustrations. The
schematic and simplified representations are easier to
draw and are used more widely in technical drawings,
with the simplified representation being the most com-
mon. Generally, only one of the three methods is used on
a single drawing, but they may be mixed if necessary.

Simplified Representation The simplified method of rep-
resenting threads is the quickest and easiest technique,
whether using hand tools or CAD, and can be used for
all thread forms, including metric. Simplified external
threads are shown in Figure 10.37 for both chamfered and
unchamfered ends. The threaded portion is shown using
dashed lines that are drawn parallel to the axis at the
approximate depth of the minor diameter. When the fas-
tener is drawn in section, the dashed lines are drawn on the
section view. (This is one of the few exceptions where hid-
den lines are drawn on a section view.)

Schematic Representation The schematic representation
approximates the appearance of screw threads with lines
drawn approximately equal to the pitch of the thread.

When the number of threads per inch is too great to repre-
sent clearly, the spacing is enlarged slightly.

Figure 10.38 shows the schematic and simplified rep-
resentation of internal threads for through, blind, and
bottom-tapped holes. The major and minor diameters are
represented as two equal-length, parallel, hidden lines, for
both the schematic and simplified thread representations.

Assembly Sections A threaded fastener in an assembly
section is not sectioned (Figure 10.39 on page 516).
Because they are too small to be shown clearly in section,
nuts, bolts, screws, studs, and other fasteners are shown
whole, unless a section view is necessary to show some
internal feature.

CAD Techniques The CAD techniques for representing
threads on a technical drawing involve the LINE, CIR-
CLE, POLYGON, PARALLEL, and COPY commands,
as well as several others. The POLYGON command is
used to create a hexagon or square of a given size. The
PARALLEL or COPY command is used to draw the mul-
tiple lines used in schematic and detail thread drawings.

514 CHAPTER 10

Internal threads

External threads

Detailed Schematic Simplified End view

Section
detailed

Section
schematic

Section
simplified

Unsectioned End view

Conventional graphic thread form representation types: detailed, schematic, and simplifiedFigure 10.37
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End view Through Blind Bottom-tapped

Simplified views

End view Through Blind Bottom-tapped

Sectional views

Schematic representation of different types of threaded holesFigure 10.38

Some CAD software will create simplified thread rep-
resentations automatically once the type of hole and its
position are specified. The software automatically will
draw the major and minor diameters, change the linetype,
and draw the details for blind-tapped holes. 

Many 3-D CAD models do not support helical geome-
try, making it impossible to represent threads accurately.
As with 2-D CAD drawings, 3-D models usually will
show threads schematically as a series of concentric ridges
or not at all, leaving the thread specification for a note.

10.6 Standard Bolts, Studs, and Screws
The five general types of standard threaded fasteners are:

1. Bolt—a mechanical threaded device with a head
on one end and threads on the other end. Bolts are
paired with nuts (Figure 10.40A on page 517).
A nut is a mechanical threaded device used on the
end of a bolt, stud, or machine screw.

2. Stud—a rod that is threaded on both ends and
joins two mating parts. A nut may be used on one
end (Figure 10.40B).

3. Cap screw—a mechanical threaded device with a
head on one end and threads on the other end. Cap
screws join two mating parts and have longer

threads than bolts (Figure 10.40C). Also, cap
screws can be made with slotted heads.

4. Machine screw—a mechanical threaded device
with a head on one end and threads on the other
end. The threaded end may screw into a mating
part, or may be used with a nut. A machine screw
is similar to a cap screw, but it is normally smaller
(Figure 10.40D).

5. Set screw—a mechanical threaded device with or
without a head, used to prevent rotation or move-
ment between parts, such as a shaft and a collar.
Set screws have different types of points and
heads for different applications (Figure 10.40E).

The basic difference between a bolt and a screw is that
a bolt normally is intended to be tightened or loosened
using a nut, while a screw normally is intended to be
mated with an internal thread in a part, using the head for
tightening or loosening.

10.6.1 CAD Techniques

With a CAD system, standard threaded fasteners can be
created using symbol (block) libraries with such com-
mands as COPY, BLOCKS, PARALLEL, and others. In
addition, several specialized CAD products automatically
represent thousands of different types of standard fasteners
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in both 2-D and 3-D. The user specifies the type of stan-
dard fastener needed and the location on the drawing, and
the fastener is drawn automatically.

10.7.1 Pins

Common types of pins are dowel, straight, tapered,
groove, and spring (Figure 10.42). To draw pins, refer to
the Machinery’s Handbook section “Bolts, Screws, Nuts,
and Washers,” for specifications on American standard
pins and metric standard pins; see Appendixes 51–53.
Dowel pins are used to keep parts in position, or to prevent
slippage after assembly. Dowel pins are specified by giv-
ing the name, nominal pin diameter, material, and protec-
tive finish, as follows:

HARDENED GROUND MACHINE DOWEL—
STANDARD SERIES, 1⁄4 � 2, STEEL.

10.7.2 Keys

Keys commonly are used to attach two components, such
as a shaft and hub, to transmit power to gears, pulleys, and
other mechanical devices. The key is placed into a keyseat,
which is a groove cut into the shaft. The shaft and key are
inserted into the hub of the mechanical component, such as
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(C) Cap Screw

(D) Machine Screw

(E) Set Screw

(B) Stud

(A) Bolt

General types of fasteners
The five general types of fasteners are bolts, studs, cap screws,
machine screws, and set screws.

Figure 10.40

Practice Exercise 10.2
Using the same bolt from Practice Exercise 10.1, sketch the
bolt and write a thread note that specifies the fastener. Write
the specifications needed for a hex head nut that can be
used with the bolt.

10.7 Nonthreaded Fasteners
Nonthreaded fasteners are mechanical devices generally
used to prevent motion between mating parts. Dowels,
pins, keys, rivets, and retaining rings are examples of such
fasteners. Washers, another type of nonthreaded fastener,
are used to lock fasteners or to provide a smooth surface
for a fastener (Figure 10.41).

.500 x 1.250 x .100 TYPE B REGULAR
PLAIN WASHER

Representation and note for a plain washerFigure 10.41

Ground dowel Straight

Clevis Grooved

Taper Cotter

Pin typesFigure 10.42
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a gear or wheel, by aligning the key with the keyway
groove cut into the hub.

Common keys are plain, gib head, Woodruff, and Pratt
& Whitney (Figure 10.43). 

10.7.3 Rivets

Rivets are metal pins with a head and are used to attach
assembled parts permanently. Rivets are available in a va-
riety of head styles and generally are used for sheet metal,
such as the skin of an aircraft attached to the frame, or ship
parts. Larger rivets are used in steel structures, such as

bridges, ships, and boilers. On technical drawings, rivets
are represented using the symbols shown in Figure 10.44.

10.8 Springs
Springs are mechanical devices that expand or contract
due to pressure or force. Many types of springs have a
helix form. Spring classifications are compression, ten-
sion, extension, flat, and constant force. Springs are clas-
sified further by the material, gage, spring index, helix
direction, and type of end.
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Springs can be represented on technical drawings ei-
ther in detail or in schematic form (Figure 10.45).

10.9 Mechanisms
A machine is a combination of interrelated parts for using
or applying energy to do work. A mechanism is a me-
chanical system made of rigid parts or structures (such as
housings, pillow blocks, and shafts), connected by various

linkages (such as gears, cams, and cranks), and driven by
motions or loads. Mechanisms are designed using the laws
of physics known as mechanics.

10.9.1 Gears

A gear is a toothed-wheel mechanical device used to
transmit power and motion between machine parts.

When two gears of different sizes mesh, the larger is
called the gear and the smaller is the pinion. A gear clus-
ter is more than one gear on a single shaft.

Gears are selected and specified using standards estab-
lished by the American Gear Manufacturers Association
(AGMA) and the American National Standards Institute
(ANSI). If a standard gear is chosen, the gear is not shown in
full detail on a technical drawing. Instead, a schematic rep-
resentation is used and a table of gear cutting values is
drawn. Detailed drawings of a gear are made when a special
gear is designed or when gears in assembly must be shown.

Normally, gear drawings include a table of information,
called cutting data, for manufacturing (Figure 10.46 on the
next page). A detail drawing of a gear to be manufactured
also would include other dimensions not found in the table.
The section “Gear Data for Drawings” in the Machinery’s
Handbook includes tables that list the specifications to be
shown on a drawing for helical and spur gears.

10.9.2 Cams

A cam is a mechanical device with a surface or groove
that controls the motion of a second part, called a follower
(Figure 10.47 on the next page).
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Displacement is the distance that a follower moves
during one complete revolution (or cycle) of the cam
while the follower is in contact with the cam. A displace-
ment diagram is a graph or flat-pattern drawing of the
travel (displacement) of the follower on the cam. A period
is a part of the cam cycle and it includes:

Rise—the upward motion of the follower caused by cam
motion.

Fall—the downward motion of the follower caused by
cam motion.

Dwell—the stationary position of the follower caused by
cam motion.

Figure 10.48 shows a displacement diagram, with
important parts labeled. The height (ordinate) is equal to
the total displacement of the follower. The base circle
(abscissa) is one revolution of the cam and can be drawn
at any convenient distance. The horizontal distance is
divided into degree increments from 0 to 360.

10.9.3 Linkages

A link is a rigid element that transmits force and velocity.
Links are the most common type of machine element in
use (Figure 10.49). A linkage is a number of links com-
bined to transmit force and velocity.

Symbols Links are drawn in schematic form on technical
drawings and for engineering design analysis. Figure 10.50
(on page 522) shows the schematic symbols used for link-
age drawings. With CAD, these symbols can be drawn
once, placed in a symbols library, then used on many draw-
ings. Third-party software that has link symbols on disk is
also available. A linkage pin joint is represented with a
small circle. A slider is represented as a circle surrounded
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by a rectangle. The linkage crank, lever, or bar is repre-
sented as a line. More complex linkages are created by
combining these schematic elements.

Linkage Analysis Linkages can be analyzed mathemati-
cally or graphically to determine interference, extreme

positions, and angle of oscillation. Geometry and trigonom-
etry are used for mathematical analysis. However, graph-
ics are used to analyze linkages more quickly. There is
specialized software that uses CAD drawings of links to
analyze linkages (Figure 10.51 on page 523).

10.9.4 Bearings

Bearings are mechanical devices used to reduce friction
and wear between two parts, and to support a load while
permitting motion between two parts. Bearings are used in
many different applications, such as automobiles, aircraft,
appliances, agricultural equipment, electric motors, and
pumps. (Figure 10.52 on page 523).

Graphical Representations Normally, bearings are not
shown on technical drawings because they are a standard
part. However, bearings are shown on assembly drawings
and are listed in a parts list. Also, the bearing usually is
shown in section. For a plain bearing, the outline of the
bearing is shown with section lines, or it is shown in solid
black if there is not enough room for section lines. For
rolling bearings in an assembly section, the inner and
outer rings are shown in section and the ball or roller is un-
sectioned. A leader line and balloon are used to identify
the part number, and the parts list contains the manufac-
turer and part number of the bearing.

10.10 Welding
A welding drawing is a detailed multiview drawing of
all the parts assembled, with accompanying welding
symbols. A welding drawing is actually a type of assembly
drawing showing all the parts fastened together (Fig-
ure 10.53 on page 524). The graphic representation of
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welded joints is through welding symbols. The weldment
(i.e., the item formed by welding together the various
pieces) is not shown, but the joint lines are shown, even
though the joint itself may not be visible after the parts are
welded. Also, if material is added during the welding
process, it is not shown on the drawing. For example, arc
welding normally deposits some type of metal onto the
parts to be fabricated. This arc welding material is not
shown on the drawing.

Welding symbols conform to the American Welding
Society (AWS) symbols, which have been adopted byANSI
as ANSI/AWS A2.4–1986. The symbols give all the infor-
mation necessary for the welder to fasten the parts together
using one of the welding techniques. Appendix 54 summa-
rizes the standard welding abbreviations and symbols.

10.10.1 Weld Symbols

AWS and ANSI have standardized the weld symbols used
to describe welds on technical drawings (ANSI/AWS
A2.4–79). The weld symbol completely describes the spec-
ifications for welding a joint and a bent line with an arrow
at the end points at the joint to be welded. The weld symbol
is made of the leader, reference line, and tail (Figure 10.54
on the next page). A large amount of information can be
attached to the leader line (Figure 10.55 on page 525). The
eight basic parts to a complete weld symbol are:

1. Reference line

2. Leader line and arrow

3. Basic weld symbol (location/depth of weld)

4. Finish symbol

5. Weld symbol (type of weld)

6. Dimensions

7. Supplementary symbols

8. Tail and specifications
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CAD software used to analyze linkages
(Courtesy of Knowledge Revolution IMSC Software Corporation.)
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Characteristics of rolling bearings
(Courtesy of NTN Corporation.)
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Most weld symbols are much simpler than the one
shown in Figure 10.55. The weld symbol is attached to the
horizontal portion of the leader line, called the reference
line. The text height is 1⁄8� or 3 mm. The arrow points at the
joint to be welded. The tail is used when a specification,
process, or other reference is made in the weld symbol;
otherwise, it may be omitted. Normally, abbreviations are
used to add the specification or process to the tail.

Supplementary weld symbols are shown in Figure 10.56
and are summarized as follows:

a. A weld symbol is centered and placed below the
reference line if the weld will be on the same side
as the arrow.
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A technical drawing with weld symbolsFigure 10.53

Leader
Reference line

Tail

The parts of a weld symbolFigure 10.54
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b. A weld symbol is centered and placed above the
reference line if the weld will be on the opposite
side of the arrow.

c. If the weld is to be on both sides of the joint, then
the weld symbol is centered and placed above and
below the reference line.

d. If the weld is to be all around the joint, then the
weld-all-around symbol is placed at the intersec-
tion of the leader and reference lines.

e. When the welding process is to take place in the
field or on the site of assembly, a special symbol in
the form of a filled-in flag is used.

f. The melt-through symbol is used when there is to
be 100% penetration of the weld from one side all
the way through the joint.

g. The backing or spacer material symbol is used
when a small extra piece is to be added between
the two parts to be joined.
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S (E) L–P
T

F
A

R

Weld-all-around symbol

Arrow connecting
reference line to arrow side
member of joint

Field weld symbol

Pitch (center-to-center
spacing) of welds

Length of weld

Reference line

Groove angle; included angle of
countersink for plug welds

Finish symbol

Contour symbol

Arrow
side

Other
side

Root opening: depth of filling
for plug and slot welds

Both
sides

Effective throat

Depth of preparation; size or
strength for certain welds

Specification, process, or
other reference

Tail (Tail omitted when
reference is not used)

Basic weld symbol or
detail reference

Both
sides

(N)
Number of spot or
projection welds

Elements in this area remain as
shown when tail and arrow are

reversed

AWS standard weld symbolFigure 10.55

(a)  Arrow side (b)  Opposite
       arrow side

(c) Weld both
sides

(d)  Weld
all-around

(e) Field weld

(f) Melt through (g) Backing
or spacer

(h) Flush (i) MachinedConvex Concave

Weld symbol variationsFigure 10.56
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h. Contour symbols are used to represent welds that
are machined to be either flush, convex, or concave.
Contours are represented graphically by a horizon-
tal line for flush contours and by arcs for convex or
concave contours. Methods of finishing are repre-
sented by the following letter designations, placed
above or below the contour symbol: G–grinding,
C–chipping, M–machining, R–rolling, and
H–hammering.

i. If a joint is to be prepared prior to welding, such
as being machined to a bevel, then the leader line
is bent.

Various weld symbols also have been developed for the
different types of welds (i.e., weld shapes or grooves). Fig-
ure 10.57 shows some of the more common weld symbols.

10.11 Reprographics
Reprographics refers to the technology and techniques
of reproducing documents. After the engineering draw-
ings have been created, they are copied for others to use,
carefully stored, and set up for easy future accessibility.
The original drawings rarely are used once they are com-
pleted, so copying becomes a very important part of
design and production. The techniques for storing and
retrieving traditional drawings versus CAD drawings
are very different.

10.11.1 Reproduction Techniques

Blueprinting Blueprinting is a photographic reproduction
process in which the copy produced, called a blueprint,
has white lines on a blue background. Blueprints are made
by exposing specially coated paper to light, using the orig-
inal drawing as the negative, then developing the exposed
paper in an ammonia bath. This process requires that the
original drawing be created on semitransparent media. Be-
cause blueprinting was the first reproduction method in
common use, the term blueprint is often used as a generic
term for any type of copy.

Diazo Diazo is a more modern technique similar to the
blueprint process. The diazo print, also called an ozalid
dry print or a blueline print, is a direct-print dry process.
Although diazo prints are sometimes referred to as blue-
prints, they are not considered true blueprints.

The diazo process begins by placing the original draw-
ing face up on the yellow or treated side of the diazo paper.
The drawing and diazo paper are fed through the light
exposing process. After the paper is exposed, the original
drawing is removed and the exposed paper is fed through
a chemical fixing process, coming out as a copy with blue,
black, or brown lines on white paper (Figure 10.58).

Xerography Xerography is an electrostatic process that
transfers images onto ordinary paper. The electrostatic
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Square V Bevel U JScarf

GROOVE WELD SYMBOLS

Fillet
Spot or

projection
Back or
backing SurfacingPlug or slot

OTHER WELD SYMBOLS

ANSI standard weld symbols used on technical drawingsFigure 10.57
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process offers high-quality prints with good archival qual-
ity, but it is more expensive than the diazo process. The use
of xerography for copying larger engineering drawings is
fairly new, even though the process has been used for
smaller drawings for some time. Large-format xerographic
machines are used to make copies of original drawings
(Figure 10.59). The original either is fed into the machine
or placed on a glass surface. The image is transferred to
plain paper, producing a black-line copy on white paper.

A distinct advantage of the xerographic process is that
multiple reduced or enlarged copies can be produced
quickly and easily.

Microfilming Engineering drawings produced on large
sheets of paper present a significant storage and retrieval
prob-lem for industry. One technique for reducing the size
of the originals is microfilming, which is a photographic
process that produces a small film negative. Either 16 mm
or 35 mm film is used. An aperture card is a long, rec-
tangular card with a rectangular hole for mounting micro-
film (Figure 10.60 on the next page). Aperture cards can
be stored easily in small, numbered drawers or mailed to
other sites. Aperture cards also can be coded or indexed
for easy document location.

10.11.2 Digital Technologies

Just as CAD has revolutionized the engineering design/
drafting process, the use of computers for reprographics is

revolutionizing the copying, storing, and retrieving of en-
gineering drawings. Plots of CAD-produced drawings can
be copied using one of the techniques described earlier in
this chapter. However, a more modern approach would be
to use the digital data as the basis for storing, copying, and
retrieving the engineering drawings.

Scanning Hand drawings can be converted to digital files
using a process called scanning. Scanning is an optical
electronic process that converts text and graphics into dig-
ital data. When a hand drawing has a change order, many
companies scan that drawing into digital data, then edit
the drawing using CAD. In this manner, companies are
slowly, and on an as-needed basis, beginning to update
their older drawings to digital formats.

Storage Techniques CAD-based engineering drawings
can be stored as digital files, using large storage media, such
as streaming tape, CD-ROM, and removable hard disks.
For example, a streaming tape device, such as digital audio
tape (DAT), can be used to store upwards of 1 gigabyte of
drawing files. This streaming tape technology is slow for
retrieval, because it is sequential; however, it offers large
data storage capability at a relatively low cost.

The digital storage of drawing files is accomplished by
saving or copying the drawing files to the medium, then
storing that medium in a safe place. If working in a
computer-networked environment, the system manager
mounts the storage media on the network, saves or copies
the drawing file, then stores it in a safe place. Drawings
are saved using a file-naming convention that conforms to
the part or drawing numbers.
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A diazo machine used to make blueline
prints
(Courtesy of Oce-Bruning, Inc.)

Figure 10.58

A large-format xerographic copying
machine
(Courtesy of Xerox Corporation.)

Figure 10.59
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Engineering digital management systems (EDMS)
are database software tools used in some offices to man-
age digital files. These computer programs, sometimes
called drawing managers, are designed to locate and
retrieve digitally stored drawing files quickly and easily.
EDMS programs provide the ability to navigate quickly
through drawing files and view the drawings on screen.
EDMS programs assist in the organization of drawing files
through the use of long filenames, memos, and notes
attached to the drawing file. The drawing files can be
sorted alphabetically, by date, size, or any other character-
istic stored in the database. FIND utilities then can be used
to locate a drawing file through the use of a series of
search criteria.

Retrieval and Distribution After drawings are stored digi-
tally, they can be retrieved using the EDMS software.
Drawings can be viewed on screen, using either the CAD
software or special viewing software (Figure 10.61), with-
out resorting to making prints or plots.

Files can be distributed to other sites either on disk or
through telecommunications networks, such as phone
lines. Telecommunications devices can transmit copies of
electronic files (with modems) or paper documents (with
fax machines). The use of cellular telecommunications
technology has meant that design and production informa-
tion can be sent directly to mobile units in the field.

10.12 Summary
Working drawings are a fundamental part of any manufac-
turing or construction business. These drawings document
the manufacturing and construction process for simple-
to-complex assemblies. Typically, a set of working draw-
ings includes dimensioned detail drawings, assembly
drawings, and parts lists normally developed based on
ANSI standards. 
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An aperture card used to mount a microfilm of an engineering drawingFigure 10.60

A drawing manager software program
used to manage and view CAD drawing files 
(Courtesy of SDRC.)

Figure 10.61



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

10. Working Drawings and 
Assemblies

Text 541© The McGraw−Hill 
Companies, 2007

Most assemblies contain standard parts such as fas-
teners or mechanisms. These parts all have to be speci-
fied on the working drawings using ANSI standards. A
basic knowledge of how these standard parts function in
a product is critical to both its design and how it is
notated on the drawings. Many industries have their own
specialized drawings such as piping drawings and weld-
ing drawings. These drawings also have standardized

methods of representing parts and processes on the
drawings.

Traditionally, drawings have been created on paper,
which must be stored, retrieved, and copied through
a process called reprographics. Increasingly computers
are being used to not only generate the original drawings,
but also manage their storage, copying, and distribution
electronically.
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■ Learning Objectives
■ Chapter Outline
■ Chapter Overview
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■ True or False Questions
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■ Flashcards
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■ Image Library
■ AutoCAD Exercises
■ Stapler Design Problem
■ Case Studies

Online Learning Center (OLC) Features

There are a number of Online Learning Center features listed below that you can use to supplement your text reading to
improve your understanding and retention of the material presented in this chapter.

Goals Review
1. Define working drawings. Section 10.1

2. Describe how working drawings are used in industry.
Section 10.2

3. List the major components of a complete set of work-
ing drawings. Section 10.2

4. Describe the differences between detail and assem-
bly drawings. Sections 10.2.1 and 10.2.2

5. Describe how part numbers, zoning, and tables are
used on working drawings. Sections 10.2.3, 10.2.12,
and 10.2.13

6. Draw standard representations of threads. Sec-
tion 10.5.8

7. Specify a metric or English thread in a note. Sec-
tion 10.5.6

8. Use the graphic language of mechanisms such as
gears, cams, bearings, and linkages. Section 10.9

9. Interpret the specialized graphic language used in
welding drawings. Section 10.10

10. Describe how CAD is used to create, store, and re-
trieve working drawings. Section 10.11

11. List techniques used to create copies of engineering
drawings. Section 10.11

Questions for Review
1. Define working drawings.

2. List the types of drawings commonly found in a com-
plete set of working drawings.

3. List the types of assembly drawings.

4. Describe a family of parts.

5. What type of drawing is used for a family of parts?

6. Define a subassembly.

7. What is zoning?

8. List the important items in a parts list.

9. List the important items in a title block.

10. What is a revision block?

11. Describe how CAD is used to create working drawings.

12. Describe how CAD is used for storage and retrieval of
drawings.

13. Define reprographics.

14. Describe how CAD drawings are shared with remote
sites.

15. Define fastening.
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Further Reading
Oberg, E., Jones, F. D., Horton, H. L., Ryffel, H. H., McCauley.

C. J. (Editor), Heald, R. M. (Editor), and Hussain, M. I. (Edi-
tor). Machinery’s Handbook. 27th ed. New York: Industrial
Press, Inc., 2004.

Stitt, F. A. Working Drawing Manual. New York: McGraw Hill,
1998.

16. Identify the different parts of the following thread
note: 1⁄2–13UNC–2B.

17. Sketch and identify the three methods of represent-
ing threads on engineering drawings.

18. Describe how CAD can be used to represent fasten-
ers on a drawing.

19. Sketch the five basic types of welded joints and
name them.

20. There are eight basic parts to a welding symbol.
Sketch and name the eight parts.

21. What term did Thomas French help to define?

Historical Highlight
Thomas Ewing French (1871–1944)

Thomas E. French was an influential teacher, author, and
man. His students found him to be a wonderful teacher, and
his books were used everywhere. After his death, his family
created a fellowship for the Engineering Graphics Department
at Ohio State University. This fellowship is used to support
graduate students working in engineering graphics. The lead
author of this text, Gary Bertoline, was a recipient of this
fellowship.

Like many other notable men, Thomas E. French had many
interests: etching, bookplates, paper making, traveling, and
many more. The most important of his interests was probably
engineering drawing. He was both a teacher and a writer in
this subject area. In fact, he even was influential in coining the
term “engineering drawing.”

French was born and raised in Ohio. There he attended
public school, Cooper Academy, and Miami Business College.
It was during high school that he also took a night class in me-
chanical drawing and qualified as a draftsman. He was hired at
the Smith-Vale Company and quickly advanced to chief drafts-
man. However, French decided he was meant for a slightly dif-
ferent path. While working for Smith-Vale he also had taught a
drawing class at the YMCA, and this helped lead to his deci-
sion to leave his job and attend Ohio State University.

French did well at Ohio State, assisting one of his profes-
sors with a book on mechanics, and upon graduating he
immediately was hired as a professor. When the university
created a Department of Engineering Drawing, French was
appointed department head at age 35. French went on to
write and collaborate on many textbooks, the first of which
was called A Manual of Engineering Drawing and was written
for the newly created McGraw-Hill Book Company. Another
book that he helped to write was Mechanical Drawing for
High Schools, which was written to help standardize the
teaching of engineering drawing in the public school system.
These were just two of many books that he wrote, and all of
his books were used very widely.

(Courtesy of Ohio State University Photo Archives.)
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Workbook Problems

Workbook Problems are additional exercises to help you
learn the material presented in this chapter. The problems
are located at the back of the textbook and can be removed
from the book along the perforated edge.

10.1 Belt Tightener. Create a complete set of working
drawings, including a parts list.

Problems

The following problems (Figures 10.62 through 10.72)
range from simple to complex mechanical and electro-
mechanical assemblies. For each problem, create a com-
plete set of working drawings. Some of the problems
require tolerances to be assigned and missing informa-
tion to be developed. Some of the assemblies may also
be redesigned, to improve on the existing design. For
each problem, do the following:

10.1 Sketch orthographic views of each part, with di-
mensions. If dimensions are missing, determine
what they should be by their relationship to other
parts.

10.2 Determine tolerances as noted or assigned.

10.3 Create 3-D models of each part, then extract ortho-
graphic views.

10.4 Determine finished surfaces and mark them on the
sketch.

10.5 Determine which parts should be represented as
section views on the detail drawings.

10.6 Determine the specifications for all standard parts
in the assembly.

10.7 Create dimensioned detail drawings of each non-
standard part in the assembly.

10.8 Create an orthographic or exploded pictorial as-
sembly drawing in section.

10.9 Label all parts in the assembly drawing, using num-
bers and balloons.

10.10 Create an ANSI standard parts list with all relevant
information for the parts in the assembly.

10.11 Create a photorealistic pictorial assembly rendering
of the problem.
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Quick-acting hold-down clampFigure 10.62
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This is a mechanical pencil that can be purchased in
most bookstores. For this problem, one option would be to
purchase a pencil and reverse engineer it instead of using
the drawings in Figure 10.71 to create the 3-D models and
working drawings.
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Classic Problems

The following classic problems were taken from Engi-
neering Drawing & Graphic Technology, 14th Edition, by
Thomas E. French, Charles J. Vierck, and Robert Foster.

1. Make an assembly drawing in section. The bracket
is cast iron, the wheel is cast steel, the bushing is
bronze, and the pin and taper pin are steel. Scale:
full size.

a. Make a drawing of the bracket with one view in
section. Material is cast iron. Scale: full size.

b. Make a drawing of the wheel with one view in
section. Material is cast steel. Scale: full size.

2. Make an assembly drawing in section. The assem-
bly comprises two cast-iron brackets, two bronze
bushings, steel shaft, cast-steel roller, and cast-iron
base. The bushings are pressed into the roller, and
the shaft is drilled for lubrication. Scale: full size.

a. Make a drawing of the roller and bushing as-
sembly that gives one view in section. See
Problem 2 for materials. Scale: full size.

The problems that are given in this group have been
arranged as complete exercises in making a set of working
drawings. Remember that the dimensions given on the
pictorial views are to be used only to obtain distances of
information needed. In some cases the data needed for a
particular part may have to be obtained from the mating
part.

The detail drawings should be made with each part
on a separate sheet. Drawings of cast or forged parts may
be made in the single-drawing or the multiple-drawing
system.

The assembly drawing should include any necessary
dimensions, such as number, size, and spacing of mount-
ing holes that might be required by a purchaser or needed
for checking with the machine on which a subassembly is
used.

3. Make a complete set of working drawings for the
antivibration mount.

4. Make a complete set of drawings for the pivot
hanger, including detail drawings, assembly draw-
ing, and parts list. All parts are steel. This assembly
consists of a yoke, base, collar, and standard parts.

5. Make a complete set of drawings for the pump
valve. The valve seat, stem, and spring are brass;
the disk is hard-rubber composition. In operation,
the pressure of a fluid upward against the disk
raises it and allows flow. Pressure downward forces
the disk tighter against the seat and prevents flow.

Sliding-door guideProblem 1 Metric
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Pivot hangerProblem 4 Pump valveProblem 5
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Design in Industry
Using Human Factors in Bathtub Design

water. To account for variations in bather heights, the de-
signers molded a seat into the tub at a depth of 19 inches.

The design team also wanted to improve the bather’s
experience as well as the design. From the results
of their research, designers added an array of features:
effervescence—tiny bubbles that caress the body—an un-
broken pane of water that gently slides over the edge of
the tubs circumference to elicit sounds reminiscent of
waterfalls or rippling streams, and chromatherapy—the
display of calm and soothing colors.

To test the experience of the prototype, researchers and
members of the design team used the tub themselves.

562

In Kohler, Wisconsin, the product design and develop-
ment teams for the Kohler Co.—a manufacturer of kitchen
and bath products—brainstormed on how to improve the
traditional bathtub. Through research, designers discov-
ered what “bathers” need from their bathing experience:
tranquility, deep enough water to weightlessly float in, and
a consistent water temperature. Standard whirlpool baths,
as researchers’ study participants revealed, “makes relax-
ing bathing difficult” because of the noise and vibration
generated from an aggressive water pump.

Taking all research input into consideration, the Kohler
team planned a bathtub that promoted relaxation and reju-
venation, as well as cleanliness. Because CAD software
could not replicate how the tub felt to consumers, Kohler
Co.’s design team process utilized numerous prototypes.
Designers, human factor specialists, and engineers
ventured into the wet lab daily to assemble rough, fully
functioning prototypes characterized with a motor, pump,
plywood, and PVC piping. The depth of the tub was deter-
mined by a combination of prototype testing and evalua-
tion of research data. Based on its earlier research,
Kohler’s design team determined that the soaking tub had
to be incredibly deep. So, when first designed, the tub’s
depth was 24 inches deep at each end. Market research
discovered that women are the primary users of bathtubs,
and they are also typically the decision-makers in the
household bath-fixture purchases. However, the prototype
testing revealed that the original depth measurement of
24 inches was flawed when a short-stature female climbed
into the prototype and was literally up to her eyeballs in (Courtesy of Kohler.) 
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11
The Engineering
Design Process

A scientist can discover a new star but he cannot make
one. He would have to ask an engineer to do it for him. 

—Gordon L. Glegg,
The Design of Design, 1969

Objectives and Overview
After completing this chapter, you will be able to:

1. Describe the engineering design process and the role
graphics plays.

2. Describe the concurrent engineering design process.

3. Describe design for manufacturability (DFM).

4. List the typical members of a design team.

5. Explain the role 3-D modeling plays in the engineer-
ing design process.

6. List and describe the modeling techniques used in
design.

7. Describe the important types of graphics used to
support the engineering design process.

8. Describe the rapid prototyping process.

9. Describe the ideation process.

10. Describe the implementation process.

11. Describe the role of PDM in drawing control.

12. List and describe the analysis techniques used in
design.

Technical graphics is an integral part of the engineering
design process through which engineers and drafters/

CHAPTER

563
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designers generate new ideas and solve problems.
Traditionally, engineering design consisted of closely re-
lated steps documented as paper graphics and text that
flowed in a linear/sequential manner through an organiza-
tion. In the face of increased global competition, many in-
dustries in the United States have adopted a team-oriented
concurrent approach using 3-D CAD model information
as a primary means for communication.

This chapter describes a modern approach to the
engineering design process, so that you will have a bet-
ter understanding of and appreciation for the role of
engineering graphics in the design process. Besides the
design process, advanced technologies, such as product
data management (PDM) and web collaboration, are also
described. Knowledge of how various information man-
agement tools and techniques support the evolving
design is important to understanding the modern design
process.

564 CHAPTER 11

11.1 Design
Design is the process of conceiving or inventing ideas and
communicating those ideas to others in a form that is un-
derstood easily. Most often, the communications tool is
graphics.

Design is used for two primary purposes: personal
expression, and product or process development (Fig-
ure 11.1). Design for personal expression, usually associ-
ated with art, is divided into concrete (realistic) and abstract
design and is often a source of beauty and interest (Fig-
ure 11.2). When a design serves some useful purpose, such
as the shape of a new automobile wheel, it is classified as a
design for product or process development (Figure 11.3).

Aesthetic design is concerned with the look and feel of
a product. Industrial designers specialize in the aesthetic
qualities of products, as well as other elements related to
human–machine functionality.

DESIGN

Personal Expression
(Artistic)

AbstractConcrete
(Realism)

Product/Process
Development (Technical)

Functional
(Engineering Design)

Aesthetic
(Industrial Design)

ProcessProduct

Engineering
Design Cycle

Design is viewed as artistic or technical
Artistic design is concerned with personal expression, and technical design is concerned with product and process development.
Technical design has elements of both functional and aesthetic design.

Figure 11.1
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Functional design is concerned with the function of a
product or process. Airflow over an automobile is an ex-
ample of a functional design element. Most engineers are
concerned with functional elements (Figure 11.4).

Many products will have both aesthetic and functional
design elements, requiring the engineers and designers to

work as a team to produce a product or system that is both
functional and aesthetically pleasing (Figure 11.5).

Product design is the process used to create new prod-
ucts, such as a new automobile model (Figure 11.5), a new
appliance, or a new type of wheelchair. Product design is
a complex activity that includes market, production, sales,

Abstract design
An abstract design, such as this sculpture, is meant to evoke a
personal, emotional response in the viewer. Though it does not
serve the same functional purpose as the office building behind
it, the sculpture enhances the office worker’s environment.
(© Matthew Kaplan/Photri, Inc.)

Figure 11.2

Aesthetic design
Aesthetic design is an important part of the engineering design
process. Industrial designers have a major role in the engineer-
ing design process for consumer products, such as automobiles,
appliances, and consumer electronics.
(© Michael Rosenfeld/Stone/Getty Images.)

Figure 11.3

Functional design
The wind tunnel testing of a new automobile determines how
the car would function when moving through the air. This is an
example of functional design.
(© Michael Rosenfeld/Stone/Getty Images.)

Figure 11.4

Aesthetic and functional design
Aesthetic and functional design combine to give this sports car
a look of speed and elegance. The car is the result of a product
design intended to meet the needs of a specific market.
(Courtesy of GM.)

Figure 11.5
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service, function, and profit analyses. The goal of product
design is to produce a product that meets the wants and
needs of the consumer, is produced economically, is safe
for the consumer and the environment, and is profitable to
the company.

System design is the process used to create a new sys-
tem or process. A systems engineer or industrial engineer
is an engineer who specializes in designing systems. A
system is an orderly arrangement of parts that are com-
bined to serve one general function. Examples of system
designs include the arrangement of the assembly process
in a factory; the heating, ventilation, and air-conditioning
(HVAC) system in a structure; and the electrical system in
the automobile in Figure 11.5. The objective is to produce
a system that serves a specific function economically, is
safe for the consumer and the environment, and is prof-
itable for the company.

11.2 The Engineering Design Process
Engineering design is one of the processes normally
associated with the entire business or enterprise, from
receipt of the order or product idea, to maintenance of the
product, and all stages in between (Figure 11.6). The
design process requires input about such areas as customer

needs, materials, capital, energy, time requirements, and
human knowledge and skills.

Two important societal concerns that an engineer must
take into account are legal and environmental issues.
Every business must operate within the law that governs
their business. When designing, it is important that the en-
gineer understand that legal issues may affect the designed
product. Safety laws related to automobiles are an exam-
ple of how government legislation can affect a design.
Government regulations related to the environment may
also have a bearing on the final outcome of the design. For
example, the emission requirements on an automobile en-
gine have a great effect on the final design.

An example of human knowledge input is an engi-
neer’s knowledge of graphics, mathematics, and the sci-
ences. Such knowledge is used by the engineer to analyze
and solve problems.

An engineering design involves both a process and a
product. A process is a series of continuous actions ending
in a particular result. A product is anything produced as a
result of some process. As the design of a product or
process is developed, the design team applies engineering
principles, follows budgetary constraints, and takes into
account legal and social issues. For example, when a
building is designed, engineering principles are used to
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Input Processes Output

• Products, Systems, or
   Structures for
   Various Markets
• Support Activities
   – Training
   – Service
   – Customer Satisfaction
• Company Profits 

• Designing
• Planning
• Producing &
  Constructing
• Managing
• Marketing
• Financing
• Documenting

• Societal Concerns
• Customer
  Needs/Demands
• Material
• Capital
• Energy
• Time
• Human Knowledge
• Human Skills
• People

BUSINESS

The business process
A manufacturing business or enterprise includes all the inputs, processes, and outputs necessary to produce a product or construct a
structure. Designing is one of the major processes in such a business.

Figure 11.6
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analyze the structure for loads; determine the structure’s
cost, based on the materials to be used, the size of the
structure, and aesthetic considerations; and create a design
that adheres to the local laws.

Graphics is an extremely important part of the engineer-
ing design process, which uses graphics as a tool to visual-
ize possible solutions and to document the design for
communications purposes. Graphics or geometric model-
ing using CAD is used to visualize, analyze, document, and
produce a product or process. In fact, geometric modeling
itself could be considered both a process and a product. As
a process, geometric modeling produces final design solu-
tions, as well as inputs to the production process, in the
form of computer databases. As a product, geometric mod-
eling is a result of the engineering design process.

11.2.1 Traditional Engineering Design

Traditional engineering design is a linear approach di-
vided into a number of steps. For example, a six-step
process might be divided into problem identification, pre-
liminary ideas, refinement, analysis, documentation, and
implementation. (See Figure 1.12.) The design process
moves through each step in a sequential manner; however,
if problems are encountered, the process may return to a
previous step. This repetitive action is called iteration or
looping. Many industries use the traditional engineering
design process; however, a new process is developing that
combines some features of the traditional process with a
team approach that involves all segments of a business.

11.2.2 Concurrent Engineering Design

The production process executes the final results of the de-
sign process to produce a product or system. In the past,
the creative design process was separated from the pro-
duction process. With the advent of computer modeling,
this separation is no longer necessary, and the modern en-
gineering design approach brings both processes together.

Concurrent engineering is a nonlinear team approach to
design that brings together the input, processes, and output
elements necessary to produce a product. The people and
processes are brought together at the very beginning,
which normally is not done in the linear approach. The
team consists of design and production engineers, techni-
cians, marketing and finance personnel, planners, and
managers, who work together to solve a problem and pro-
duce a product. Many companies are finding that concur-
rent engineering practices result in a better, higher-quality
product, more satisfied customers, fewer manufacturing
problems, and a shorter cycle time between design initia-
tion and final production.

Figures 11.7 and 11.8 represent the concurrent ap-
proach to engineering design, based on 3-D modeling. The
three intersecting circles represent the concurrent nature
of this design approach. For example, in the ideation
phase, design engineers interact with service technicians
to ensure that the product will be serviceable easily by the
consumer or technician. This type of interaction results in
a better product for the consumer. The three intersecting
circles also represent the three activities that are a major
part of the concurrent engineering design process:
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Financing

Marketing

Managing Producing

Planning

Designing

CAD
3D

Database

Sharing the 3-D CAD database
The concurrent engineering model shows how every area in an
enterprise is related, and the 3-D CAD database is the common
thread of information between areas.

Figure 11.7

Servicing
Financing
Marketing
Producing
Planning
Documenting

Modeling

Design
Analysis
Design

Visualization

Manufacturing
Simulation

Problem
Identification

Preliminary
Ideas

Preliminary
Design

IDEATION

REFINEMENT IMPLEMENTATION
(ERP)

3-D Model

Concurrent engineering design
The engineering design process consists of three overlapping
areas: ideation, refinement, and implementation, which all share
the same 3-D CAD database.

Figure 11.8
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ideation, refinement, and implementation. These three ac-
tivities are divided further into smaller segments, as
shown by the items surrounding the three circles.

Design for manufacturability (DFM) and design for
assembly (DFA) practices developed out of concurrent en-
gineering as an effort to capture manufacturing and assem-
bly knowledge up front in the initial design process. This
allowed engineering and manufacturing professionals to
speak a common language that results in an optimized prod-
uct design. DFM and DFA eventually expanded to include
other practices, such as design for serviceability and design
for reliability. This led to the realization that it is important
to include others in the design process, such as marketing,
sales, field service, finance, purchasing, and quality control.

The center area in Figure 11.8 represents the 3-D com-
puter model and reflects the central importance of 3-D
modeling and graphics knowledge in engineering design
and production. With the use of a modeling approach,
everyone on the team can have access to the current design
through a computer terminal. This data sharing is criti-
cally important to the success of the design process.

Through the sharing of information, often in the form
of a database, it is possible for all areas of the enterprise to
work simultaneously on their particular needs as the prod-
uct is being developed. For example, a preliminary 3-D
model could be created by the design engineers early in
the ideation phase. A mechanical engineer could use the
same 3-D model to analyze its thermal properties. The in-
formation gained from this preliminary analysis then
could be given to the design engineers, who then could
make any necessary changes early in the ideation phase,
minimizing costly changes later in the design process.

11.2.3 Collaborative Engineering

Collaborative engineering has evolved from concurrent
engineering into a true enterprisewide integrated product
development process. Concurrent engineering sought to
establish well-defined organizational and team structures
as well as highly structured business processes. Collabo-
rative engineering creates the infrastructure and best en-
vironment for highly effective team collaboration using
computers to store and share information. The develop-
ment of such tools as e-mail, groupware, video conferenc-
ing, and chat rooms was important in the adoption of
collaborative engineering in industry. Concurrent engi-
neering is fundamentally process-centric through the cre-
ation of well defined, documented, and executed business
processes for the development of products. Collaborative
engineering is fundamentally a product-centric process

that builds onto the concurrent engineering practices a
mindset of highly effective collaboration about the prod-
uct and its manufacturing and support processes. The
product becomes the central focus instead of the process.

Collaborative engineering is based on empowered,
cross-functional teams and low-level decision making.
Figure 11.9 shows the basic structure of collaborative engi-
neering where cross-functional teams share a common
goal through the sharing of information using computer
networks. Table 11.1 (on page 570) is a list of the key func-
tions and some of the information created. This informa-
tion has some impact on the product as it is being designed
and manufactured for eventual distribution to consumers.

11.2.4 Virtual Product Representation

Collaborative engineering is highly dependent on computer-
based tools. Tools used to support the design process in-
clude CAD, CAM, CAE, and office applications. These
tools are used to create a virtual representation of a product
design through

1. Shaded CAD models

2. Photorealistic renderings

3. Large assembly visualizations

4. Packaging analysis

5. Tolerance analysis

6. Structural, thermal, and flow analyses

7. Dynamic simulations for design and manufacturing

8. Virtual reality

11.2.5 Prototyping

One step closer to reality is gained by using physical pro-
totyping through either rapid prototyping to quickly create
a physical model of a part or functional prototypes to cre-
ate mockups of the part using traditional means, such as
machine tools. A rapid prototype is limited, creating
geometric and topological representations of a part. A
functional prototype includes geometric and topological
representations of a part in addition to functional repre-
sentation in terms of mechanical, structural, thermal, fluid,
and electrical behaviors.

11.2.6 Productivity Tools

There are a number of tools used to enhance overall pro-
ductivity and the sharing of design and manufacturing
information. These are used by engineers and techni-
cians on a daily basis to support the overall design process
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but are not viewed as engineering tools as CAD soft-
ware is. Tools to share the output of the design process
include e-mail, word processing, spreadsheet, groupware,
file transfer, file translation, videoconferencing, and
workflow.

11.2.7 EDM/PDM

Tools to manage the long-term overall design/manufac-
ture process include product data management (PDM) and
enterprise data management (EDM) software programs.
EDM and PDM are used to track and manage all the elec-
tronic documents and data associated with the design and
manufacturing of products. Data management always has
been important in manufacturing and design, but it was
done traditionally using paper-based filing systems. This
is being replaced with a digital-based filing system using
EDM and PDM software. EDM and PDM software is
moving more toward Internet browser interfaces, which
especially is important for companies that have operations

in multiple locations. See Section 11.7, Drawing Control,
for an in-depth description of EDM and PDM.

11.2.8 Internet, Intranet, and Extranet

Most of the software tools just described are used within
the context of a computer network to provide the intercon-
nectivity necessary to share information. Recently the In-
ternet has become the network most capable of providing
the interconnectivity for collaborative engineering. In-
tranets are used as the backbone for internal corporate
information sharing. An intranet is a private internal net-
work that uses web browsers and servers to connect users
in an organization in order to share information. Ex-
tranets are private and secure networks that allow access
to a company’s internal Intranet by outside sources, such
as supply vendors, through the Internet. Extranets are a
part of a rapidly expanding area of business-to-business
(B-to-B) information technology that includes the Internet,
extranet, and intranet.
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Collaborative engineering
This diagram shows the major functions involved in the design, manufacture, and distribution of a product. The information
produced by each function is shared through a highly sophisticated network of computers and software tools.
(Courtesy of Society of Manufacturing Engineers.)

Figure 11.9
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11.2.9 Product Life Cycle Management (PLM)

The manufacture of a new product now calls for the in-
volvement of all the company’s departments: engineering,
strategy, marketing and sales, planning and production,
procurement, finance, and human resources. PLM is a
model that facilitates the simultaneous working of all these
departments. It makes it possible to create, manage, simu-
late, share, and communicate digitally all the information
related to the company’s products, processes, and re-
sources, optimizing its overall performance (Figure 11.10).

In addition to CAD software used to design, special-
ized software is required to focus on virtual product man-

agement, product data management, and tools for sharing
product data across the enterprise. It is possible through
the use of computer simulation that problems can be dis-
covered early in the product definition when changes are
less costly. Companies are using different processes and
systems to manage the product data from conceptual de-
sign to in-the-field service, and they are looking at ways to
improve data flow and streamline processes to increase
their competitiveness.

A total digital solution is called “PLM.” The overall
objective is to provide the capability for companies to de-
sign and simulate products “virtually” across an integrated
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enterprise covering the entire life cycle of a product, all
without ever having to build a real prototype. This is
achieved through advances in CAD, digital mockup, virtual
product modeling, virtual manufacturing simulation, web
access, and other key technologies. As a result, companies
are dramatically changing the way they do product design
and management, including the integration of functions
within an enterprise that, to date, have been either “outside”
or at the tail end of the product development process.

Manufacturers using CAD systems produce a tremen-
dous amount of digital information and knowledge which
remains buried in digital form on hard drives and file
servers. The PLM leverages the knowledge found in these
digital files by making that information available to the
whole organization.

PLM is an integrated information technology (IT)
environment that allows manufacturers to create, manage,
store, and share product data throughout the concept,
design, build, and life stages of the product’s life cycle. It
is a business process that plans for the life cycle of a prod-
uct from “proposal to disposal” (Figure 11.11).

Although many new technologies have emerged in the
1990s, two have had a profound effect on engineering de-
sign. The first is Web technology combined with the Inter-
net, which made it possible for product data management
(PDM) users to access data from remote locations through
the Web. The second is the realization that geometry
and other product information (i.e., product definition) can
be reused by virtually all business processes downstream of
the design process. This reuse ability provides an immense
benefit through the elimination of nonvalue-added activities
(such as the re-keying of data), enabling concurrent work, as
well as avoiding transcription and translation errors.

So fundamental has been the impact of these two devel-
opments that they have led to a profound change to the way

PDM, CAD/CAM, and other computer-aided technologies
are developed and used. The increasing use of the same
product definition outside the design office led not only to
tight coupling of related technologies, such as CAD, CAM,
and CAE, but also to the convergence of these technologies
with PDM. The Internet put an end to any site location and
geographical constraints. Together, these two develop-
ments made it possible, for the first time, to solve the
emerging needs of businesses operating in the highly com-
petitive, heavily outsourced global environment.

Business can now:

■ Cut costs and time to market through more effective
use and reuse of resources

■ Be nimble and quick to react to market changes
through the ability to focus on core business and in-
creased collaboration with suppliers and partners

■ Increase innovation through better visibility of product
data to all personnel within both the enterprise and the
extended enterprise

With a standard Web browser as the user interface and en-
cryption technology to provide secure access across the
Internet, it is possible for multi-disciplined teams to work
concurrently on the same product data from anywhere
around the world. Another significant development is the
emergence of the Web browser as the “standard” user in-
terface. This has provided consistency in the presentation
of and interaction with product data, making it easier for
team members to communicate. The result is that project
teams can include members from a wide range of disci-
plines, as well including suppliers, partners, customers,
and other interested parties. These virtual project teams
can be set up and disbanded as the organization business
evolves.
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PLM is a strategic business approach for the effective
management and use of corporate intellectual capital.
Corporate intellectual capital (CIC) is the sum of re-
tained knowledge that an organization accumulates in the
course of delivering its products.

Corporate intellectual capital (CIC) consists of the
following:

1. Product Definition—all the information relating
to what the product (or service) is: its specification
and how it is designed, manufactured, delivered,
and supported.

2. Product History—any information relating to what
the organization has done in the past that is of rele-
vance for the delivery of the organization’s product,
such as audit trails required for legal or regulatory
purposes or archives relating to past products.

3. Best Practice—this summarizes the experience
gathered by the organization in the course of de-
livery of its products.

CIC consists of two types of data:

1. Content—product definition and all related
information.

2. Meta Data—data that describe the content, such
as creation and last modified dates, author/owner,
version/status, how it can be used and by whom,
and so forth.

PLM allows everyone—from manufacturing to market-
ing and from purchasing to field support—to work faster
and smarter. This allows the entire network of companies—
working together to conceptualize, design, build, and sup-
port products—to operate as a single entity. PLM allows
companies to share common business processes and a com-
mon knowledge of the product throughout all of the stages
of its life cycle, from concept to retirement.

Collaboration breeds innovation and product lifecycle
management breaks down the technology silos that have
limited interaction between the people who design prod-
ucts and the people who build, sell, and use them. Using
the collaborative power of the Internet, PLM increases a
company’s ability to product innovative product designs,
while reducing cycle times, streamlining manufacturing,
and cutting production costs.

PLM simultaneously supports and enables three dis-
tinct yet deeply interconnected processes:

1. Supply chain collaboration—to help access the
product expertise and experience within a com-
pany and beyond.

2. Product development—to help develop better
products in a better design environment.

3. Enterprise process integration—to help inte-
grate product information with all company busi-
ness processes.

11.2.10 e-Business

e-Business is the process of buying and selling products
over the Internet. However, this revolutionary method of
buying and selling can have a profound effect on the design
and manufacture of products. e-Business can become the
means to exploit the combined power of the Internet and
information technology to fundamentally change the de-
sign and manufacturing processes. This means using CAD,
virtual product representation, PDM, and EDM to con-
ceive, design, build, market, and sell the most innovative,
highest-quality, most attractive products to customers.

11.2.11 Design Teams

The membership of a design team will vary according to
the complexity and type of design. In small companies,
design teams may be only a few individuals, such as a de-
sign engineer, a drafter, and a manufacturing engineer. A
typical team in a concurrent engineering design process
will include individuals from design, manufacturing, qual-
ity, materials, vendors, and managers. Team members
rotate in and out and involvement levels rise and fall as the
design moves from concept to manufacture. Daily meet-
ings are common during critical times in the design
process, although weekly meetings of the design team are
more common. Global design teams are possible through
the use of the web and other Internet-based tools. It now is
possible to share design information, including CAD
models, across the web.

The coordination of the design team is critical to the
success of the design and in meeting deadlines. Commu-
nications becomes a very important element for successful
design. The use of computers in the design process can fa-
cilitate good communication between members of the de-
sign team. 3-D model data can be shared by the design
team that will allow many of the design processes, such as
analysis and manufacturing, to concurrently work on and
have input into the final design.

If the design is complex, such as for the Motorola
RAZR, subassemblies are created by the design team
within the constraints of the 3-D CAD master model. The
shared 3-D CAD database is the way the team can make
sure that the design of each subassembly will work
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through a concurrent refinement process. By dividing the
design into subassemblies, more members of the design
team concurrently can work on the design, which can
reduce modeling time and product development time that
is critical in today’s global economy and fierce competi-
tive environment. 

11.2.12 Members of Design Teams

The number and types of individuals that comprise a de-
sign team largely are determined by the size of the design
project. Even when they are assigned to a team, all mem-
bers may not be involved at all times. In a concurrent en-
gineering environment the team members work together
to meet the common goal. Typical members of a design
team might include:

1. Product design engineer—responsible for the
overall product design.

2. Product manager—the person who has the ulti-
mate responsibility for a design and its team.

3. Mechanical engineer—responsible for mechanical
and electromechanical product development.

4. Electrical engineer—responsible for electronic
components of the design.

5. Manufacturing engineer—responsible for the man-
ufacturing processes used to create the product.

6. Software engineer—responsible for any computer
software code needed for a product.

7. Detailer/drafter—assists the engineers with the
3-D modeling and documentation of the product.

8. Materials engineer—responsible for the selection
of the material best suited for a product.

9. Quality control engineer—responsible for meet-
ing the quality guidelines for the product and its
manufacture.

10. Industrial designer—responsible for the product’s
appearance, form, and human factors analysis.

11. Vendor representatives—responsible for any out-
sourcing required by the company making the
design.

11.2.13 Types of Design Projects

Not all designs are totally new designs of products. In fact,
most designs have at least some common features with a
previous design. For example, the Motorola RAZR is a
new design, but it used existing related designs as a start-
ing point. Design projects are grouped as:

Modification of an Existing Design This design will only
make very simple design changes to an existing product.
For example, the RAZR could be modified so that the
clamshell cover shape is changed slightly. 

Improvement of an Existing Design This design normally
occurs after the product has been used by the consumer for
a period of time. The design is changed in response to
requests from customers who may want some new or
improved feature. Sometimes a vendor will no longer be
able to supply the same materials for parts used in the orig-
inal design. Manufacturing has determined that a design
change would result in reduced cost and time for assembly.
Technological changes may allow for the improvement of
the product or the manufacturing process, which in turn
will force a change in the original design.

Development of a New Product The RAZR is an example
of the development of a new product. This design is based
on targeting a specific kind of consumer who could not be
reached until the technological development of communi-
cation technologies made it possible. New product devel-
opment is the most complex and time-consuming type of
design project.

This chapter will use as an example the design process prac-
ticed by Motorola, Inc., Schaumburg, Illinois, to design the
Motorola RAZR V3 (Figure 11.12 on the next page).
Motorola uses a team approach and a concurrent engineering
process to develop new products. A group assigned to a
project includes mechanical, industrial, and electrical engi-
neers; technicians; industrial designers; and purchasing,
planning, marketing, and other support personnel. Each team
member brings his or her unique skills, experience, knowl-
edge, and perspectives to the design problem, and everyone
participates in the solution process to get the new product to
market as quickly as possible. For an in-depth description of the
design of the RAZR, see the Design Case Study in this chapter.

11.3 Ideation
Ideation is a structured approach to thinking for the pur-
pose of solving a problem. Ideation is that phase of the
design process in which the basic design is conceived
(conceptual phase). Feasibility studies often are per-
formed to define the problem, identify important factors
that limit the scope of the design, evaluate anticipated dif-
ficulties, and consider the consequences of the design. The
ideation process consists of three important steps: prob-
lem identification, preliminary ideas, and preliminary
design. Each of these areas can be further subdivided, as
shown in Figure 11.13 (on the next page).
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11.3.1 Problem Identification

Problem identification is an ideation process in which
the parameters of the design project are set before an at-
tempt is made to find a solution to the design. Problem
identification includes the following elements:

Problem statement, which summarizes the problem to be
solved.

Research, which gathers relevant information useful to the
design team.

Data gathering, sometimes called feasibility study, which
determines market needs, benchmarking with the com-
petition, and rough physical measurements, such as
weight and size.

Objectives, which list the things to be accomplished by the
team.

Limitations, which list the factors in the design specifica-
tions.

Scheduling, which organizes activities into a sequence.

Engineering design problems must be defined clearly
before the design process can begin. The problem defini-

tion requires input from customers, marketing, manage-
ment, and engineering. Data to determine consumer needs
is gathered through surveys, such as personal or telephone
interviews, mail questionnaires, and focus groups. As an
example, Motorola gathered data on the actual and pro-
jected numbers of wireless phone users. Marketing deter-
mined the average income, demographics, typical jobs,
and other information on cellular phone users, as well
as the opinions of the customers regarding the proposed
design.

The competition is surveyed to “benchmark” a product
line. A benchmark in this context is a product similar to
the one being considered for design.

In our example, the phones marketed by the competition were
analyzed for size, weight, material, features, power, price, and
many other features. The research and development (R&D)
department also was consulted to determine if there were any
new developments that would help in the design of a new
ultralight cellular phone. For instance, the R&D department
may have developed a miniaturized version of the transmis-
sion component that could be used in the new design.

Journal and trade magazines are reviewed for reports on
developments in related technologies. A patent search may
be done, and consultants specializing in areas where the
design team is weak may be hired. This process of
researching similar products and technologies and apply-
ing the results to the new design is called synthesis.

After all the data is gathered, the information is shared
with the team before preliminary ideas are developed
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Concurrent engineering design case study
The RAZR cellular phone was designed and produced using
concurrent engineering and total quality management (TQM)
principles.
(© 2005 Motorola, Inc.)

Figure 11.12
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(Figure 11.14). Presentation graphics are used to display
the data in the form of charts and graphs and are thus an
important element in the information-sharing process.

After the problem statement is created and the research
and data gathering are completed, objectives are devel-
oped by the team. Objectives specifically state what is to
be accomplished during the design process and may
include factors related to manufacturing, materials, mar-
keting, and other areas. Included in this process are limita-
tions or constraints on the project, such as time, material,
size, weight, environmental factors, and cost.

Scheduling of the design activities is one of the last
stages in problem identification. To plan and schedule
simple projects, a Gantt chart may be used. In a Gantt
chart, horizontal bars are used to represent resources or
activities, and time is represented by the length of the
bars. A method of scheduling large projects is the project
evaluation and review technique (PERT), with which ac-
tivities are scheduled in such a way as to optimize
progress toward completion. The critical path method
(CPM), used with PERT, defines those activities that must
be completed in sequential order while other activities are
taking place.

Figure 11.15 is an example of a simple CPM chart. The
circles represent events that are the start or completion of
a mental or physical task. The lines between the circles
represent the actual performance of a task and indicate an
increment of time. The numbers along the lines show the

amount of time allotted to complete each task. The critical
path is the thicker line, which may also be in a different
color.

The RAZR was developed to distance Motorola’s wireless
phone from the competition. A team was assembled and pro-
ject leaders assigned. The team included representatives from
manufacturing, mechanical and electrical engineering, indus-
trial design, service, assembly, marketing, finance, and the
consumer sector. The team was given the assignment of creat-
ing a technological leap forward by full-featured, thin cellular
phone. The team was to accomplish this task using concurrent
engineering strategies. The problem statement was: Design
and produce the world’s best cell phone.

A few of the objectives and limitations for the RAZR were
as follows:

■ Integrate total quality management (TQM) into the process
■ Integrate design for manufacturability (DFM) into the

process
■ Use outside vendors for the circuit boards and other com-

ponents not normally produced by Motorola
■ Keep the retail cost of the phone below that of the competition
■ Make the weight with the battery pack at or below 4 ounces
■ Make the product palm-sized and aesthetically pleasing
■ Make it small enough to fit in a shirt pocket when closed
■ Include a color display capable of displaying modified web

pages
■ Include battery options for a longer talk time
■ Include call placement features, such as automatic redial,

speed dialing, and a memory program
■ Make it sturdy enough to withstand durability testing, in-

cluding temperature, humidity, shock, dust, vibration, and
the 4-foot drop test

■ Produce a product that meets the quality expectations of the
consumer
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Sharing the data gathered
Many times, preliminary data is shared with the team in the
form of charts and graphs. The team then uses the data to
finalize the goals of the project.
(© Tim Brown/Stone/Getty Images.)

Figure 11.14
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■ Design for compliance with all Federal Communications
Commission (FCC) rules and regulations

Features of the RAZR V3 phone:

■ User-customizable Soft key functions, Main Menu and
Shortcuts

■ Games: 3-D Java-embedded and space for downloads
■ Downloadable themes (Ringtones, wallpaper and screen-

savers)
■ MOTOMIXERTM (Remixable MIDI ringer software)
■ Polyphonic ringtones
■ Picture phone book
■ MP3 ringtones
■ Polyphonic speaker: 22 Khz polyphonic speaker, 22 chord

support
■ Video download
■ Video clip playback with sound
■ Precision cut metal keypad
■ Integrated digital VGA camera with 4� digital zoom and

light
■ Talk time: Up to 200 to 430 minutes
■ Standby time: Up to 180 to 290 hours
■ Bands: Quad-band (GSM 850/900/1800/1900)
■ Standard battery: 680 mAh Li-ion
■ Internal memory: 5 MB
■ Weight: 3.35 oz
■ External display: 96 � 80 pixel, 4k CSN color, 4 lines of

text/line of icons
■ Volume: 65 cc
■ Dimensions (H � W � D): 3.86 � 2.08 � 0.54 inches
■ Finish: Anodized aluminum
■ Internal display: 176 � 220 pixel, up to 260 K TFT color,

with graphic accelerator, 9 lines of text
■ Color: Silver
■ Form factor: Clamshell

11.3.2 Preliminary Ideas Statement

After the problem identification is complete, the team be-
gins to develop preliminary ideas for solving the problem.
This stage of the process sometimes is referred to as brain-
storming. Brainstorming is the process of suggesting as
many solutions to a problem as possible. A brainstorming
session normally has a leader or moderator and a recorder.
Before a session starts, results of the ideation phase, such
as marketing surveys and product research, are shared
with the group. This synthesizing process is used as a cat-
alyst to generate as many ideas as possible by giving the
group a starting point for the design solution. Ideas are

suggested freely, without criticism or discussion of feasi-
bility. The length of the session varies but ends when the
free flow of ideas begins to slow down.

Brainstorming results in a list of ideas, along with some
preliminary sketches or computer models (Figure 11.16).
The computer models would not be dimensionally accu-
rate, but would approximate the preliminary idea. All
ideas are sketched or modeled, listed, and shared with the
whole team. Eventually, two to six ideas are selected for
further analysis. The number of ideas chosen depends on
the complexity of the design and the amount of time and
resources available.

At Motorola the design team met to begin the brainstorming
process. Data gathered in the problem identification stage was
brought to the meetings. An agenda was set by each group
leader to keep the session on track. 

The various ideas were discussed, using the objectives,
limitations, and problem statement as the criteria. The open
exchange of ideas generated many possible solutions, which
were sketched with detailed notes. The major problems in
developing a multifunction phone were discussed, and some
team members were assigned the task of determining the
feasibility of miniaturizing electronic circuitry to that level.

Every group in the design team had a major role in the
development of ideas. Mechanical and electrical engineers
concentrated on the design of the case, electronic circuitry,
and features, using input from the consumer, as well as data
gathered from other sources. Industrial designers interacted
with the engineers to create rough sketches and computer
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Brainstorming
Brainstorming by the team will result in a list of possible solu-
tions, as well as rough sketches or computer models. During
brainstorming, members of the design team will generate as many
ideas as possible, without criticism or discussion of feasibility.
(© Joseph Poberskin/Stone/Getty Images.)

Figure 11.16
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models of some of the initial ideas. Industrial engineers and
technicians examined the feasibility of assembling some of
the proposed designs. Marketing kept the group focused on
the wants and needs of the consumer. Finance kept the group
focused on cost factors.

The team met several times in smaller groups to discuss
the feasibility of some design ideas before four or five were
chosen to move on to the refinement stage. Integrated
throughout the process was an emphasis on quality, which
directed the design team always to keep quality concepts and
practices part of its discussions.

11.3.3 Preliminary Design

After brainstorming, the ideas are evaluated, using as the
criteria the problem statements, project goals, and limita-
tions. Industrial designers may create preliminary models
out of foam or other material, or they may use the com-
puter models created in the preliminary ideas phase to
control machines that generate physical models.

The choice for the final design may be easy if only one
design meets the criteria. However, there is often more
than one viable design solution. When this happens, an
evaluation table may be used to “score” each design idea
relative to the goals of the project.

Ideation Graphics and Visualization In the ideation phase,
rough sketches and conceptual computer models called
ideation drawings or models are produced. Ideation
drawings communicate new ideas through the use of
rough sketches and computer models. These drawings are
a synthesis of the information gathered in the preliminary
stages of the design process and may combine what was
visualized in the mind with what has been put on paper or
in the computer. Copying drawings or modifying com-
puter models encourages new ideas to evolve from exist-
ing concepts.

At Motorola the wireless phone ideas were checked for

■ Adherence to the specifications of size, weight, appearance,
durability, and so forth

■ Manufacturability
■ Quality
■ Cost
■ Limits of the available technology, such as microminiatur-

ization of circuits and components
■ Environmental and safety concerns
■ Comparison against the competition and known solutions

to the problem

The team may have decided that some research was needed
because of concerns generated by the preliminary ideas. The
evaluation process helped the team determine which designs
to continue examining.

Presentation Graphics Presentation graphics are used to
present data in more easily understood forms, such as
charts or graphs. Preliminary engineering and cost analy-
ses also may be graphed. Presentation graphics is a very
important part of the design review meeting (Figure 11.17).
Ideation requires skills in sketching, visualization, and pre-
sentation graphics. 

11.3.4 Ideation Resources

Inventive or creative ideas can come from a number
of sources. Personal experience is a great source of ideas
as is the existing knowledge of an organization. Outside
sources for ideas can come from consumer surveys,
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Presentation graphic
Sketches, drawings, 3-D models, tables, and graphs are
common graphics used to communicate new designs in presen-
tations, such as a design review meeting.
(© 2005 Motorola, Inc.)

Figure 11.17
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competition reviews, patent searches, library searches,
and searches on the Web. Vendors and professional orga-
nizations can be helpful when gathering information for
new designs. Thomas Register is an excellent resource for
gathering information about companies and their prod-
ucts. Thomas Register and many other vendors maintain
websites, and some vendors have CD ROMs available
with their products from which images can be inserted
into CAD drawings and models. 

11.3.5 The Designer’s Notebook

Designers should get into the habit of taking meticulous
notes to ensure that ideas and decisions are kept for future
reference. A designer will create many notes and docu-

ments which normally become part of the design file. A
well-documented design notebook will contain design
sketches (Figure 11.18) with notes, calculations, signa-
tures, and dates. One important reason for keeping good
notes is to make it easier to document original designs,
which is very important when applying for a patent. This
information also is important to defend against possible
lawsuits arising from the use of the product. The notebook
is also a way of creating a history of design for a company
(Figure 11.19). This historical record enables new design-
ers to quickly determine how design has progressed in a
company. This historical record also becomes important
when modifying existing designs or creating a related
product. When this occurs, design decisions and pre-
vious design solutions may become a starting point for the
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Pages from a designer’s notebook
These sketches and notes are from an engineer’s notebook showing the assembly drawing of a battery case.
(Courtesy of David G. Ullman, The Mechanical Design Process, 2d edition, McGraw-Hill.)

Figure 11.18
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Designer’s notebook as a historical record
Jack Kilby was the primary design engineer for the first
integrated circuit while working at Texas Instruments in 1958.
He is pictured holding his design notebook and page from the
notebook with his notes describing the basic concept behind the
integrated circuit.
(Courtesy of Texas Instruments.)

Figure 11.19

modified design. This can save much time and money in
the development of the new product.

The notebook is very similar to a diary that records the
development of the design solution. It does not have to be
neat, but it should be legible and contain all the notes,
sketches, and calculations on sequentially numbered pages.
A simple bound notebook may be all that is needed for a
designer’s notebook for a single project.

Today’s technology allows collaborative engineering
through design across the World Wide Web (WWW),
as described in more detail later in this chapter. Keeping
a designer’s notebook can be accomplished through a
computer-based electronic notebook by serving, deliver-
ing, and storing the data created by the design team. This
allows design documents to be read by a wide variety of
people in different departments and even different
locations.

11.4 Refinement
Refinement is a repetitive (iterative or cyclical) process
used to test the preliminary design, make changes if nec-
essary, and determine if the design meets the goals of the
project (Figure 11.20). Refinement is the second major
stage in the concurrent engineering design process and

Modeling
Geometric–
Simulation–
Animation–

Charts, Graphs, Diagrams–
Design Analysis

Property–
Mechanism–
Functional–

Human Factors–
Design

Visualization

Problem
Identification

Preliminary
Ideas

Preliminary
Design

IDEATION

REFINEMENT

Rapid Prototyping
Manufacturing

Simulation

Refinement process
The refinement process includes modeling, design analysis, and
visualization. These elements are used to determine if the
design meets the goals set earlier in the design process.
Refinement is an iterative process, which means that changes
made to the design may cause elements in the refinement stage
to be repeated.

Figure 11.20
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Refinement of a battery contact design
Engineering drawings and models that are more dimensionally accurate are produced in the refinement stage.
(Courtesy of David G. Ullman, The Mechanical Design Process, 2d edition, McGraw-Hill.)

Figure 11.21
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consists of three main areas: modeling, design analysis,
and design visualization. These areas are subdivided fur-
ther into activities that ultimately result in the selection of
a single design solution.

The refinement stage normally begins with technicians
using the rough sketches and computer models to create
dimensionally accurate drawings and models (Fig-
ure 11.21a). At this point, the engineers begin to select the
materials for the component parts, considering such fac-
tors as heat, light, noise, vibration, humidity, strength,
weight, size, loads, cost, and many others. The engineers
work closely with the industrial designer so that the mate-
rials selected will work well with the proposed form.

The preliminary design is tested physically, using finite
element analysis, kinematic tests, animation, and spatial
analysis. The design is analyzed relative to the project
objectives and problem statement, and manufacturing be-
gins to determine the processes needed to produce the
product. The preliminary design is also market tested to a
small group. At this stage changes may be recommended
in the initial design. The final step in the refinement stage
is selection of the final design for the product.

The refinement stage is heavily dependent on graphics
to document, visualize, analyze, and communicate the

design idea. These drawings and computer models are
called refinement drawings or design drawings. Refine-
ment drawings are technical drawings and models used to
analyze preliminary design ideas. (See Figure 11.21e.)

11.4.1 Modeling

Modeling is the process of representing abstract ideas,
words, and forms, through the orderly use of simplified text
and images. Engineers use models for thinking, visualiz-
ing, communicating, predicting, controlling, and training.
Models are classified as either descriptive or predictive.

A descriptive model presents abstract ideas, products,
or processes in a recognizable form. An example of a
descriptive model is an engineering drawing or 3-D
computer model of a building or structure (Figure 11.22).
The drawing or model serves as a means of communication
but cannot be used to predict behavior or performance. A
predictive model is one that can be used to understand
and predict the behavior/performance of ideas, products, or
processes. An example of a predictive model is a finite ele-
ment model of a bridge support, which is used to predict the
mechanical behavior of the bridge under applied loads. (See
Section 11.4.3 for a discussion of finite element models.)

Descriptive model
Cutaway section of a railway station.
(Courtesy of Bentley Systems, Inc.)

Figure 11.22
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During the refinement process, two types of models are
useful: mathematical models and scale models.

A mathematical model uses mathematical equations
to represent system components. This technique is useful
for understanding and predicting the performance of large,
complex systems. Normally, a large system is broken into
its simpler components before being modeled. Fig-
ure 11.23 is an example of a mathematical model used to
predict the power loss of thrust bearings when velocity is
increased. By reading the graph, you can predict how
much loss there will be, without having to test the bearing
physically at every operating speed. This results in a
tremendous savings in time and cost during the refinement
stage of the design process. 

A scale model is a physical model created to represent
system components. This is one of the most useful and
easily understandable of all the modeling processes. The
model can be full size or a replica made to scale. Before
the advent of 3-D geometric modeling using computers,
physical models were made by skilled craftspersons from
clay, wood, foam, or other materials (Figure 11.24). Phys-
ical models are extremely useful for conducting spatial,
aesthetic, human factors, and property analyses. For ex-
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Predictive model
A mathematical model is used to predict the power loss of a
thrust bearing at various speeds.
(From Machinery’s Handbook, 25th ed.)

Figure 11.23

Real model
Real models created from clay are used for spatial, aesthetic,
and property analyses.
(Courtesy of 3-D Systems, Inc.)

Figure 11.24

ample, the cellular phone could be modeled in foam or
wood and given to the human factors engineers and the
consumers group on the design team to get their feedback
on the interaction between the model and the human test
subjects. In addition, the circuitry of the cellular phone
could be created as a working model using breadboarding,
which is a technique used by electrical engineers and tech-
nicians to test new circuits.

For some products, recent advances in computer mod-
eling and rapid prototyping have reduced the need for cre-
ating physical models using traditional techniques. Rapid
prototyping is a broad term used to describe several re-
lated processes that create real models directly from a 3-D
CAD database (Figure 11.25). This dramatically can re-
duce the time between modeling and manufacturing.

In some cases, it is not practical to make a prototype
because of size or cost. In other cases, the prototype would
not respond the way the actual product would. For these
situations, as well as others, virtual reality (VR) systems
offer a viable analysis approach (Figure 11.26). VR sys-
tems use the principles of perception to develop completely
immersive environments in which the user can interact
with the object through some or all of the senses. In such
an environment, the user has the feeling of actually
interacting with the virtual model.

VR technology requires models that correspond
closely to the real object. Also, the system must be able to
monitor all actions taken by the user. This includes chang-
ing the point of view when the user’s head position
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changes or depicting a virtual hand when the user is reach-
ing out and grasping the virtual object. In addition, the
user needs to receive feedback that closely mimics the
environment’s responses to the user’s actions. The visual
and auditory fields must be controlled completely by the

system, and this often is done with headsets. State-of-the-art
technology that would provide kinesthetic feedback is
being developed. The virtual model would feel like it has
weight when it is being moved around by the user.

Rapid Prototyping The actual process used to create the
rapid prototype varies depending on the type of system
being used. The actual making of the part can take many
hours, depending on the size of the part. The basic process
consists of creating a 3-D model of the part on a CAD sys-
tem. The 3-D model then is translated into a file format
compatible with a rapid prototyping system, the most pop-
ular being an STL file. The rapid prototyping system reads
the STL file and breaks the 3-D model into a series of very
thin layers. 

Rapid prototyping systems are categorized by the
process used to create the real model. Stereolithography
apparatus (SLA) was one of the first methods developed.
It uses a process whereby a focused laser beam hardens a
light-sensitive liquid polymer through a series of very thin
slices (Figure 11.27). Selective laser sintering (SLS) is a
process that uses a focused laser to fuse powdered plastic,
metal, or ceramic through a series of very thin slices.
Fused deposition modeling (FDM) uses molten plastic de-
posited in a series of thin layers to create the part. Lami-
nated object manufacturing (LOM) creates real models
from sheets of material such as paper or vinyl.

At Motorola, the RAZR components were modeled on a CAD
system early in the design stage. Mechanical engineers and
technicians created a 3-D solid model of the phone case
from the design sketches, and the industrial designers edited
that computer model. Electrical engineers and technicians
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Real model of a portable hand-held radio
created with a rapid prototyping system
(Courtesy of 3-D Systems, Inc.)

Figure 11.25

Virtual reality technology 
This technology allows a more complete use of the senses to
explore and evaluate design concepts.
(Courtesy of Fakespace Systems, Inc.)

Figure 11.26

Stereolithography system used to create
rapid prototypes of parts.
(Courtesy of 3-D Systems, Inc.)

Figure 11.27
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computer modeled the circuitry and other components. Indus-
trial engineers used the computer models to begin designing
the assembly line and to provide feedback to the design team
on the phone’s manufacturability (DFM). The geometric data-
base was shared by all members of the team in analyzing the
final design.

11.4.2 Computer Simulation and Animation

Computer simulation is the precise modeling of complex
situations that involve a time element. The 3-D computer
model can be used instead of a physical model for prop-
erty analyses. Material properties can be assigned to a
computer model so that it behaves and looks like the real
product. For example, instead of a scale model of a new
aircraft being made and tested in a wind tunnel, a com-
puter model can be used to simulate the aircraft in the
wind-tunnel test (Figure 11.28).

Computer animation is the imprecise modeling of
complex situations that involve a time element. The major
difference between simulation and animation is the degree
of precision. An animation only approximately replicates a
real situation; a simulation accurately replicates a real situ-
ation. For example, to determine the aerodynamic charac-
teristics of an airplane using computer simulation, the
aircraft and the fluid properties of air must be represented,

precisely or inaccurate information will be obtained. On
the other hand, if all that is needed is a visual representation
of the aircraft in flight, then the computer model need not
be precise and an animation of the vehicle is sufficient.

At Motorola, the assembly line used to produce the cellular
phone could be either simulated or animated using computer
models. The simulation dynamically would show the phone
being assembled and would assist the industrial engineers and
technicians in determining where bottlenecks or trouble spots
might occur during assembly. The information thus obtained
would be used to further refine the design to make it more
easily manufacturable, following DFM principles.

11.4.3 Design Analysis

Design analysis is the evaluation of a proposed design,
based on the criteria established in the ideation phase. It is
the second major area within the refinement process, and
the whole design team is involved. Typical analyses per-
formed on designs include the following:

Property analysis, which evaluates a design based on its
physical properties, such as strength, size, volume, cen-
ter of gravity, weight, and center of rotation, as well as
on its thermal, fluid, and mechanical properties.
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Computer model simulating an aircraft in a wind tunnel
The computer model supplements or replaces physical models in engineering analysis.
(© Gary Bertoline.)

Figure 11.28
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Mechanism analysis, which determines the motions and
loads associated with mechanical systems made of
rigid bodies connected by joints.

Functional analysis, which determines if the design does
what it is intended to do; in other words, if the design
performs the tasks and meets the requirements speci-
fied in the ideation phase.

Human factors analysis, which evaluates a design to de-
termine if the product serves the physical, emotional,
quality, mental, and safety needs of the consumer.

Aesthetic analysis, which evaluates a design based on its
aesthetic qualities.

Market analysis, which determines if the design meets the
needs of the consumer, based on the results of surveys
or focus groups.

Financial analysis, which determines if the price of the
proposed design will be in the projected price range set
during the ideation phase.

Property Analysis Normally, property analysis is associ-
ated with the engineering profession and includes finite
element modeling. Property analysis determines if the
product is safe and can stand up to the rigors of everyday

use. Models are tested under extraordinary conditions,
and the information gained can determine if changes must
be made to the design. For example, a component might
fail under extreme operating conditions. The design team
then would recommend changes in the component itself,
(or in related parts of the product) to correct the defi-
ciency, and the model then would be reanalyzed. This
iterative process is a major part of the design analysis
phase.

Finite element modeling (FEM) is an analytical tool
used in solid mechanics to determine the static and
dynamic responses of components under various condi-
tions, such as different temperatures (Figure 11.29). The
fluid mechanics of designs also can be determined using
FEM. The interaction of a part with a fluid flow, such as
water or air, is simulated through the use of color bands.
For example, Figure 11.30 (on the next page) shows
motion analysis of an assembly. The range of motion is
shown using a different color.

The FEM process uses the 3-D computer model as
input. Through a process called discretization or meshing
(Figure 11.31 on the next page), the continuous 3-D solid
model is changed into a model comprised of multiple
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Thermal analysis
The use of color assists the user in visually determining the areas of high temperature. Blue is the coolest and red is the hottest area
on this part.
(Courtesy of Algor, Inc.)

Figure 11.29
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tied down. For example, an object bolted down to a sur-
face is called fully constrained; in contrast, an object al-
lowed to spin on a shaft is partially constrained. Once the
boundary condition is defined, properties, such as mater-
ial, temperature, and forces, are assigned to the model.

The model is then evaluated under varying conditions.
For example, stress forces are applied fully to a constrained
model and the results are shown on screen in multiple col-
ors (Figure 11.32). The colors represent various levels of
stress. The model might also deform to illustrate the effect
of the forces being applied. The model even could be ani-
mated to show the deformation taking place and to show
the incremental increases in the levels of stress. This
process allows the designer to determine if the model will
perform safely under extreme operating conditions.

The results of the property analysis are used to recom-
mend changes in the design. This analysis is a critical step
in the refinement process.

Mechanism Analysis The process concerned with the
calculation of motions and loads in mechanical systems
comprised of rigid bodies connected by joints is called
Mechanism analysis. A clamping device is an example of
such a system. Mechanism analysis includes assembly,
kinematic, and dynamic analyses.

Assembly analysis is used to define the individual rigid
bodies of the mechanism and to assemble them correctly,
considering both geometry and velocities (Figure 11.33).
When the computer model is used to make the assembly
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Motion analysis
A motion analysis of an assembly is determined using FEM.
(Courtesy of Algor, Inc.)

Figure 11.30

Discretization
Before a finite element analysis can be performed, the solid
CAD model must be broken into smaller, discrete parts, using a
process called discretization. Lines are added to the model after
discretization to represent the boundaries of each discrete part
of the model. 
(Courtesy of Algor, Inc.)

Figure 11.31

Boundary conditions applied
After the finite element model is created, the boundary
conditions, such as temperature or load, are defined. The model
is then analyzed by the computer. The results are shown using
color, or by deforming the model if a load is applied.
(Courtesy of Algor, Inc.)

Figure 11.32

polygonal shapes, such as rectangles and triangles, which
are called “elements.” Each corner of each element is
called a “node.” After discretization, the boundary condi-
tion is defined. This condition describes how an object is
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and assign the velocities, the computer uses the engineers’
input to determine complex geometric and trigonometric
relationships.

Kinematic analysis determines the motion of assem-
blies without regard to the loads. For example, kinematic
analysis is used to find the position of any point on the
mechanism at any time during movement of the assembly,
to determine clearances and range of motion. Computer
modeling can be used to trace motion paths in 3-D models
(Figure 11.34).

Dynamic analysis determines the loads that drive or
create the motion of a mechanism. This type of analysis
can be in the form of a computer simulation, as described
in the preceding section (Figure 11.35).

Functional Analysis The judgment process in which fac-
tors such as cost, appearance, profitability, marketability,
and safety are used to determine the worth of a design is
called Functional analysis. Some factors are based on
empirical evidence, such as product testing to see if it
performs or functions as it was intended. For example, the
design of a new computer printer could be tested to deter-
mine consistent print quality, frequency of failure, or cost
relative to the intended market. In this example, the new
printer would not be functional if it failed too often, cost
too much, or produced poor print quality. The whole
project might have to be modified by returning to the
ideation phase.

Human Factors Analysis The process used to determine
how a design interacts with the dimensions, range of mo-
tion, senses, and mental capabilities of the population
that will use the product is called Human factors analy-
sis. For example, the human dimensions of the hand and
the distance from the ear to the mouth are important
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Assembly analysis
Assembly analysis to determine proper clearances between
mating parts.
(© Dassault Systemes.)

Figure 11.33 Kinematic analysis
The kinematic analysis of a mechanism is used to evaluate the
range of motion during operation.
(© Gary Bertoline.)

Figure 11.34

Dynamic analysis
This dynamic analysis of a clamp evaluates the forces involved
with the movement of the mechanism.
(© Gary Bertoline.)

Figure 11.35
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attributes which must be taken into account in the design
of a cellular phone and its dialing keypad. Human di-
mensions can be found in The Measure of Man, by Henry
Dreyfuss. There is also computer software that can be
used to define a human model, using such criteria as age,
gender, build, race, and other factors. The human model
thus created then is merged with the computer model
of the product, and static and dynamic simulations are
conducted.

The design of a product also must match human capa-
bilities, as well as human dimensions. For example, can
the controls of the cellular phone keypad be seen in a
dimly lit room? Are they confusing to the novice user?

Quite often, the results of this human factors analysis
are used to guide the development of graphics and text in
the technical and user’s manuals.

Aesthetic Analysis The process that evaluates a design
based on aesthetic qualities is called Aesthetic analysis.
The look and feel of the product are analyzed by industrial
designers, marketing personnel, environmental and human
factors engineers, and the customer. This is the design
process stage that is difficult to measure and quantify.
However, it is important because this is where products
are given the human touch that is so necessary in the
design of most products and structures. Aesthetics are
more important in some industries than in others. For ex-
ample, the design of Motorola’s RAZR cellular phone
used aesthetic analysis to create a “good” look and feel
(Figure 11.36). Also, in the design of automobile bodies,
extensive aesthetic analyses are done to create a body
style that is both pleasing and desirable. Aesthetic quali-
ties are hard to quantify, yet they often make the difference
in the product’s success or failure in the marketplace.

Market and Financial Analyses A market analysis is per-
formed before a product is sold or even produced. This
market analysis determines the needs and wants of the
customer so that the product produced is the product
wanted by the consumer. A market analysis determines the
demographic characteristics, such as age, gender, educa-
tion, salary, geographic location, and so forth, of a typical
consumer.

Financial analysis determines the capital available for
a project, as well as the projected expenses to design,
manufacture, assemble, market, and service a product. Fi-
nancial analysis also determines the return on investment
(ROI) that can be anticipated for a new product. The ROI
is the ratio of annual profit to investment expected from a
product.

11.5 Design Review Meetings
A design review is a formal meeting where the design
team presents their progress to management. More experi-
enced members of the design team prepare a presenta-
tion that might include calculations, charts and graphs,
sketches, technical drawings, and 3-D models. It now is
possible to have design review meetings across great dis-
tances using the Web and other Internet-based conferenc-
ing technologies. The purpose of the design review meeting
is to determine if the design of the product should con-
tinue or end. Later in the design phase, design review
meetings occasionally are held to report progress and
feedback from those outside the actual design team.

For the RAZR, the refinement stage began with the computer
modeling of the final design. Dimensions were not critical at
this stage but were getting closer to being final. Technicians
created a solid model using the design sketches and prelimi-
nary models from the ideation phase.

Electrical, manufacturing, and mechanical engineers
worked closely together in the design of the circuitry and
outside case. The size of the circuitry necessary to create an
8-ounce phone that would fit in the palm of the hand deter-
mined the basic size and shape of the outside case. The
manufacturing engineers provided input regarding the conse-
quences of using a particular shape and material for the
assembly of the phone. The industrial designer began to
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RAZR phone being used to take a
photograph
In the design of the RAZR, aesthetic analyses are done to create
a good look and feel for the user.
(© AP/Wide World Photos.)

Figure 11.36
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finalize the aesthetic design of the outside case, given the
parameters from the engineers.

This team worked together to produce a refined computer
model, which then was shared with the rest of the design team
members to gather their input and recommendations. The
results of the aesthetic analysis were shared by the whole
group, including the consumers, who found that the product
did not look appealing: the lines were not thin and the
earpiece looked awkward.

The case and circuitry were further refined, then reana-
lyzed by the engineers. The electrical engineer developed the
circuitry to fit in the case and tested it for power, sound qual-
ity, and so forth. The circuitry first was breadboarded, then
tested to determine if it worked within the parameters set forth
in the design. The mechanical engineer analyzed the strength
of the case with respect to dropping, hinge use and misuse,
and environmental factors. Much of this testing was accom-
plished with the computer model.

The stress placed on the case, circuit board, and fasteners
from a four-foot fall was determined using FEM. The 3-D
computer model of the design was meshed, then a load was
applied to represent the force of impacting the ground after
falling four feet. The stresses were displayed in varying col-
ors. Areas of the phone that could fail were seen on the model,
and design changes were made.

Drawings and models were changed as necessary during
the analysis stage. The drawings and models then were refined
further. Standard parts were used whenever possible, to save
cost and time. For example, the fasteners used to hold the cir-
cuit board to the case, as well as many of the resistors, are
standard parts in the cellular phone.

A mechanism analysis was conducted to determine the
clearances of the circuit board/components/case assembly. A
kinematic analysis was used to determine the ranges of
motion for the mouthpiece, from its closed to open positions,
and the telescoping antenna.

The manufacturing engineers and related technicians
began to design and lay out the factory floor. Sketches and
computer models of the assembly line were created. Market-
ing began to gather information about the product. As the de-
sign was further refined, the assembly line computer model
was used to begin testing the assembly process. This provided
valuable input into DFM strategies. Assembly problems were
corrected earlier in the refinement stage. The engineering
team viewed the product model as it was being assembled and
made changes to the final design to improve the DFM of the
cellular phone.

11.6 Implementation
Implementation is the third and final phase in concurrent
engineering design and is the process used to change the
final design from an idea into a product, process, or struc-

ture. At this point, the design is finalized and any changes
become very expensive. The implementation process
includes nearly every phase of the business, such as plan-
ning, production, financing, marketing, service, and docu-
mentation (Figure 11.37). The goal of this phase is to
make the design solution a reality for the enterprise and
the consumer.

11.6.1 Planning

The planning process determines the most effective
method of moving a product through the production cycle.
Manufacturing engineers and technologists are the leaders
in the planning process, as they schedule the machines and
jobs necessary to create the product. Planning requires
process sheets, data and material flow diagrams, project
modeling and work organization charts, bills of material,
and other documents (Figure 11.38 on the next page).
Modern planning techniques include computer-aided
process planning (CAPP), material requirements planning
(MRP), and just-in-time (JIT) scheduling.

CAPP uses the computer model of the design to deter-
mine which machines and processes should be used. MRP
calculates the raw materials needed to produce the product
and uses solid models to assist in these calculations. For
example, the solid model of a part can be analyzed to de-
termine the volumes of various parts, and the results then
can be used to calculate the amounts of different materials
needed to make the parts.

Just-in-time (JIT) is an operational philosophy that tries
to reduce cycle time while eliminating waste. Anything
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Implementation process
The implementation process includes nearly every phase of the
business. In this phase of the design process, the final design
moves from idea to final product.

Figure 11.37



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

11. The Engineering Design 
Process

Text604 © The McGraw−Hill 
Companies, 2007

592 CHAPTER 11

Process plan
This process plan shows the machining operations, the tools used, setup time, and rate per hour. This level of planning is necessary
to estimate cost and to ensure the smooth movement of parts during production.

Figure 11.38

related to the manufacture of a product that does not add
value to the product is considered waste. For example, in-
ventory sitting idle in a warehouse for a long period of time
does not add value to a product.AJIT system prevents waste
by taking deliveries on orders only as they are needed.

11.6.2 Production

Production is the process used to transform raw materials
into finished products and structures, using labor, equip-
ment, capital, and facilities. The production process re-
quires engineering drawings, change orders, technical
specifications, bills of material, and many other docu-
ments. Drawings or 3-D models are used to lay out the
factory floor, and computer models can be used to run ma-
chine tools that make the parts and simulate the assembly
process and the movement of materials in the factory
(Figure 11.39).

11.6.3 Marketing

The marketing process anticipates customer needs and
directs the flow of goods from the producer to the con-
sumer (Figure 11.40). Marketing plays a very important
role in the ideation, refinement, and implementation
stages and is much more than just selling or advertising:

Marketing makes sure that the right products are produced
and find their way to the consumer. To successfully sell a
new product, marketing requires product illustrations and
presentation graphics. Computer models and technical
drawings can be used as the basis for creating the illustra-
tions needed (Figure 11.41 on page 594).

The Motorola marketing team

■ Analyzed the needs of the people who use cellular phones.
■ Predicted what type of cellular phone users would want and

decided who the company would try to satisfy.
■ Estimated how many people would be using cellular phones

in the next few years and who would buy them.
■ Determined where these cellular phone users would be and

how to get the phone to them.
■ Estimated what price they would want to pay for a cellular

phone.
■ Decided which types of promotions should be used.
■ Gathered information about the competition relative to

types and prices of cellular phones produced.

11.6.4 Finance

The finance process analyzes the feasibility of producing
a product, relative to capital requirements and return on
investment (ROI). In any enterprise, finance is the
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management of cash flow such that the means always are
available to achieve the firm’s objectives as quickly
as possible (Figure 11.42 on the next page). Financial ad-
ministration includes:

Estimating and planning the flow of cash receipts and
expenditures.

Raising from outside sources the needed funds for day-to-
day operations.

Controlling the operations to ensure cash flow through the
business.

Dividing the earnings between payments to the owners and
investment in the future development of the business.

The basic activities in finance, regardless of the type of or-
ganization, are financial planning; the actual financing of
proposed operations; financial analysis and control; and the
disposition of net earnings. Financial planning estimates a
firm’s dollar volume of sales, which is used by management
to determine inventory, labor, and training requirements, as
well as facility usage. Budgets are used to estimate and plan
the financing necessary for a new design, and the design
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Factory floor simulation
The production process is enhanced by using a computer model of the factory floor to simulate activities. This surface model even
could be animated to test manufacturing operations, such as the range of motion for the robots.
(Courtesy of Dassault Systemes.)

Figure 11.39

Total company
effort

THE
MARKETING

CONCEPT

Customer
satisfaction

Profit as an objective 

Marketing process
The marketing process is an integral part of the engineering
design process. The marketing concept means that an organiza-
tion aims its efforts at satisfying the customer, but at a profit.
(From Essentials of Marketing, 5th ed., E.J. McCarthy and W.E. Perreault, Jr.,
1991, Richard D. Irwin.)

Figure 11.40
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11.6.5 Management

Management is the logical organization of people, mate-
rials, energy, equipment, and procedures into work activi-
ties designed to produce a specified end result, such as a
product. Managers control or guide the everyday opera-
tions of an enterprise. Production managers direct the re-
sources required to produce the goods and services of an
organization. Figure 11.43 shows that production man-
agers direct people, plants, parts, and processes, as well as
the planning and control systems. Figure 11.44 shows
what a plant manager controls in a manufacturing firm.
Typically, each group listed under the plant manager has
its own manager to run the day-to-day operations. For ex-
ample, a managing engineer is responsible for engineering
support. The managing engineer organizes and executes
around the priorities of the project and the company, and is
guided by the plant engineer.

Global competition has forced industry in the United
States to become much more quality conscious. Many in-
dustries are using a management process called total qual-
ity management (TQM). TQM is the process of managing
the organization as a whole such that it excels in all areas of
production and service that are important to the customer.
The key concepts are as follows: (1) quality is applicable
throughout the organization in everything it does, and
(2) quality is defined by the customer. To translate customer
quality demands into specifications, marketing or product
development accurately must determine what the customer
wants, and product designers must develop a product or
service that consistently achieves that level of quality.

TQM practices require an operational definition of
quality, an understanding of its dimensions, and methods
for including customer opinions in the specifications.
Product quality can be defined as the quality of the prod-
uct’s design and the quality of its conformance to that
design. Design quality is the inherent value of the product
in the marketplace. The common dimensions of design
quality are listed in Figure 11.45 (on page 596). As an
example, these dimensions have been adapted to the
cellular phone design (Figure 11.46 on page 596).
Conformance quality is the degree to which the product or
service design specifications are met. Conformance quality
is concerned primarily with the operational functions and
the quality of the organizations within a firm.

11.6.6 Service

Service is an activity that supports the installation, train-
ing, maintenance, and repair of a product or structure for
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A computer-rendered image created by the
technical illustrator using the CAD model
The technical illustrator can import the 3-D CAD model into a
rendering program, where surface textures and light sources are
applied.
(Courtesy of Robert McNeel & Associates.)

Figure 11.41

FINANCING

• Disbursements
• Credits
• Control of funds
• Source of funds
• Capital requirements
• Return on investment
• Planning & analysis
• Disposition of earnings

Activities involved in financing to analyze
the feasibility of producing a product

Figure 11.42

team must work within budgetary constraints.As the design
is finalized, the finance people working on the team deter-
mine the costs and projected earnings. They use informa-
tion obtained from other members of the team on such items
as sales, pricing, inventory, production, and personnel.
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the consumer. Service uses technical illustrations and
reports to support its activities. Technical illustrations
are included in installation, maintenance, and repair man-
uals. The technical illustrations typically are assembly
drawings—which show how multiple parts fit together—
pictorial drawings, rendered illustrations, and graphics
showing the order of assembly, as well as the functional-
ity, of the components of the product. Using a variety of
techniques, parts normally hidden from view are shown in
their operating positions.

11.6.7 Documentation

Once the design is finalized in the refinement process, the
design moves into the last phase of development, called
documentation. Documentation is a process used to for-
mally record and communicate the final design solution.
Before concurrent engineering, most graphics documenta-
tion was in the form of 2-D engineering drawings and
illustrations. With CAD and 3-D modeling, much of the
graphics produced in the refinement stage is in the form
of 3-D models. These models are used as input to the
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Production Management

Planning & Control Systems

People Facilities Parts Processes

Production manager’s responsibilities
Production management activities in a manufacturing firm include directing people, plants, parts, and processes.
(From Production and Operations Management, 6th ed., R.B. Chase and N.J. Aquilano, 1992, Richard D. Irwin.)

Figure 11.43
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Organization of a manufacturing plant
The typical management organization of a manufacturing plant includes production control, purchasing, manufacturing, quality
control, and engineering support.
(From Production and Operations Management, 6th ed., R.B. Chase and N.J. Aquilano, 1992, Richard D. Irwin.)

Figure 11.44
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documentation stage to create engineering drawings, tech-
nical illustrations, animations, and patent drawings. Doc-
umentation thus becomes a concurrent activity throughout
the design process, instead of something that occurs only
at the end.

Concurrent documentation is a process that creates
documents at the same time that the product design is
being developed. If concurrent engineering is being

employed, it makes sense to use concurrent documenta-
tion to facilitate the communication process. Figure 11.47
shows the major documentation processes integrated with
the concurrent engineering model.

The more effectively a company can communicate
information about its products, both internally and to its
customers, the more successful the company will be. Doc-
umentation is the common thread that runs throughout the
entire design process. The documentation becomes the
corporate memory for a project. Concurrent documenta-
tion practices maximize creative time and minimize docu-
mentation time; therefore, concurrent engineering and
documentation must be one integral system. All informa-
tion generated is communicated electronically, using com-
puter hardware and software and the 3-D design model.

Design Drawings and Models Design drawings and mod-
els are all the sketches, rough design layout drawings, and
initial 3-D computer models created during the ideation
and refinement phases (Figure 11.48). When concurrent
documentation is employed, these drawings and models
are refined along with the design. Design drawings and
models are used as input to the other documentation
processes. For example, the 3-D model created for engi-
neering analysis is used to extract multiview production
drawings.

Production Drawings and Models Multiview dimensioned
drawings and assembly drawings with a parts list are used
for production purposes. These multiview drawings are
called production drawings because they are used as the
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Performance Primary product or service characteristics

Features Added touches, bells and whistles, secondary
characteristics

Reliability Consistency of performance over time

Durability Useful life

Serviceability Resolution of problems and complaints

Response Characteristics of the human-to-human interface
(timeliness, courtesy, professionalism, etc.)

Aesthetics Sensory characteristics (sound, feel, look, etc.)

Reputation Past performance and other intangibles

Dimension Meaning

Measures

Dimensions of design quality
Design quality includes many aspects of a product, such as
reliability, durability, features, and others.
(From Production and Operations Management, 6th ed., R.B. Chase and N.J.
Aquilano, 1992, Richard D. Irwin.)

Figure 11.45

Performance Strength of signal

Features Weighs less than 8 ounces

Reliability Mean time to failure

Durability Useful life

Serviceability Ease of repair

Response Turn-around time for service call

Dimension Meaning (Cellular Phone)

Aesthetics Look and feel of phone

Reputation Independent evaluation of product

Measures

Cellular phone dimensions of design
quality
The dimensions of design quality are applied to the cellular
telephone.

Figure 11.46
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Concurrent documentation
The concurrent documentation process integrates all types of
graphics to facilitate communications between all areas in a
business.

Figure 11.47
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communications medium between design and production
or manufacturing (Figure 11.49 on the next page).

If the design is modeled in 3-D by CAD, then multi-
view drawings automatically can be extracted from the
model. Dimensions are added to the drawings; then as-
sembly drawings with a parts list are produced to create
the production drawings. Production drawings contain
sufficient detail for the product to be produced. The pro-
duction drawings are copied or blueprinted, then they are
used by manufacturing engineers and technicians in the
fabrication and assembly of the process. Another purpose
for engineering drawings is archiving, which is a process
used to create a permanent graphics record of the design in
the form of drawings saved on vellum, microfiche, com-
puter tape, or some other medium. The archival drawings
are placed in a secure environment, such as a vault, to en-
sure their safety.

It is possible to create a product without the use of
paper drawings by linking the entire business to comput-
ers. The product would be designed and modeled in

CAD. The CAD model would be used as input for com-
puter numerical control (CNC) machines, where the tool
path would be created (Figure 11.50 on page 599).
Machinists, engineers, and technicians would use a com-
puter terminal to access a central database, which would
contain the engineering drawings and 3-D model. The
drawings or 3-D model would be displayed on the com-
puter terminal, serving as the communications medium
instead of paper. Although the total elimination of paper
in industry may not be possible, some companies are
nearly paperless today, with the product and processes
controlled by computers.

Technical Illustrations Technical illustrations are devel-
oped and used throughout the concurrent engineering and
documentation cycle, starting with the design database.
For example, using computer software, the 3-D model
could be viewed from any direction and illustrations could
be rendered. Hand- or computer-rendered illustrations are
used by industrial designers to convey their ideas to others
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A design drawing used in the ideation phase
A new hand waxer shown as an early ideation sketch (left) and as the final
rendered model (right).
(Courtesy of Group 4 Design.)

Figure 11.48
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on the team early in the design process. Rendered illustra-
tions are used by marketing to create advertising and sales
information, as well as by service to create technical docu-
ments such as installation and maintenance manuals
(Figure 11.51 on page 600).

Animations Animations are used in the documentation
phase to support the marketing, training, production, and
service activities. In marketing, animations are used to
produce advertisements; in service, they are used to create
training videos for service technicians; and, in production,
they are used to show how the assembly line operates. In

the concurrent documentation process, animations are cre-
ated by the computer animation software, using the design
computer model as the input database.

Technical Reports Technical reports are in-depth ac-
counts that chronicle the design process. For example,
progress reports are created in the early stages of the de-
sign process to document the decisions made by the
design team. Similar reports are done periodically to
review the status of a project.

Final reports, which include both text and graphics, are
written at the end of the design cycle and are much more
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Production drawing
A production drawing showing views of an engine cylinder head.
(Courtesy of Dassault Systemes.)

Figure 11.49
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detailed in content. The final report typically contains the
following:

■ Title page
■ Table of contents
■ Abstract
■ Problem identification
■ Procedures
■ Problem solution
■ Results
■ Conclusions
■ Bibliography
■ Appendixes

The text and graphics in the reports are created using
computer-based word processing, page layout, spread-
sheet, database, and graphics programs. The engineering
drawings and models created in the design process are
used to illustrate the text. The technical illustrator uses the
CAD database to create other types of illustrations, such as

exploded assemblies. Spreadsheet and database programs
are used to present numerical data in the form of tables,
graphs, and charts. The page layout program assembles the
text and graphics to create finished documents.

Presentation Graphics Progress and final reports are often
presented to managers at various levels in a company. Oral
reports are supplemented with visual aids, which help the
listener understand the information being presented. Pre-
sentation graphics are text, illustrations, and other visual
aids used when making an oral report to a group (Fig-
ure 11.52 on the next page). Presentation graphics include
the following:

■ Charts
■ Graphs
■ Tables
■ Flip charts
■ Overhead transparencies
■ Videos
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Machine tool paths can be generated using the CAD model
(Courtesy of Dassault Systemes.)

Figure 11.50
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■ Slides
■ Photographs
■ Real models
■ Computer models

The graphics database created in the design process is a
source for much of the graphics used in a presentation. The
design computer models can be captured on slides and
photographs, or as plots. Animations and simulations can
be captured on videotape. Multimedia presentations can be
created by using authoring software to combine several
graphics media into a single, computer-assisted presenta-
tion. Multimedia presentations contain text, charts, graphs,
scanned slides and drawings, animations, and sound. The
authoring software is used to script or organize the various
computer-based presentation materials. 

The implementation of the Motorola RAZR 3V was a team
effort. Marketing developed an advertising strategy that
focused on the fact that the phone was the smallest and
lightest cellular phone on the market. Graphics documents
were created for archiving the final design, communicating
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Technical illustration
This technical illustration of a building was created by rendering the CAD model created earlier in the design process.
(Courtesy of Bentley Systems, Inc.)

Figure 11.51
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the design to production, marketing, and service, and those
giving presentations. These graphics documents were in the
form of drawings, models, plots, electrical schematics, plant
layouts, exploded assemblies, technical illustrations, and
sketches.

Concurrent engineering practices and TQM principles
were used successfully to create the RAZR in a very short
time. The design team members combined their abilities
and knowledge to produce a product that widely has been
accepted by the consumer.

Patent Drawings A patent is the “right to exclude others
from making, using, or selling” and is issued by the fed-
eral government. The patenting process was developed to
encourage the prompt disclosure of technical advances by
granting a limited period of protection for the exclusive
use of that advance. A patent is granted for a period of
17 years.

An application consists of three components: the
claims, the description, and the drawings. All elements of
the patent must be described clearly and completely in the
claims, description, and drawings. The claims define those
elements that distinguish the invention from known tech-
nology of a similar nature; that is, the elements that are
“adding to the pool of knowledge.” The description
should “enable a workman ordinarily skilled in the arts to
practice or replicate the invention.” The drawings should
detail and clarify all elements of the claimed invention.

The patent drawing is a highly regulated piece of
graphics. One of the best sources for the applicable regu-
lations is the Guide for Patent Draftsmen, from the Patent
and Trademark Office. It features selected rules of prac-
tice relating to patent drawings and covers such diverse

matters as the medium and the style requirements for
patent office acceptance.

Patent drawings can be flow block diagrams (Fig-
ure 11.53), schematics, or other labeled representations.
Standard shapes must be used to illustrate conventional
elements.Arrows may be used to show movement of differ-
ent parts. The views used in a patent drawing may be plan,
elevation, section, or perspective (pictorial). Exploded
views also are permitted, to indicate order of assembly (Fig-
ure 11.54).

11.7 Drawing Control

11.7.1 Product Data Control

A critical part of the design process is managing all of the
information related to the product. All information associ-
ated with the design, manufacture, and maintenance of a
product is used for both current and future design efforts.
EDM/PDM is the name given to the specific computer-
based tools and processes used to manage this informa-
tion. Concurrent engineering practices have heightened
interest in these tools since these practices require close
coordination of multiple team members working in paral-
lel in an accelerated design cycle. EDM/PDM is one of the
fastest-growing segments of the CAD industry. EDM/
PDM is moving toward the use of a browser interface
especially for companies with multiple offices and plants
located throughout the world.

Enterprise document management or enterprise
data management (EDM) software is used to track CAD
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Diagram patent drawing
This is a patent drawing of a medical device in the form of a
diagram.

Figure 11.53
Pictorial patent drawing

An exploded patent drawing is used to communicate the
assembly.

Figure 11.54
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or office documents with user-defined data fields, such as
revisions, authors, date, and so forth. Key information is
stored in a database file that may be linked to other busi-
ness systems in the company.

Product data management (PDM) is a system that
focuses on the ordering of material and planning for the
materials used in the manufacture of a product. PDM sys-
tems need a networked computing environment (Fig-
ure 11.55). A typical mid- to large-sized engineering group
will have CAD workstations, known as clients, networked
together and linked to a server. Besides handling elec-
tronic data communications such as e-mail, these servers
also contain the PDM system software. In this type of
arrangement, the server contains a central database while
the individual workstations (the clients) have software
used to access the central database.

The PDM system coordinates all information associ-
ated with the design process. Electronic files containing
design information are stored and organized within the
central database. The system provides tools for users to
search and organize the information contained within the

database. The database works by associating standardized
key pieces of information with each document (Fig-
ure 11.56). This information, entered into what are called
database fields, might include:

■ Part name
■ Filename
■ Drawn by
■ Approved by
■ Design phase
■ Revision number
■ Date last revised

Using information entered into these fields, a user can find
out how many previous designs may have used a certain
fastener or which drafter revised a particular CAD model.

Product data information is normally organized around
a single product in a database that has relational capabili-
ties. This type of database is known as a relational data-
base because it is possible to link tables of data based on a
common field. A relational database allows the searching
of any table of data and finding information from all
related tables through the common link.

The system also provides administration tools to con-
trol access to the database. This security feature means
that only authorized individuals can revise or approve
engineering documents. These controls also mean that
the files can be viewed by a wide variety of people within
the organization involved in the design without worry that
unauthorized revisions will be made to the drawings.
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Workstation OS
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Individual Workstations

Network Server

PDM in a networked environment
Product data management (PDM) software has two components.
The server software manages the product database, while
the client software provides an interface for the CAD
workstation users.

Figure 11.55

PDM client software
Information fields such as document type, piece, part number,
and date added are attached to each document in the PDM
database. These fields provide a method of searching for and
organizing documents in the database.

Figure 11.56
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Using the communications network, the PDM system
also can manage engineering change orders. Much like an
electronic mail (e-mail) system, messages with attached
electronic documents can be sent between managers, en-
gineers, and drafters. Instead of just containing the most
current version of a CAD model, the PDM system can
store all important revisions of a product so that a history
of its design evolution can be reviewed at any time.

Besides CAD models, a PDM system is capable of stor-
ing almost any type of document which can be put into
electronic form. Many companies have thousands of older
(legacy) designs that were hand-drawn and exist only in
paper form. These drawings, along with informal sketches,
can be scanned into the computer so that electronic records
of the drawings exist in the PDM database. In addition to
graphic information, spreadsheets, memos, e-mail corre-
spondence, and other text-based electronic documents can
also be entered into the database.

Though most PDM systems are built on top of propri-
etary databases, Internet software tools also are being used
to help manage engineering data. Though the most com-
mon usage of the Internet is to link remote sites that geo-
graphically are far apart, these same communication tools
also are being used with local area networks within com-
panies. For example, Web browsers such as Netscape or
Internet Explorer can be used to display engineering draw-
ings stored on a server (Figure 11.57). One advantage of
using WWW browsers and servers to display engineering
data is that it as easily can display this information
halfway around the world as it can in the next office!

11.7.2 File Management

Even relatively small organizations produce many CAD
files in the design and manufacturing process. These files
need to be stored, approved, retrieved, archived, and orga-
nized for easy access and tracking. The initial process used
to manage files is to create an organized directory structure.
Most organized directory structures are based on discrete
projects. Each project would have its own project-based di-
rectory structure. Folders are created by project with subdi-
rectories for subassemblies, then part subdirectories. File
naming conventions also are created to make the retrieval
of files easy and logical (Figure 11.58 on the next page).

11.7.3 ISO 9000

ISO 9000 applies to all types of organizations. It doesn’t
matter what size they are or what they do. It can help both

product- and service-oriented organizations to achieve
standards of quality that are recognized and respected
throughout the world.

ISO is the International Organization for Standardiza-
tion. It is located in Switzerland and was established in
1947 to develop common international standards in many
areas. Its members come from the standards bodies in over
90 countries. ISO first published its quality assurance and
quality management standards in 1987 and then repub-
lished an updated version in 1994. These quality standards
are referred to as the “ISO 9000 Standards.” ISO’s pur-
pose was to facilitate international commerce by provid-
ing a single set of standards that people everywhere would
recognize and respect.

The value of ISO 9000 certification includes the
ability to:

■ Improve your company’s competitiveness
■ Achieve consistency in your firm’s products/services

and thereby enhance profitability by reducing customer
returns
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PDM on the Internet
Increasingly, World Wide Web tools are being used to manage
engineering information within a company. This prototype
PDM browser tool allows you to view and retrieve parts
drawings.

Figure 11.57
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■ Meet and exceed your customers’ requirements
■ Develop a disciplined business management system for

your company
■ Provide your firm with a continuous-improvement tool
■ Establish a venue for regular reviews of your com-

pany’s management system

ISO 9000 certification for a company means that it has iden-
tified and documented all the processes that affect the qual-
ity of the service they provide or the product they design.

11.8 Other Engineering Design Methods
Design for Manufacturability (DFM) The design technique
in which the design is developed by a team and the focus
is on simplicity in manufacturing and functionality is
called Design for manufacturability (DFM). This
process usually results in a product that is more reliable,
has fewer parts, and can be assembled at less cost and in
less time.

Using traditional design methods, the engineers would
create a design, which would then be given to the manu-
facturing engineers, who would have to find a way to
make the design work. This could be very expensive.
When DFM principles are used, the manufacturability of a
design is determined before it is sent to production.

DFM principles are as follows:

1. Minimize the number of parts.

2. Use modular design (breaking a single design into
smaller parts).

3. Use gravity in assembly whenever possible.

4. Minimize reorientation and adjustment during the
assembly process.

5. Provide easy access.

6. Reduce or eliminate fasteners.

7. Increase part symmetry.

8. Consider ease of part handling.

9. Design parts for ease of alignment.

10. Design parts to maintain location.

Knowledge-Based Engineering (KBE) The system that
complement CAD by adding the engineering knowledge
necessary for a product’s design is called Knowledge-
based engineering (KBE). KBE allows the development
of a true virtual prototype. A KBE system is programmed
by defining the “rules” or engineering criteria for the de-
sign. For example, a rule can relate to the type and
strength of the specific material needed, and the program-
ming can require that several materials be examined in
order to determine which one is most suitable for the
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File management
File naming conventions used to manage CAD files.

Figure 11.58
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design being developed. The product information is con-
tained in a comprehensive model composed of the engi-
neering design rules specific to that product, the general
rules for product design, and standard engineering design
practices.

KBE systems can be used to create initial designs for
engineering evaluation; compare proposed designs to pre-
vious ones; evaluate designs with respect to fundamental
physical laws; and produce drawings, bills of material,
cost analyses, process plans, MRP inputs, and user-defined
reports. KBE systems thus promote concurrent engineering,
reduce time to market, and capture the design knowledge
of experienced engineers.

Reverse Engineering The method of taking an existing
product, accurately evaluating it, and putting the informa-
tion into a CAD database is called Reverse engineering.
The measurements of a product are taken using a coordi-
nate measuring machine (CMM). A CMM is an electro-
mechanical device, with a probe on one end, that accurately
measures objects and then inputs the 3-D data into a CAD
system (Figure 11.59). The 3-D model can then be modified
or checked for accuracy.

Web-Based Design Before the Internet became popular,
design information was shared through face-to-face meet-
ings, telephone calls, faxes, and mailings of drawings.
Geographic distances were a hindrance to the sharing of

design information. Now with the Internet available to vir-
tually any civilized location on earth, it is possible to share
design information in a new way. Physical presence is no
longer necessary for the people doing the design or the
documents used to support the design process.

Internet-based companies are developing websites that
allow design teams to establish project-specific websites
called extranets that allow the sharing of a wide variety of
data almost instantaneously. This allows designers, sup-
pliers, marketing, sales, and others to collaborate elec-
tronically through the design process regardless of their
locations. Typically, design team members can view
CAD drawings and models, sketches, photographs and
renderings, specifications, and other documents on a
restricted-access website. Different levels of access to the
site can be specified so some users only can view drawings
while others can red-line the drawings. It also is possible
to include direct e-mailing capabilities from the site as
well as organization tools for filing documents. Web-based
design can speed up the design review process and reduce
costs.

Web-based design also can allow access to 2-D and 3-D
database libraries. It is estimated that as much as 70 percent
of major product design consists of standard components
such as fasteners, valves, and motors. The use of standard
parts is essential for the design and assembly of products.
As much as 25 percent of an engineer’s time is spent
searching for standard parts used in the design of products.
Many standard part libraries are available over the Web and
through business-to-business (B-to-B) websites.

11.8.1 Virtual Reality*

Virtual reality (VR) is an emerging technology that is be-
ginning to be more commonly used in engineering design
and manufacturing. Although VR was first proposed in
1965 by Ivan Sutherland in a paper he published entitled
The Ultimate Display, and which he followed with the
building of a head-mounted display in 1968, VR has been
slow to be adopted and used in industry. Most of the
development of VR over the years has been accomplished in
government and university research labs. However, in re-
cent years VR has become a technology that is being inte-
grated into the design and manufacturing process through
vendors such as FakeSpace©, Panoram©, and Barco©. The
automotive, aerospace, and consumer-products companies,
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Coordinate measuring machine (CMM)
used to accurately measure a part for reverse engineering
or quality control
(Courtesy of FARO Technologies.)

Figure 11.59

*This section was written with contributions from Raj Arangarasan, Research Sci-
entist with the Envision Center for Data Perceptualization at Purdue University.
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The proliferation of wireless communication products has
brought with it a desire to integrate various services into one
device. Increased efforts to miniaturize and combine capabil-
ities have afforded great opportunities for designers to solve
the problems of high function and small format. As wireless
products migrate from novelty gadgets for early adopters to
mainstream must-haves, designers, engineers, and product
planners must concentrate on providing intuitive simplicity
and positive product emotion for the end user.

This product, enabled by several breakthroughs in wire-
less technology, began with three major industrial design
goals in mind:

■ Generate a universal appeal to attract first-time wireless
users by restating the traditional “rectangular box” prod-
uct in a less threatening, more intuitive package. Convey
an image of consumer approachability while maintaining
the client’s heritage of reliable, rugged products.

■ Create a desirable physical embodiment for a communi-
cation product that reinvents Motorola’s long-standing
equity in wireless communications by integrating paging,
cellular, and data technologies.

■ Develop a design compatible with Motorola’s currently
accepted manufacturing methods, environmental require-
ments, and cost goals.

Generate a Universal Appeal
Initial analysis of the “mess” involved multidisciplinary ses-
sions where mindmapping and other creative problem-
solving methods were used to identify the problem and create
a profile of the user, the product, and the features. Marketing,
engineering, human factors, and design team members gen-
erated and synthesized results into distinct descriptions of
what was to become the RAZR. Early inputs included such
diverse “wish list” aspects as the desire to incorporate a
hands-free speakerphone, battery life goals, and desired
product emotion targets. A clear desire to reach beyond
Motorola’s traditional commercial user base and connect with
white-collar professionals and consumers emerged as a key
theme in this early exploration. Establishing a method of cap-
turing and evaluating preresearch data is essential to prevent
the loss of early breakthrough ideas. 

Effective form factor research in the development of the
RAZR was important in light of the desire to generate a univer-
sal appeal and enhance the user experience. Three hundred
end users in various locations were interviewed and presented
with nine different form factor solutions to gauge preference in
such areas as wearability, fit to the face while in use, folding
scheme, and general appeal. Forms ranging from crisp to soft
and incorporating different folding schemes were generated by
industrial designers using solid-modeling software and stere-
olithography tools. This testing yielded data on the form factor
direction to take. The “clamshell,” or top-hinged format,
emerged as the most preferred, affording users a high degree
of portability while also offering a degree of privacy while in use.

Additional observation during research proved to be a
great benefit to designers when, in addition to relying on
written research reports, they were able to personally observe
and participate in one-on-one interviews to discern “unspo-
ken” opinions and comments from users. Research of this
type often reveals a lot of peripheral information that is out-
side the scope of the interviewer’s script and doesn’t get
recorded. Solutions to these unarticulated needs can be
those which bring the most satisfaction to the end user.

An observing designer can learn much from the intensity
and nuance with which a user discounts a certain feature,
embraces another, or casually suggests a third. “Reading be-
tween the lines” was helpful, especially as many users voiced
a need to access certain display information at all times on
their communication device. This need conflicted with a high
percentage of users who also desired a hinged “clamshell”
door to protect and cover the device and provide a face-fitting
form when opened. Combining these two seemingly conflicting
requirements resulted in the idea of creating a window in the
clamshell door which affords protection but also allows the

Design Case Study
The Motorola RAZR Mobile Phone

Motorola RAZR V3 phone
(© 2005 Motorola, Inc.)
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user to access many functions of the product in its closed
state. A pair of side-mounted soft keys actuate various func-
tions by pushing through to corresponding keys on the main
body of the phone. The paradox of providing a simplified
device with only a few visible keys yet allowing access to the
display information was solved by listening to what users
really wanted and forming a solution on the fly in the field, not
in the isolated confines of the design studio.

Create a Desirable Communication Product
The “clamshell” solution is one Motorola designers had
looked at since 1991 for various telephone-only products,
and it seemed to have good potential to convey the dual per-
sonality needed for this application.

It was agreed early on that the form of the RAZR must pre-
sent a variety of complex technologies in a user-friendly em-
bodiment. Early design goals called for the shape of this
product to invite the user to hold it. A subtle tapering of the
form from top to bottom allows the product to fit well in the
hand. This borrows from the heritage of Motorola’s iconic
hand-held mobile microphones. The appearance is intended
to give the product a character which hints at the underlying
features without looking overly complex. The domed feature
on the front surface adds visual softness while forming the
reverse side of the ear cup. 

Meet Motorola’s Product Goals
Important in any high-volume product development program
are goals regarding cost, time, and manufacturability. Once
the initial industrial design solution was agreed upon, a

“vision rendering” was archived by Motorola’s division gen-
eral manager and referred to as a master drawing throughout
the program to assure that the team stayed on course. 

The hand-held nature of this product demanded that it be
modeled in 3-D and evaluated as quickly as possible. Design-
ers generated the external form of the product in its entirety
using the same solids modeling software as the engineering de-
velopment groups. Extensive use of Motorola’s internal rapid
prototyping center enabled the creation of numerous wax de-
position and stereolithography models to analyze concepts and
gain additional user feedback in a greatly reduced time frame.

This common tool platform made for a seamless transfer
of data with the design intent remaining intact. It also allowed
designers to participate in various inevitable last-minute
modifications directly on the engineering databases before
tooling was initiated. The iterative nature of design is facili-
tated by the quick results available from common databases
and the existence of a common 3-D “language.”

Motorola’s RAZR Final Design Features
Motorola marked an industry first with the unveiling of the
Motorola RAZR V3—an ultra-slim, metal-clad flip phone sport-
ing fantastically good looks along with full-featured functional-
ity. In a major innovation in design and engineering, the RAZR
V3 team has created a phone of firsts. The combination of

Montage
Several concepts were evaluated as the development of the
RAZR progressed.
(© 2005 Motorola, Inc.)

Clamshell design
The final design decision was to create a flip style or clamshell
design for the phone.
(© 2005 Motorola, Inc.)
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metals, such as aircraft-grade aluminum, with new advances,
such as an internal antenna and a chemically-etched keypad,
led to the formation of a device that measures just 13.9 mm
thin. Key features include:

Bluetooth® Wireless Technology
Stay connected without wires. Choose from a range of op-
tional Bluetooth® accessories.

■ Anodized Aluminium Case—the ultra-thin Moto RAZR V3
has the distinctive metallic lustre of anodized aluminum.

■ MPEG4 Video Playback—download and watch sports
action and music clips. They’re all beautifully displayed on
the large 2.2� color display.

■ Digital Camera—capture your world in style. Create
memorable images with the effective 4� digital zoom and
quick exposure controls.

■ Built-in Speakerphone—keep the conversation flowing
when you’re busy by going hands-free. Or exchange ideas
in a conference call.

Fun Features
User-customizable Soft key functions, Main Menu and Short-

cuts

Games: 3-D Java-embedded and space for downloads

Downloadable themes (Ringtones, wallpaper and screen-
savers)

MOTOMIXERTM (Remixable MIDI ringer software)

Polyphonic ringtones

Picture phone book

MP3 ringtones

Polyphonic speaker: 22 Khz polyphonic speaker with 22
chord support

Video download

Video clip playback with sound

Precision cut metal keypad

Integrated digital VGA camera with 4� digital zoom and light

Call Management Features
Speech recognition

Integrated speakerphone

Caller group profiling

Time and date stamp

Phone Book: Up to 1000 entries on phone plus up to 250 on
SIM card

VibraCall alert

Mind map
Predesign “mind maps” incorporated diverse requirements and “wish list” elements.
(© 2005 Motorola, Inc.)
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Messaging Features
iTAP™ predictive text

EMS 5.0

SMS chat one-to-one

MMS (Picture/photo � text � sound)

Group SMS

Quick messages

Mobile concatenation

Instant messaging support: (Wireless Village) 1.1 embedded
client

E-mail support: Pop3, SMTP, IMAP4

Lifestyle Features
Calculator and currency converter

Date and clock

PIM functionality

Calendar

Alarm clock

Use “Constructive Conflict” as an Advantage
While industrial design played a key role in the excitement
of this product, it is important to note that it succeeds only
when combined with similar success stories in the areas of
electrical, software, materials, acoustics, manufacturing, and

mechanical engineering. The ability of these teams to work
together is central to the success of increasingly complex
products. This does not imply that these disciplines see eye to
eye and agree on every aspect of the process. To the contrary,
the “constructive conflict” that results from so many complex
requirements often nets the most successful products.

Those who will succeed in the future will be those who
successfully integrate outstanding technologies with a usable
human interface and compelling design. These factors com-
bine to create the intangible positive emotion which tran-
scends mere form, material, or features and makes a visceral
connection with the user.

The RAZR compact and very functional style.
(© AcePixs/Newscom.)

Form test
Various form factors were tested with individual users to gauge
preferences in such areas as wearability, fit to face while in use,
folding scheme, and general appeal.
(© John Mazey.)

RAZR ultra-thin, metal-clad flip phone
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such as Boeing, General Motors, and Thomson Electronics,
are using VR in various stages of the design process to speed
the design and manufacture of products (Figure 11.60).

Since this technology is still relatively new, often the
terms are used incorrectly or misunderstood. Figure 11.61
shows four closely interrelated terminologies: real-world

(natural) interaction, telerobotics, augmented reality, and
virtual reality.

In real-world interaction, the human (or user) interacts
with the real-world environment directly. In telerobotics, a
telerobot is controlled through a computer interface (such
as displays or graphical user interface) to interact with the
real-world environment. In augmented reality, the user
interacts with the real world directly and interacts with the
computer-generated synthetic world through computer
controls—at the same time. In virtual reality, the user
interacts with the computer-generated, synthetic environ-
ment through the computer controls such as displays and
graphical user interface.

Virtual Reality—A Definition In general, virtual reality is a
three-dimensional (3-D) (in most cases, but not always),
computer-generated, simulated environment, rendered in
real time with interactive user control of the environment. It
presents an illusion of reality by fooling the human senses.

Virtual reality captures the user’s multiple senses primar-
ily through computer-generated and other artificial means,
to make him or her believe something is real when it is not.

Components of Virtual Reality Figure 11.62 shows the pri-
mary senses of humans. The primary senses are sight,
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Boeing uses VR in the design of aircraft to better visualize and
understand complex engineering problems.
(Courtesy of Panoram Technologies.)

Figure 11.60
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Four technologies closely related to VRFigure 11.61
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hearing, touch, smell, and taste. Several artificial methods
are used to effectively capture these senses through virtual
means. Table 11.2 lists the senses and the media that are
used to communicate with each sense, and Figure 11.63
(on the next page) shows the components of VR.

Display Technologies Humans are accustomed to seeing
three dimensions. This often is referred to as stereopsis
or stereoscopic vision, as shown in Figure 11.64 (on the
next page).

Stereopsis is from the Greek word for “solid sight,” and
it refers to a perception of 3-D shape from any source of
depth information. The basic principle of stereoscopic vi-
sion is that we perceive depth because the left and right
eye receive two separate images from slightly different

perspectives. For simulated images, this is done in several
ways. These include

■ Wheatstone
■ Lenticular (or) AutoStereo
■ Cross-Eye
■ Anaglyph
■ Polarized
■ Active stereo

Polarized Stereoscope A common way to display image
pairs is to display them on the screen separately with dif-
ferent polarizations. The first image is displayed with verti-
cal polarization and the second with horizontal. When you
wear a pair of glasses with different polarizations, each eye
only sees the image that matches its polarization. Two
types of polarizations can be used: linear and circular. In
linear polarization, the light waves are polarized in linear
fashion. By using two perpendicular polarization filters, the
stereoscopic vision is achieved. In circular polarization, the
light waves are polarized in circular fashion. The stereo-
scopic vision is achieved by combining clockwise and
counterclockwise polarization (Figure 11.65 on page 613).

Active Stereo (or Shutter Glasses) An increasingly popular
way to view 3-D images on the screen is to use shutter
glasses. These glasses have high-speed electronic shutters
that open and close in sync with the images on the moni-
tor. Liquid crystals are used for the shutters because an
electronic signal can make the crystal turn instantly from
transparent to opaque. When the left image is on the
screen, the left shutter is open and the right shutter is
closed, which allows the image to be viewed by your left
eye only. When the right image is on the screen, the right
shutter is open and the left shutter is closed. If this se-
quence occurs fast enough, your brain thinks it is seeing a
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HEAR SMELL TASTE

FEEL

SEE

SPEAK

Primary human sensesFigure 11.62

Senses, Modes of Communication, and Methods of ImplementationTable 11.2

Communication
Senses Modes Body Parts VR Methods

Sight Vision Eyes Display systems
Hearing Listen/speak Ears, mouth Speakers/microphones
Touch Feel Skin (muscle, bones, etc.) Haptic devices
Smell Smell Nose ??
Taste Taste Tongue ??
Other senses Motion/gestures Fingers, head, hand, other body parts Gloves, spatial motion trackers, eye trackers
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true stereoscopic image. If this shuttering speed is not fast
enough, you still can see a stereoscopic image, but you
also may see some flickering. An emitter, sitting on the
monitor, broadcasts an infrared signal (shown in dotted
lines in Figure 11.66). The eyewear receives the signal and
synchronizes its shutters to the video field rate.

Head-Mounted Displays The head-mounted display
(HMD) was the first device that provided its wearer with an
immersive experience. Evans and Sutherland demonstrated
a head-mounted stereo display in 1965. It took more than
20 years before VPL Research introduced a commercially
available HMD, the famous EyePhone system, in 1989.

The emphasis of the HMD program is on providing in-
formation to people where ordinary direct view displays
either are inappropriate or are impractical. HMDs have
unique applications in virtual environments where total
immersion is important, in environments where hands-free
operation is desirable or necessary, and in applications
involving unique viewing requirements, such as 3-D, map-
ping graphical images onto real images, and night vision
(Figure 11.67 on page 614).

Fishtank Virtual Reality The term fishtank VR refers to a
system in which a stereo image of a 3-D scene is viewed on
a monitor in perspective coupled with the head position
and orientation of the user (Figure 11.68 on page 614). The
stereo images on the screen are viewed through active
stereo glasses. Recent developments in fishtank VR sys-
tems allow the user to see 3-D images without the use of
glasses. In these systems, the monitor is modified in such a
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•
•

•
•

• Engineering
• Biochemistry
• Arts
• Science…

• Immersive display
• Speech and sound

output
• Force feedback

Speech recognition
Spatial motion
tracking
Eye motion tracking
Tactile/Pressure input

Input

Software

Computing
System

Output

Components of virtual realityFigure 11.63

Stereoscopic visionFigure 11.64
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Linear and circular polarization used to create a stereo imageFigure 11.65

Active stereo graphics using shuttered glasses
(Courtesy of StereoGraphics Corporation.)

Figure 11.66

way that a stereo image can be viewed without glasses and
still produce a 3-D effect (Figure 11.69 on the next page).

Projection-Based Systems Larger display systems have
been developed to display stereo images through the use of
computer projection devices. The computer projection de-
vices used to create stereo images can be of three possible
types: CRT (cathode ray tube), DLP (digital light process-
ing), and LCD (liquid crystal display), with the LCD and
DLP emerging as the most common types in use today. The

projectors can project stereo images directly onto a screen
(front projection), or they can be mounted behind a screen
(rear projection). Rear projection is preferred for large
stereo displays so that users can walk up to the screen with-
out interfering with the projected images. Figure 11.70 (on
the next page) shows a DLP projector capable of creating a
stereo image in resolutions up to 1280 by 1024 pixels,
which can be viewed with active stereo glasses.

Passive stereo images also can be created from com-
puter projectors by placing a polarizing filter in front of
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Head-mounted display for VR
(Courtesy of Virtual Reality Systems, Inc.)

Figure 11.67 Fishtank VR
(Courtesy of StereoGraphics Corporation.)

Figure 11.68

VR display
(Courtesy of StereoGraphics Corporation.)

Figure 11.69

DLP projector
(Courtesy of Christie Digital Systems, Inc.)

Figure 11.70

Passive stereo system
(Courtesy of Christie Digital Systems, Inc.)

Figure 11.71

the lenses. This technique requires two projectors, one for
each eye (Figure 11.71). These filters can polarize the light
from the projector in either a linear or a circular pattern.
Very inexpensive polarized glasses then can be used to
view the stereo images.

Multiple Projector–Based Systems Figure 11.72 shows a
large rear-projected active stereo system used for engi-
neering design and research. Large screen areas are possi-
ble through the use of multiple projectors that can be
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edge-blended to create a seamless single large image. For
example, it is possible to create a very large image 8 feet
high and 30 feet long by using three DLP stereo projectors
with one-third of the image projected from each projector.

CAVE® Another multiple projection–based VR system is
called a CAVE® (computer augmented virtual environ-
ment). The original idea for a CAVE was developed in
1992 at the University of Illinois, Chicago. A CAVE
consists of multiple screens and projectors configured
into walls, floor, and ceiling to create a room. Typically,
CAVEs are cube-like, with each side approximately
10 feet by 10 feet. The sides of the CAVE are made
of rear projection screens with stereo projectors mounted
behind each side of the structure. CAVEs commonly
are configured as four-sided (three walls and a floor)
(Figure 11.73). There are a few six-sided CAVEs, but
they are very expensive, and a very large area is needed
to build one of this size. When using the CAVE, a user’s
head position is tracked and he or she wears shutter
glasses to create a stereoscopic view. The degree of
immersion in a CAVE is very high because the person is
immersed in computer graphics that are projected for
all sides.

Augmented Reality Augmented reality is a VR system
that combines or overlays computer graphics imagery
with a normal view of a scene. A head-mounted display al-
lows the viewer to see the real scene with a transparent
computer-generated image overlaid onto the special opti-
cal elements in the HMD. This requires very accurate
tracking technology to ensure that the real and the
computer-generated scenes are accurately aligned.

Tracking Devices In VR, real-time tracking is necessary to
monitor the position and orientation of a user’s head and
hands.Tracking systems are mechanical, optical, ultrasonic,
magnetic, or inertial. InterSense’s tracking systems use a
novel approach of combining inertial with ultrasonic track-
ing which offer highly stable and realistic interaction with
the virtual environment. Most VR systems use an electro-
magnetic tracking system that has a source that emits an
electromagnetic field and a sensor that detects the radiated
field. The source signals can be arrayed as a grid in a space
with the sensor attached to a HMD or a 3-D mouse.

Hand and object tracking in VR normally is accom-
plished using a hand-tracking device (Figure 11.74 on the
next page). Normally these devices provide six degrees of
freedom (DOF) for full volume tracking in CAVEs and
wall VR systems. These navigation devices will have
programmable buttons so they can be used like a mouse to
make menu selections and to control 3-D objects in a
virtual environment.

Hand tracking also is made possible by using a glove
made of lightweight material with strain gauges or fiber op-
tics sewn inside to measure finger joint angles (Figure 11.75
on the next page). Tracking gloves are used to communi-
cate hand gestures such as pointing and grasping virtual ob-
jects. Some gloves even can provide tactile feedback
through the use of small vibro-tactile stimulators located on
each finger and the palm of the glove. When a virtual object
is grasped, the tactile stimulators vibrate, causing the sensa-
tion of touch. Trackers also are located on the wrists of the
gloves to monitor the position and orientation of the hand.

Head tracking also is possible using technology that de-
termines the position and orientation of the head within the
virtual environment. This allows the visual and auditory
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Large rear-projected stereo display
(Courtesy of Fakespace Systems, Inc.)

Figure 11.72 CAVE®

(Courtesy of Fakespace Systems Inc.)

Figure 11.73
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displays to be updated in response to the user’s head
position and orientation. Figure 11.76 shows a wireless
head-tracking system that uses radio signals to determine
head position and orientation in a virtual world. The head-
tracking emitter is mounted to the active stereo glasses and
the receiver is mounted somewhere within the virtual envi-
ronment, such as the frame of the display screen.

Virtual Reality (Software) Applications There are many ap-
plications of virtual reality in business, industry, govern-
ment, research, and education. The use of virtual reality in
industry has shown great promise and is becoming more
common for oil and gas exploration, engineering design—
especially in the automotive and aerospace industries—
and scientific visualization for research in many of the
basic sciences. Virtual reality also is beginning to show
promise for medical applications, entertainment, architec-
tural design, training, and manufacturing.

11.9 Summary
This chapter introduces you to modern design practices.
Graphics have been and will continue to be an important
part of engineering design. Graphics in all forms are the
communications media of choice in the design process.
The use of computers to create 3-D models is a critical
part of the modern design process. These models are used
to generate a database of information that can be shared
with all of the members of the design team and used to de-
velop and analyze the product. In addition to creating 3-D
models using CAD software, the design team also makes
use of many other types of graphical software to visualize
their design problems. Creating visualizations such as
charts and graphs requires knowledge of what information
you are trying to present and how best to present it to
achieve maximum effectiveness. As has always been true,
the engineer and technologist must know how to use all
types of graphics and integrate them into the design
process effectively to be successful in industry.
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Hand tracking device
(Courtesy of InterSense, Inc.)

Figure 11.74

Tracking glove
(Courtesy of InterSense, Inc.)

Figure 11.75

Wireless head-tracking device
(Courtesy of InterSense, Inc.)

Figure 11.76
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Historical Highlight
Donna Cox

In 1997, Cox was nominated for an Academy Award for
her work on the IMAX film, Cosmic Voyage. In 2002, she
received the Golden Camera at the International Film Video
Festival for her work as producer and art director of scientific
visualizations on the film Runaway Universe. Her latest
project has been as a producer and visual designer on the
IntelliBadge™—a complex project tracking and visualizing
people in a real-time public event.

Donna Cox is an artist whose widely displayed portfolio of
computer-generated scientific visualizations has garnered
frequent recognition from her peers and art critics—including
an Academy Award nomination. Cox specializes in computer
graphics and visualizations featured in art and science muse-
ums, television, and IMAX theaters. Cox’s work has appeared
on international television, including NOVA, CNN, and NBC
Nightly News. Cox herself has been featured as a pioneering
artist in the field of scientific visualizations on the national
PBS television special, “The Infinite Voyage: Unseen Worlds.”
She has written various articles and monologues on the use
of visualization in art, science, and design imaging. Her writ-
ings were some of the first to outline visualization techniques
for scientific data using computer graphic iconic symbols. in
1986, she received the Leonardo Coler-Maxwell Award for her
research, in which she coined the term “Renaissance
teams”—a term describing interdisciplinary groups of experts
who collaborate to solve visualization problems.

From 1995 to 1997, Cox was appointed to the National
Research Council Committee on Modeling and Simulation:
Opportunities for Collaboration Between the Defense and
Entertainment Research Communities, and to the Computer
Science and Telecommunications Board, and she currently
serves as a member of the University Corporation for Ad-
vanced Internet Development (UCAID) Strategic Council. She
still teaches at the Art and Design School at the University of
Illinois, Urbana-Champaign.

(Courtesy of Donna Cox.)

Online Learning Center (OLC) Features

There are a number of Online Learning Center features listed below that you can use to supplement your text reading to
improve your understanding and retention of the material presented in this chapter.
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Ullman, D. G. The Mechanical Design Process, 3rd ed.
New York: McGraw-Hill, 2003.

1. Describe the engineering design process and the role
graphics plays. Section 11.2

2. Describe the concurrent engineering design process.
Section 11.2

3. Describe design for manufacturability (DFM). Sec-
tion 11.2.2

4. List the typical members of a design team. Sec-
tion 11.2.12

5. Explain the role 3-D modeling plays in the engineer-
ing design process. Section 11.2.2

6. List and describe the modeling techniques used in
design. Section 11.4.1

7. Describe the important types of graphics used to sup-
port the engineering design process. Section 11.6.7

8. Describe the rapid prototyping process. Section 11.4.1

9. Describe the ideation process. Section 11.3

10. Describe the implementation process. Section 11.6

11. Describe the role of PDM in drawing control. Sec-
tion 11.7.1

12. List and describe the analysis techniques used in
design. Section 11.4.3
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Goals Review
Now that you have completed this chapter, you should be able to accomplish the following goals. If you need further
review, you can refer to the chapter section numbers shown with each goal.

Questions for Review
1. Describe the design process.

2. Describe the engineering design process.

3. Describe engineering analysis.

4. Describe aesthetic analysis.

5. Define documentation.

6. Define a production drawing.

7. Describe how CAD is used in the design process.

8. Describe the role of graphics in the design process.

9. Describe presentation graphics.

10. Highlight the important ways that graphics are used
throughout the design process.

11. Describe and sketch the concurrent engineering
model.

12. Describe and sketch the concurrent documentation
model.

13. Describe DFM.

14. List and describe the modeling techniques used in
design.

15. Describe real or physical modeling.

16. Describe the difference between simulation and
animation.

17. Describe the reverse engineering process.

18. Define and describe knowledge-based engineering
(KBE).

19. Describe the rapid prototyping process and why it is
useful in engineering design.

20. What is a fundamental difference between 2-D and
3-D CAD systems? Is there any overlap between
the two types of CAD systems?

21. Explain the advantages and disadvantages of using a
virtual model over a real model when designing a
product.

22. Describe the areas of technical design in which data
visualization is important. How does data visualiza-
tion differ from traditional engineering graphics?

23. Explain the different roles the network server and
client workstations play in product data management
(PDM).

24. List and briefly describe three types of design projects.

25. What is the purpose of a designer’s notebook?

Further Reading
Ulrich, K. J. and Eppinger, S. D. Product Design and Develop-

ment, 2nd ed. New York: McGraw-Hill, 2000.
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SUPPLEMENT

Design
Problems

General Instructions
The following design problems are intended to challenge
you to be creative, individually or in a group. Those prob-
lems designed specifically for a group are so labeled. The
design problems are not meant to teach the design process
as much as how to represent ideas graphically, using draw-
ings and computer models. Any design problem labeled a
concept means that not all details of the solution are nec-
essary. For example, Problem 2 is a concept automobile
highway bridge. Obviously, a highway bridge cannot be
completely designed in 10, or even 16, weeks by students.
However, the basic concept for a highway bridge can be
developed and represented graphically in that time frame.

For each project, you must create the engineering
drawings and models necessary to communicate your so-
lution to others. The engineering drawings should include
the following:

1. Initial design sketches.

2. Multiview drawings, with dimensions. (Concept
designs only need critical dimensions and details,
where necessary.)

3. Sectioned assembly drawings, with parts list.

4. Pictorial drawings of the final design, with parts list
where appropriate.

Group projects use a team approach to solve the design
problems. The team should consist of four to eight stu-
dents, randomly selected. Each team should have a group
leader to schedule meetings, assign tasks and deadlines,
and make sure the team works together as a group to solve
the problem.
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Problems
1. Concept solar-powered vehicle. (Group) Design a

solar-powered concept vehicle, for one passenger,
that can travel up to 20 mph.

2. Concept automobile highway bridge. (Group)
Design a bridge structure that will carry four lanes
of traffic and cross a river. The bridge should be
125 feet across and 78 feet above the water in the
center.

3. Concept multipurpose outdoor stadium. (Group)
Design a multipurpose outdoor stadium for football,
baseball, and soccer that will seat 54,000 people.

4. Concept multipurpose indoor stadium. (Group)
Design a multipurpose indoor stadium for basket-
ball, hockey, and volleyball that will seat 18,000
people.

5. Concept Olympic-sized swimming pool. (Group)
Design an Olympic-sized swimming facility that
will seat 3500 people.

6. Ergonomic three-button mouse. Design an ergo-
nomic computer mouse, with three buttons, that can
be used by left- and right-handed people.

7. Laptop computer case. Design a hard-plastic car-
rying case for a notebook computer and mouse that
weighs 7 pounds and is 2.25 inches by 8 inches by
11 inches.

8. Computer disk storage unit. Design a storage box
to hold and organize 100, 31⁄2-inch computer disks.

9. Computer keyboard tray. Design a computer key-
board tray that will be fastened to a desk. The key-
board tray must be able to slide under the desk and
accommodate a mouse.

10. Reading lamp. Design a reading lamp that can be
attached to a desk and adjusted to various positions.

11. Highway interchange. (Group) Design an inter-
change between a four-lane highway and a six-lane
interstate highway.

12. Concept airport facility. (Group) Design an air-
port facility for a small city to accommodate two
airlines and jets no larger than a Boeing 727.

13. Portable stadium seat. Design a portable stadium
seat, with a backrest that can be folded flat and with
storage for a rain poncho.

14. Cordless telephone. Design a cordless telephone.

15. Snow ski carrier. Design a device that holds four
pairs of downhill or cross-country skis and poles
and attaches to an automobile.

16. Computer desk. Design a desk for a personal com-
puter that uses a 15-inch monitor mounted below
the glass top.

17. Educational toy. Design an educational toy or
game for children ages 3 to 5.

18. Beverage cooler. Design a cooler that can accom-
modate six 12-ounce beverage cans or bottles.

19. Chair storage device. Design a portable storage
system for 35 folding steel chairs.

20. Concept railroad bridge. (Group) Design a rail-
road bridge that spans a river 100 feet across. It
should be 38 feet above the water at the center.

21. Children’s playground. (Group) Design a neigh-
borhood playground with tennis courts, a basketball
court, and playground equipment.

22. Football/track facility. (Group) Design a high
school football/track facility with concessions and
seating for 2500 people.

23. Packaging for a computer monitor. Design the
packaging for a 15-inch or 17-inch computer
monitor.

24. Solar water heater. (Group) Design a solar collec-
tor to heat water for a 2500-square-foot house.

25. Solar collector for heat. (Group) Design a solar
collector to heat a 1200-square-foot house located
in northern Michigan, at latitude 45 degrees.

26. Stereo speaker cabinet. Design compact, three-way
stereo speakers for a 40-watt amplifier.

27. Concept swept-wing aircraft. (Group) Design a
swept-wing combat aircraft.

28. Concept commercial aircraft. (Group) Design a
high-speed 350-passenger commercial aircraft.

29. Concept spacecraft. (Group) Design a three-per-
son space vehicle to be used by a space station for
in-space satellite repair missions.

30. Remote control. Design a handheld infrared remote
control for an entertainment center that has cable
TV, a videocassette player/recorder, and a stereo
with cassette tape, tuner, and audio CD player.

31. Concept mountain bike. (Group) Design a light-
weight frame for a 26-inch mountain bike with a
shock-absorbing front fork.

32. Concept amusement park ride. (Group) Design
an amusement ride for a specific age group for a
theme park.

33. Weightlifting bench. Design a weightlifting bench
that uses a maximum of 600 pounds of free
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weights. The bench should include the following
stations: bench press, dual action leg lift, and
adjustable inclined bench.

34. Stair-stepper exerciser. Design an exercise stair-
stepper with dual hydraulic cylinders that can be
adjusted for variable resistance. The unit must have
a height adjustment for the handlebar and must fold
flat for storage.

35. Portable basketball hoop. Design a portable bas-
ketball system with a water-filled base that provides
250 pounds of weight for stability. The pole should
be adjustable every 6 inches between 7 feet and
10 feet, and the unit must have wheels for easy
movement.

36. Computer workstation desk. Design a computer
workstation desk for a PC-based CAD system. The
workstation must accommodate a 17-inch monitor,
desktop computer, keyboard, 18-inch digitizing
tablet, and some storage.

37. Concept sports car. (Group) Design a sports car
for two passengers.

38. Concept electric car. (Group) Design an electric
car to be used by commuters in large metropolitan
areas. The car should have a maximum speed of
60 mph and a range of 120 miles.

39. Communications device. Design a communica-
tions device that uses pictures, for use by a disabled
child. For example, a drawing of a cup with the
word “drink” could be used to communicate that
the child is thirsty. The communications device
must have a minimum of 25 words for basic living
functions, such as eat, sleep, open, close, help, etc.

40. Propane gas grill. Design an outdoor propane gas
grill with approximately 600 square inches of cook-
ing area.

41. Alphabet toy. Design a toddler-age toy used to
teach the alphabet.

42. Parking facility. Design a parking facility to ac-
commodate 100 automobiles, including five spaces
for individuals with disabilities. Include a single en-
trance with a booth for collecting parking fees.

43. Logsplitter. Design a device to split hardwood
logs for home fireplaces. The device should use
hydraulics to split the logs.

44. Aluminum can crusher. Design a device that will
automatically crush aluminum beverage cans for re-
cycling. The device should have a feature that auto-
matically loads, crushes, and discharges the cans.

45. Sports car dashboard. Design a sports car dash-
board. Lay out all the standard features on the dash-
board so that they are within reach or eyesight of
the driver.

46. Toothpaste dispenser. Design a device that will
dispense toothpaste automatically from a standard
toothpaste tube. This device should be able to
mount on a wall.

47. Ball return. Design a device that returns a basket-
ball when a person is practicing free throws. This
device must attach to a standard basketball rim,
backboard, or pole.

48. File cabinet wheels. Design a wheeled device that
attaches to a file cabinet. This device would make the
file cabinet easier to move. The device should be ad-
justable so that it will fit on different-sized cabinets.

49. TV/VCR remote control. Design the controls for a
TV/VCR remote control. Take into account the size
of an average human finger and its reach. Think of
the functions that would be needed and how they
could be grouped on the controls. Consider what
the overall size and shape should be and what kind
of a display it should have, if any.

50. Door latch/lock. Design a door latching/locking
system. Define the environment (office, home, in-
dustrial, etc.) and the kind of door with which it
will be used. Take into consideration the character-
istics and abilities of a wide range of people who
might be using the door. Include such factors as
height, strength, and physical disability.

51. Children’s cart/cycle. Design a children’s outdoor
toy that can be propelled by pedaling. The toy also
should have the capacity to hold another child,
other toys, etc. Consider both cost and safety issues.

52. Garden hose sprayer. Design a handheld garden
hose sprayer. The sprayer must have an on/off con-
trol and be able to spray a variety of patterns. Con-
sider how the handle will fit on the sprayer and
work the controls. Specify how the sprayer will
connect to the hose (standard threaded connection
or a quick-release design).

53. Hand garden tiller. Design a garden tiller/weeder
that can be used standing up. Define how deep the
tiller is meant to penetrate the soil and what kinds
of weeds it is meant to remove.

54. Casters. Design furniture casters. They should
be able to swivel and lock. They should also be
removable from the piece of furniture so that it can
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sit on the floor without them. Consider the type of
flooring for which they are meant and how that
might influence their design.

55. Workpiece hold-down device. Design a quick-
release hold-down device used for holding down a
workpiece in a wood or metal shop. The device
must be able to hold material up to 3 inches thick
and have at least an 8-inch reach. It should have the
ability to release the workpiece quickly and should
be easy to position and move to other work sur-
faces. The holding strength of the device also
should be considered.

56. Wood pellet feeder. Formed pellets from waste
wood are an increasingly popular way of heating
both industrial and residential spaces. Design a sys-
tem that feeds pellets from a hopper into a furnace.
Consider the feedback mechanism needed to decide
how fast to feed the pellets to generate the required
heat. Also, consider the high temperatures under
which portions of the feeder will have to operate.

57. Portable clothesline. Design a portable clothes-
line/clothes holder for drying a full load of clothes,
including full-length dresses. One person must be
able to set up the device quickly, and it must be col-
lapsible to a size no bigger than a large suitcase.
Consider out-of-balance situations, that is, when the
clothes are not distributed evenly.

58. Heavy equipment mover. Design a system that
would attach to stationary machining equipment,
such as a lathe or drill press, allowing that equip-
ment to be easily moved around the shop floor. The
system either may be attached permanently or at-
tachable just for the move. The system should allow
a single person to maneuver a piece of equipment
up to 750 pounds and still provide maximum stabil-
ity when the equipment is stationary.

59. Portable light. Design a battery-powered portable
lighting system that leaves the operator’s hands
free. Define a task for which the operator would
need such lighting and design a light for that situa-
tion. Consider the environment in which the opera-
tor is working and the amount of light needed for
the task.

60. Portable bed. Design a portable bed or cot for
camping use. Define the group of people (popula-
tion) that would be using the cot and research the
range of body dimensions and range of weight in this
population. Also, consider the space needed to store
the bed when not in use and how easy it is to set up.

61. Paintbrush dryer/cleaner. Design a device that can
be used for both cleaning and hastening the drying
of paintbrushes. The device should be usable with
both water- and oil-based paints and brushes of all
sizes. Consider a method of containing the volatile
solvents used to clean oil-based paint from brushes.

62. Bicycle carrier. Design a bicycle-carrying system
that can be used on cars, vans, and trucks. Consider
the ease of mounting both the carrier on the vehicle
and the bicycle on the carrier. Also, consider the
aerodynamic qualities of the carrier design and the
methods of securing the bicycle from theft.

63. Cellular telephone mount. Design a system for
mounting cellular telephones in cars. The mount
should not be permanent and should be adaptable to
most makes and models of cars. The design should
not compromise the safety of the vehicle operator
by impeding the use of controls.

64. Home office workstation. Design a home office
workstation with the following items integrated
into it:
■ Computer with 17-inch monitor
■ Phone
■ Personal-size photocopy fax machine

The workstation also should have at least two file
drawers, a drawer for office supplies, and clear
counter space for paperwork.

65. Cooking equipment storage system. Design a
storage system for cooking equipment, including
pots, pans, and their lids. Consider a full range of
sizes and shapes along with accessibility. The sys-
tem should fit in industry-standard cabinets.

66. Compact disc holder. Design a holder for compact
discs. The system should be usable in the home or
car and should be able to carry the CDs with or
without their original jewel boxes. Define the loca-
tions where this holder will be used and how many
CDs it should carry.

67. School lockers. Design a modular school locker
system made from sheet metal. Consider holding
requirements such as books, school supplies, outer-
wear (wet and dry), and gym clothes. Also consider
the locking/latching system that is going to be used.
When designing the locker, consider the most
efficient use of standard-sized sheet metal.

68. Outdoor table. Design an outdoor table for use on
a patio or deck. The table should be a knock-down
(KD) design that can be easily assembled and
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disassembled by the homeowner. The table also
should be weatherproof. Consider the seating com-
fort for both adults and children by researching the
range of body dimensions in this population.

69. Pallet moving system. Design a system for moving
standard warehouse pallets. Define whether the sys-
tem will load and unload pallets from trucks or just
move within the warehouse. Also, decide how high
the system will lift the pallets.

70. Tool storage system. Design a tool storage system
that can be mounted in a full-sized pickup truck and
used for work in the field. Define what profession
would be using this system and what kinds of tools
would be needed. The system also should be rela-
tively easy to remove from the truck and should
require no substantial modification of the truck.

71. Portable welding station. Design a portable weld-
ing station for use by a maintenance crew in a fac-
tory. The station should hold equipment for both
gas and arc welding and should have clamping sur-
faces for holding smaller pieces being repaired.
Consider safety requirements when working with
welding equipment.

72. Hazardous environment rescue vehicle. (Group)
Design a vehicle for use in search and rescue opera-
tions in hazardous environments, such as a chemi-
cal or nuclear plant. Consider how many people the
vehicle will hold, what level of medical care will be
provided, and what terrain the vehicle will be able
to travel over. Once the initial concept is developed
by the group, divide the design into smaller compo-
nents to be worked on by individual team members.

73. Space shuttle robot arm. (Group) Design a robot
arm for the space shuttle cargo bay to be used for
launching and retrieving satellites. The arm must
have considerable reach and maneuverability but
still must be able to stow away inside the cargo bay.
Consider whether the arm will be controlled only
from within the shuttle or by astronauts riding on the
arm as well. Once the initial concept is developed by
the group, divide the design into smaller compo-
nents to be worked on by individual team members.

74. Computer game joystick. Design the outside plas-
tic shell for a computer game joystick. The case
should be able to be attached to a flat surface or held
by the user. The joystick should have all the stan-
dard features to control action in a computer game.

75. Wheelchair vehicle lift. Design a device that
will lift a child or adult in a wheelchair to a van.

The device should be attached permanently to the
vehicle.

76. Left-foot accelerator. Design a device that will
allow the operation of an automobile through the
use of an accelerator pedal for the left foot.

77. Hand accelerator. Design a device that will allow
the operation of a vehicle through the use of an ac-
celerator that can be operated by hand.

78. Hand brake. Design a device that will allow the
operation of a vehicle through the use of a brake
that can be operated by hand.

79. Sports wheelchair. (Group) Design a wheelchair
that can be used for sporting activities, such as
marathons and basketball.

80. Home aquarium feeder. Design a device that
will dispense fish food automatically for a home
aquarium.

81. Pet watering device. Design a device that automat-
ically will dispense water for a household pet, such
as a dog or cat.

82. Pet feeding device. Design a device that automati-
cally will dispense food for a household pet, such
as a dog or cat.

83. Horse exercising machine. Design a device that
can be used to assist in the exercising of a horse.

84. Automobile safety bumper. (Group) Design a
bumper system that will allow an automobile impact
of up to 15 MPH without damage to the vehicle.

85. Human-powered vehicle. (Group) Design a
human-powered boat, aircraft, or submarine. These
vehicles should be designed for a single person.

86. Photographer’s blind. Design a portable nature
photographer’s blind. The blind should be light-
weight, easy to assemble and disassemble, and small
enough to be carried easily when disassembled.

87. Home security system. Design a security system
for a single-family home. Use an existing floor plan
from a home-planning catalog.

88. Router table. Design a device that can be used to
convert an electric hand router into a table router.
You must be able to attach and remove the router
easily.

89. Drillpress. Design a device that can be used to
convert a 3⁄8-inch electric hand drill into a drillpress.
You must be able to attach and remove the drill
easily from the device.

90. Table saw. Design a device that can be used to con-
vert a 71⁄4-inch hand circular saw into a table saw.
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You must be able to attach and remove the saw eas-
ily from the device.

91. Woodworker’s vise. Design a portable wood-
worker’s vise. This vise must be attached easily to a
table or other flat surface.

92. Router pantograph. Design a router pantograph
that can be used to make oversized signs. This de-
vice will use a standard hand router. A pantograph
is an instrument used to copy drawings or maps.

93. Portable scoreboard. (Group) Design a portable
sports scoreboard that can be used for high school
soccer, baseball, football, basketball, and volleyball.

94. Jogging shoe. Design a shoe especially suited for
adult joggers who run no more than 10 miles a week.

95. Milk carton crusher. Design a device that will
crush a 1-gallon plastic milk carton for recycling.

96. Soda bottle crusher. Design a device that will
crush a 2-liter plastic bottle for recycling.

97. Mass transit passenger car. Design a mass transit
passenger car for a high-speed commuter rail sys-
tem to be used in major metropolitan areas in the
United States.

98. Parabolic solar collector. Design a parabolic solar
collector capable of boiling 12 ounces of water in
the shortest possible time.

99. Pick-and-place robot. (Group) Design a simple
pick-and-place robot that will pick up a 2-inch cube
of aluminum from a conveyor belt and place it onto
a table located 6 inches above the conveyor line.

100. Gear reducer. Design a gear reduction box that
will reduce the speed of an input shaft turning at
1000 RPM to an output shaft turning at 100 RPM.

101. Alarm system. Design a home fire alarm system
for warning a deaf person.

102. TV support. Design a 25-inch TV monitor support
that can be mounted on a classroom wall. The sup-
port needs to allow the TV to be easily repositioned
to different viewing angles.

Reverse Engineering Problems
Reverse engineering is a process of taking existing prod-
ucts, evaluating and measuring them, and then creating the
CAD database to reproduce them. The following prob-
lems can be used as reverse engineering projects. Use a
micrometer, scale, and calipers to make measurements.
Use manufacturer’s catalogs to specify standard parts,

such as bearings and fasteners. For each project, the fol-
lowing is required:

1. Disassemble, measure, and sketch each part.

2. Create 3-D models or engineering drawings of each
nonstandard part, with dimensions.

3. Specify standard parts, using engineering catalogs.

4. Create an assembly drawing with parts list.

5. Create a written report that summarizes your
project, lists the strengths and weaknesses of the
product you reverse engineered, comments on the
serviceability of the product, and recommends
changes to the design, especially as it relates to
DFM principles.

The products to be reverse engineered are as follows:

a. 3⁄8-inch reversible electric hand drill

b. Staple gun

c. Electric kitchen hand mixer

d. Electric can opener

e. Electric hair dryer

f. Electric glue gun

g. Electric hand jigsaw

h. Dustbuster

i. Kant-twist clamp

j. Hold-down clamp

k. Drillpress vise

l. Telephone

m. Computer mouse

n. Paper stapler

o. Paper feeder tray for a laser printer

p. Multiple pen holder for a plotter

q. Computer game joystick

r. Piston and connecting rod for an automobile engine

Problem-Solving Activities
The following problems can be used as individual or group
activities. The activities involve the problem-solving
process. Some of the activities also involve visualization
ability. Most of the problems will require sketches to solve
the problem and to communicate the solution.

1. Determine one solid object that will pass com-
pletely through the circular, triangular, and square
holes (Figure 11.77). The object must pass through
each hole one at a time and be tight enough that
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little or no light passes between it and the sides of
the hole. Make an isometric sketch of your solution. 

2. Sketch the missing right side view and an isometric
view of the two given views in Figure 11.78. The
solution cannot have warped surfaces.

3. Create a low-cost, lightweight container that will
prevent an egg from breaking when dropped from a
third-story window onto concrete.

4. Create a method of filling a two-liter plastic soda
bottle resting on the ground, from a third-story
window.

5.*A mountain climber starting at sunrise takes a
well-worn path from the base of a mountain to its
top and completes the trip in one day. The mountain
climber camps overnight on the mountain top. At

sunrise the climber descends the mountain along
the same path. Even though the rates of ascent and
descent are different, there is one point along the
path which the mountain climber passes at the same
time each day. Prove that there is a single point
along the path where this occurs, and make a sketch
of your solution.

6.* Build the longest cantilevered structure possible
using 20 sticks of spaghetti and 24 inches of clear
tape. The base of the cantilever must be taped to an
8-inch-square horizontal area. The cantilever must
be constructed in 30 minutes or less. When finished,
measure the length of the cantilever section from the
point on the base nearest to the overhanging can-
tilever end to the end of the cantilevered section.

The Engineering Design Process 625

Problem-Solving Activity 1Figure 11.77
Problem-Solving Activity 2Figure 11.78

* Problems 5 and 6 are adapted from Experiences in Visual Thinking,
R.H. McKim, 1972.
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Design in Industry
Stryker Medical’s Trio Mobile Surgery Platform

patient side rail that can retract during surgery and can-
tilevered radio lucent mid- and foot sections for X rays.

Using a computer-aided design (CAD) system, Birman’s
team quickly built several design variations, constructing
four prototypes in a two-year span. CAD enabled the devel-
opment team to see the immediate impact of their design
variations. This in turn allowed the team to find the best con-
figuration for the final design and to quickly send the prod-
uct to the marketplace.

626

This example describes the design of a mobile surgery
platform using 3-D modeling and CAD. In this example,
you will see an example of how the design process is used
and the importance of 3-D modeling to improve on the de-
sign of a multifunctional surgical table with a 500-pound
weight capacity. The platform features many moving parts
that require the use of geometric tolerancing principles
and practices.

Computer-Aided Design Helps Prevent
Occupational Injuries
In the health care industry, patient transfers and handling
account for 37 percent of the total cost of health care
worker injuries. The Stryker Corporation recognized this
problem as an opportunity to provide a cost-effective way
for hospital surgery departments to efficiently transfer
heavier, elderly, or sedated patients through each patient
care area.

Stryker Medical’s senior designer Steve Birman and
his team of developers thus created the Trio Mobile
Surgery Platform, a mobile, multifunctional surgical table
with a 500-pound weight capacity. With this table, patients
can be prepared for their procedure in a preoperative area,
moved into an operating room or procedure room, and
transferred easily to a recovery room after surgery. Not
only does the Trio aim to reduce occupational injuries, but
it also diminishes the adverse effect caused by placing a
postoperative patient onto a cold recovery stretcher. The
Trio Mobile Surgery Platform also features a stowable

(Courtesy of Stryker Medical) 
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12
Geometric
Dimensioning
and Tolerancing
(GDT)

A society that scorns excellence in plumbing because
it is a humble activity and tolerates shoddiness in
philosophy because it is an exalted activity will have
neither good plumbing nor good philosophy. Neither its
pipes nor its theories will hold water.

—John Gardener

Objectives and Overview
After completing this chapter, you will be able to:

1. Identify and apply geometric dimensioning and
tolerancing symbols on engineering drawings.

2. Select and place datums on parts.

3. Apply geometric controls to parts.

4. Apply the five-step GDT process to the design of
a part.

Geometric dimensioning and tolerancing (GDT) was
developed over the last 50 years as a tool to define parts
and features more efficiently. GDT takes the function of
the part into consideration, as well as its fit with related
parts. This allows the designer to define the part’s features
more accurately, without increasing the tolerances. GDT
is a very important concept related to the design of parts.
Simply dimensioning a part using numerical values limits
the control you have over the design of a part. For exam-
ple, if you need to drill a hole of a certain diameter through

CHAPTER
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a part and only specify a numerical diameter, you only are
controlling the diameter of the hole. What about the circu-
larity of the hole and the radial variation along the center
line of the hole? With GDT you can specify that the hole
will have a certain tolerance as to its circularity.

In this chapter, you will learn how to design parts using
GDT principles and apply the symbology on engineering
drawings needed to communicate those principles. You will
learn how to select datums, apply geometric controls, and
apply a five-step process when designing parts using GDT.

12.1 Geometric Dimensioning
and Tolerancing
Geometric dimensioning and tolerancing (GDT) is a
method of defining parts based on how they function,
using standard ASME/ANSI symbols. For many years,
only a few companies used GDT to any extent, and even
within those companies, there was disagreement on the
actual meaning of the symbols and terms. Within the last
fifteen years, there has been a resurgence of interest and
training in GDT, mostly because of the increased use of
statistical process control (SPC), and because GDT is a
powerful tool in reducing the cost of precision parts.

Statistical process control offers real advantages to
companies that manufacture large numbers of parts be-
cause they can reduce or even eliminate the inspection of
some features. However, SPC does require that the actual
feature be toleranced very efficiently in order to take ad-
vantage of the cost reductions. Often, the only way to tol-
erance such features so that SPC can be used properly is
through the use of GDT.

Another reason GDT has become so popular is the
widespread acceptance of worldwide quality standards,
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such as the ISO 9000 series. These standards require that a
manufacturer specify not only that something is con-
trolled, but also how it is to be controlled. For example, a
drawing may say that a feature is round. The questions
would be: “How round?” and “How is that roundness in-
spected?” The standard that controls the dimensioning and
tolerancing of parts is ASME Y14.5–1994, and it includes
all of the GDT symbols and concepts.

Size tolerances alone sometimes are not enough to meet
the design needs of a part. Relationships between features
also may need to be controlled. In such cases, notes are
added to the drawing defining these relationships.

For example, a table height from the floor to the top is
given as 30 inches (Figure 12.1). Is the top of the table
flat? It is, if the tolerance on the 30-inch height is, say,
	1 inch. The top could never be more than 31 inches or
less than 29 inches. This means that the top must be flat
within 2 inches. If the top must be flatter than that, a
tighter tolerance might be, say, 	1
4 inch. Now the top
would be flat to within 1
2 inch. However, the height tol-
erance might become too restrictive, causing the rejection
of any table that is out of the height tolerance range, even
if it is a good table. This is an example of trying to control
the form of a part with a size tolerance.

Without GDT, the only way to separate the height tol-
erance from the flatness tolerance is with notes. The note
for the table could read something like this:

NOTE 1. TABLE TOP TO BE FLAT WITHIN
1⁄2 INCH TOTAL.

Using GDT, we could return to the 	1 inch tolerance
and simply place a flatness control (total of .50 inch, in
this example) on the top surface. This would solve the
problem and would communicate the design needs to the

Actual Surface
of Table

Total Flatness Tolerance, .50 Inch
This Entire Tolerance Zone May
Move Up and Down within the
Size Tolerance Zone

30+/–1

.50

Total Height
Tolerance 2 Inches

Table height with flatnessFigure 12.1



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

12. Geometric 
Dimensioning and 
Tolerancing (GDT)

Text 641© The McGraw−Hill 
Companies, 2007

manufacturer and the inspector. The symbols used in GDT
create manufacturing and inspection definitions with a
minimum of confusion and misinterpretation.

The questions that should be asked continuously during
the design phase are, What kind of part would be rejected
with these tolerances? Will the rejected parts be unusable?
Will we reject all of the parts we cannot use? For our table
example, the answers are as follows:

1. Any table that is too high or too low (over
31 inches or under 29 inches), even if the top is
perfectly flat. What good is a perfectly flat table if
it is only 4 inches off the floor?

2. Any table for which the top is not flat enough,
even if the table is within height limits. What good
is a 30-inch table if the top is too wavy to set a cup
of coffee on it?

12.2 GDT Symbols
The GDT symbols for specifying concise requirements
for features are shown in Figure 12.2. The flatness sym-
bol shown is used in Figure 12.1 and is located in a rec-
tangular feature control frame, which is divided in half
(approximately). On the left side is the symbol for flatness,

Geometric Dimensioning and Tolerancing (GDT) 629

S P

X R

SR S�

Datum target Target point Concentricity Circularity MMC

M

L
LMC RFS Projected

tolerance
zone

Parallelism Flatness Cylindricity

Diameter Position All around
(profile)

(ISO-none)

Profile surface Profile line Straightness

Counterbore or
spotface

(ISO-proposed)

Runout
total

Runout
circular

AngularityPerpendicularity

Countersink
(ISO-proposed)

Depth
(or deep)

(ISO-proposed)

Dimension
origin

Conical taper Square
(shape)

RadiusPlaces, times
or by

SlopeArc length
(ISO-none)

Reference

Spherical
radius

Spherical
diameter

Dimension
not to scale Miscellaneous symbols

Feature control frame Symmetry

F

Free
state

T

Tangent
plane

Datum feature

A

Between

ST
Statistical
Tolerance

Dimensioning and tolerancing symbolsFigure 12.2
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which states the actual geometric control for the table
top. On the right side is the total size of the tolerance
zone. In this case, the tolerance zone is 0.50 inch total.
Examples of feature control frames are shown in Fig-
ure 12.3.

12.3 GDT Rule 1
Geometrics is the part of tolerancing that has to do with
the shapes and positions of features. All dimensions
include geometric controls, whether or not geometric tol-
erancing symbols are used. This results from Rule 1,
which is as follows:

Rule 1: Individual Feature of Size
Where only a tolerance of size is specified, the limits of size
of an individual feature prescribe the extent to which varia-
tions in its geometric form, as well as size, are allowed.
(ASME Y14.5–1994)

For example, if a shaft is dimensioned as 0.500 inch
in diameter, this controls the circularity of the shaft
(Figure 12.4). The diameter dimension (the “limit of
size”) requires that the shaft be within the size tolerance
and that diameter symbol requires the shaft to take on a
specific “geometric form.” The total circularity depends
on the diameter size tolerance. For example, if the
0.500-diameter dimension has a tolerance of 	.005, then
the circularity control is the equivalent of 0.005 (form
control tolerance is specified differently from size control
tolerance).

To inspect the circularity of a part, measure the diam-
eter and compare the largest reading to the smallest read-
ing at any circular cross section. The shaft can never be
larger or smaller than the minimum and maximum diam-
eters. This simple inspection method ensures that the
shaft is within both the size tolerance and the circularity
tolerance.

In addition, if the shaft drawing is dimensioned fully,
the following geometric controls would be required under
Rule 1:

1. Straightness of the line elements of the cylinder. The
line elements of the cylinder cannot be more “bent”
than the total size tolerance, or a portion of them
would protrude outside of the maximum size zone.

2. Flatness of the ends of the shaft.

3. Parallelism between any two opposite line ele-
ments. The line elements of the cylinder must not
only be straight, they also must be parallel to one
another, within the size tolerance of the cylinder.

The key element is as follows: All dimensions have
built-in (natural) geometric controls. Additional symbols
only should be used when these natural controls must be
refined. In fact, geometric symbols often are used to re-
duce the accuracy required on a part. For example, con-
sider a shaft used to mount linear positioning bearings
(Figure 12.5), which are used for sliding rather than rotat-
ing motion. In this case, the shaft must be highly accurate
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.01 A

.755

.735

.010

A

1.50 ± .02

ø

Examples of feature control framesFigure 12.3

ø.500 ± .005

2.00 ± .01

Application of Rule 1Figure 12.4

Shaft

Bearing

Shaft in Use

Drawing Callout

ø.500±.005

— ø.015  M

Shaft and linear position bearingsFigure 12.5
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in size and roundness, but that same accuracy is not pos-
sible for the straightness. This situation is common in
machine controls design. The solution is to tolerance the
shaft diameter as accurately as necessary and then add a
larger straightness tolerance to the shaft center line axis.

12.4 Maximum Material Condition
Maximum material condition (MMC) is the condition
in which an external feature (like a shaft) is at its largest
allowable size or an internal feature (like a hole) is at its
smallest allowable size. Stated differently, MMC is the
condition in which a part will weigh the most.

This should not be confused with the “largest size.” A
feature is at its largest size under MMC principles only
when it is an external feature, such as a shaft. An internal
feature, such as a hole, is at MMC when it is at its smallest
size; there is more metal in a part with the smallest hole.

12.4.1 Material Condition Symbols

The two symbols used for material conditions are shown
in Figure 12.6. The maximum material condition (MMC)
symbol is an M, and the least material condition (LMC)
is an L.

LMC is the opposite of MMC; it refers to a shaft that is
at its smallest or a hole that is at its largest. Another mate-
rial condition that does not have a symbol is regardless of
feature size (RFS). RFS requires that the condition of the
material not be considered. This is used where a tolerance
is specified and the actual size of the controlled feature is
not considered when applying the tolerance.

12.4.2 Departure from MMC

In GDT, the term departure from MMC is often used. To
understand this term, remember that in a batch of parts (all
of which are within size tolerance limits), there will be
many different sizes. In fact, if the inspection equipment
were accurate enough, it would reveal that no two parts
were exactly the same size.

If a pin is at its largest allowable size, then it is at
MMC. The only way it can “depart from MMC” is by be-
coming smaller (approaching LMC); it cannot get larger.
Therefore, if 100 pins are separated by actual size, some
would have “departed from MMC” more than others. In
other words, some will be smaller than the others (closer
to LMC). For a hole, “departure from MMC” means being
larger than the minimum allowable.

12.4.3 Perfect Form at MMC

An extension of Rule 1 is the concept of perfect form at
MMC. If, for example, a shaft is made at its absolute max-
imum size, it cannot be anything but round. Any eccentric
shape would be detectable with a diameter inspection; it
would measure oversize at some point.

This is called the envelope principle, which says that,
if we think of the “perfect part” as an “envelope,” the
manufactured parts must never violate the boundaries of
the perfect part. For example, as a shaft gets smaller in
size, while staying within its size limits, it can get more
out of round and still go into the same hole. On the other
hand, a hole can be misshaped only if it is larger than its
minimum size (departs from MMC).

In Figure 12.7, notice that the boundary is the perfect
shape of a shaft, and the actual part can be any size or
shape (within limits) as long as it fits inside the boundary.
One caution is that no cross section can measure under the
minimum size allowed.

Geometric controls almost always are used to refine
other tolerances rather than to control features by them-
selves. For example, in Figure 12.8 (on the next page) the
roundness of the shaft is controlled first by the diameter
tolerance. If the roundness control were removed, the
shaft still would have to be round within the limits of
the diameter tolerance, per Rule 1.
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Material condition symbolsFigure 12.6

Minimum
Diameter

Minimum Diameter

Perfect form boundary,
at MMC

Actual part outline

Shaft with perfect form boundary at MMCFigure 12.7
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12.4.4 Separation of Control Types

The roundness control simply says that the shaft must be
circular to a higher degree of accuracy than that required
by the size control. Rule 1 combines size and form control
into a single tolerance, and a circularity control separates
size from form. This ability to separate size and form con-
trols makes geometrics extremely valuable. If you rely on
size controls alone, ignoring geometrics and using very
precise tolerances for every part, you would ensure that
the part would fit, but you would have increased costs dra-
matically. Tolerancing is the art and science of using the
largest tolerance possible that will still allow a part to
function. Ignoring geometrics takes away half of the tools
available to accomplish this task.

12.5 Datums and Datum Features
A datum is a starting place for a dimension. A datum may
be a perfect plane, a center line, or a point. Datums are
perfect, and they are not real. Examples are the center line
of a shaft or the point at the center of a sphere. These are
theoretical positions that either can be represented with in-
spection tools or can be derived. For example, a center
line is represented by the center of an inspection pin or
gage or by the center of an inspection spindle. A center
line is derived by measuring to the edge of a gage pin and
then adding half the diameter of the pin to locate the cen-
ter of the gage pin from an edge or another feature. For a
hole, the measurement is not to the edge of the feature
hole but to the largest-gage pin that will fit into the hole.

A datum that is harder to visualize is the perfect plane.
We see surfaces on parts, which are not true unlimited
planes but limited planes, and it may be difficult to distin-
guish between such a surface and the perfect plane it lo-
cates. In Figure 12.9, the part has a vertical dimension
from the bottom to the top. One way to measure this
dimension is to set the part on a surface plate and use a

height gage as shown. The bottom surface of the part (a
limited plane) is called a datum feature, and the surface
plate represents the datum (a true unlimited plane) and is
called a simulated datum. The simulated datum feature is
the one from which measurements are referenced.

12.5.1 Datum Uses

Once a datum has been established, measurements can be
taken from the datum rather than from the feature. The im-
portance of doing this is illustrated by Figure 12.10. When
measured at location A, the part seems to be within toler-
ance; however, measuring at location B creates a problem
because the measurement is being taken at a high spot of
the surface roughness, which may make the part appear to
be unacceptably out of tolerance. A better approach is to
take a measurement of the largest distance, not a spot lo-
cation. This distance can be derived by laying the part on
a surface plate and measuring from the plate, rather than
from the part itself.
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Tolerance zone

Actual part
outline

ø.500

.002

Shaft with circularity controlFigure 12.8

Height gage

Part

Datum

The bottom surface of the part is the datum feature, and the
surface plate is the datum.

Figure 12.9

AB

Measuring from the datum
This figure shows the difference in measuring from a surface
plate (datum) versus from the part itself.

Figure 12.10
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12.5.2 Datums and Assembly

Looking at datums from the perspective of assembly func-
tion, if one part is mounted on another, as in Figure 12.11,
the mating surfaces need not be perfect. The two parts will
fit well (i.e., will function) if the mating surfaces (the
chosen datum features) have no protrusions that extend
beyond the design planes (datums). Note that it may be
acceptable for the surfaces to have depressions, which will
not interfere with the mating of the parts.

12.5.3 Datum Feature Control

At times, you may have a choice of features that could be
the datum feature. Among the considerations is the fact
that a feature chosen as a datum feature is not controlled
by the associated feature control. This is an important con-
sideration when selecting datum features. As an example,
a feature control may require a flat surface to be smooth
within certain tolerances, with no protrusions or depres-
sions. As a datum feature, however, the surface may be
acceptable with depressions. Other things to consider are
size, stability, accessibility, etc., which are covered later in
the chapter.

12.5.4 Datum Reference Frame

There are six degrees of freedom in space. A part may
move up, down, left, right, forward, and backward. When
designing a part for manufacturing, you must locate the
part in space while it is being made, as well as while it is
being inspected and then used. Datums are the locators,
and the datum reference frame is the six-direction loca-
tor of a part in space. For example, if a piece of wood is

mounted in a vise for planing, the vise is a six-degree-of-
freedom locator for the wood.

To reduce waste and scrap material, the design, manu-
facturing, and inspection functions must all use the same
six-degree location in space. In other words, if design se-
lects the left edge of a part from which to dimension a hole,
then manufacturing must use that same left edge to deter-
mine where to drill the hole. Likewise, the inspectors must
inspect the hole location by measuring from the left edge.
The left edge is a datum and should be identified as such.

If a hole is located from the left edge and from the bot-
tom of the part, then we have two datums accounting for
four degrees of freedom. In a flat part, this may be suffi-
cient (Figure 12.12).

In those cases where it is important to locate features in
all six degrees, a three-plane datum reference frame is
needed. The frame is composed of three perfect planes,
all of which are perfectly perpendicular to each other
(Figure 12.13).
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Mating Part Features

Actual Surface
Datum Boundary

Part with corner mount and shaft hole,
including mating parts

Figure 12.11

xx

xx

B
A

Two-plane datum reference frame in which
the hole is dimensioned from the left and bottom

Figure 12.12

A

xx

xx

B

C

xx

Three-plane datum reference planeFigure 12.13
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12.5.5 Primary Datum

In any case, the critical part of datum selection is identifi-
cation of the primary datum. In many instances, this will
be the only datum; in all cases, it is the most important. 

12.5.6 Secondary and Tertiary Datums

Once the primary datum has been established, the sec-
ondary datum is created, from which features are located.
This should be a functional feature, and it must be perpen-
dicular to the primary feature. The tertiary datum must be
perpendicular to both the primary and the secondary.

The most useful secondary datum feature can be a hole
that is perpendicular to the primary datum (Figure 12.14).
The surface creates the primary datum, and the hole cre-
ates two perpendicular planes. This reference frame is
probably the most commonly used and is called the plane
and cylinder reference frame.

12.5.7 Datum Feature Symbols

In Figure 12.15, the three symbols A, B, and C are called
datum feature symbols. These are not feature control

symbols; they identify the features used to create the da-
tums. Such symbols may be attached to the feature with
either an extension line or a leader line, as shown.

12.6 Geometric Controls
Geometric controls fall into three major categories: form,
orientation, and position. In this section, we first will
present some definitions that are basic to the understand-
ing of geometric controls. Then the individual controls in
each group will be discussed.

12.6.1 Perfection

Although we use the term “perfect,” it is important to
recognize that nothing truly is perfect. Therefore, for our
purposes, any inspection instrument will be considered
“perfect” if it is at least 10 times more accurate than the
part being measured. This accuracy sometimes is referred
to as gaging tolerance.

12.6.2 Tolerance Zones

The tolerance zone is defined earlier in this chapter. The
shape of the tolerance zone is related directly to the geo-
metric controls. To make the controls more understand-
able, you must be able to clearly visualize the tolerance
zone that is created.

12.6.3 Virtual Condition

Virtual condition is the combined effect of the largest
allowable size (MMC) of a feature, such as a shaft, added
to the maximum allowed geometric distortion. For exam-
ple, if a shaft is allowed to be 0.505 inch in diameter, and
the straightness control allows 0.010 inch of crookedness,
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the shaft would no longer always go into a 0.505-inch-
diameter hole. The minimum size of the hole would have
to be 0.515 inch in diameter in order for the shaft to
always go into the hole. The worst condition of the shaft
would be 0.515 inch in diameter. This is called the virtual
condition of the shaft.

12.6.4 Form Controls

Form controls include straightness, roundness, flatness,
and cylindricity. All are comparisons of an actual feature
to a theoretically perfect feature.

Straightness All geometric form controls are variations
and combinations of straightness. For example, flatness is
straightness applied in all directions at once. Therefore,
understanding straightness is important to understanding
the entire concept of form controls. Straightness itself
is based on line elements. A line element is any single
line on any surface, in any direction (Figure 12.16). A

circular line element is any single line on the surface of
a cylinder and perpendicular to the axis (center line) of
the cylinder.

Straightness has two distinct variations: line element
straightness and center plane or axis straightness. These
variations operate very differently, and they are discern-
able by the way in which the feature control frame is
attached to the feature. For example, if the control frame is
part of the diameter callout on a shaft, then the form con-
trol is axis straightness; in other words, the control modi-
fies the size of the shaft. However, if the control applies to
the edge of the shaft, that is, the surface line elements,
then the form control is line element straightness (Fig-
ures 12.17 and 12.18 (on the next page)).

If straightness is applied to line elements, then MMC
cannot be used because line elements have no size and
therefore cannot be features of size. If straightness is
applied to the axis of a cylinder or the center plane of a
rectangular solid, then MMC may be used because the fea-
ture is a feature of size.

Line Element Straightness A line element straightness
control compares a line on a part to a perfectly straight
line. Any type of line element can be evaluated, including
those on a flat surface or on the surface of a shaft. If the
line is on a flat surface, then a direction must be identified.
This is done by the feature control frame. In Figure 12.17,
the straightness of the top surface of the rectangular part
applies in the long direction only because the feature con-
trol frame is attached to the long view. The tolerance zone
for straightness of a line element is “two perfectly straight
lines, parallel, and the tolerance value apart.”
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Axis (or Center Plane) Straightness Axis straightness com-
pares the axis (center line) of a cylinder to a perfectly
straight line in three dimensions because shaft center lines
can distort in three dimensions. A perfectly straight center
line will fit inside a tube that has a zero diameter. Since such
a tube is not reliable, the comparison is revised to mean the
smallest perfect tube that would still capture the axis.

When the axis straightness control is used for rectangu-
lar shapes, both internal and external, the control does not
apply to a center line but rather to a median or center
plane. This application of straightness is appropriate for
features of size only. It is applied when the local size of the
feature is critical, but bowing or warping is allowed.
Straightness of a median plane requires the use of a mate-
rial condition modifier (MMC or LMC) in the feature con-
trol frame. 

RFS or MMC Straightness of an axis or center plane can
be examined using either RFS or MMC. If the feature con-
trol frame does not include the MMC symbol, the toler-
ance is applied using RFS. If MMC is used, the tolerance
value will have bonus tolerance added. Applying MMC to
the control says that the tolerance is at the stated value (the
value in the feature control frame) only when the part is at
MMC. The real tolerance is the stated tolerance plus any
departure of the part from MMC. In virtually all cases, the
real tolerance is larger than the stated value because a part
would be made only rarely at MMC. Therefore, use of the
MMC modifier almost guarantees lower part cost with no
loss of part quality.

The tolerance zone for an axis is “a perfect cylinder, the
tolerance value in diameter, for RFS application. For
MMC application, any departure from MMC of the fea-
ture is added to the tolerance value.”

The tolerance zone for a center plane is “a pair of per-
fect planes, parallel, and the tolerance value apart, for RFS
application. For MMC application, any departure from
MMC of the feature is added to the tolerance value.”

Circularity The form control compares a circle (circular
element) to a perfect circle. Circularity could be consid-
ered straightness bent into a circle. Since the circle is mea-
sured for form only, not for size, no MMC may be applied
(Figure 12.19).

The tolerance zone is “two perfect circles, concentric,
and the tolerance value apart.” The diameter of the larger
circle is “the diameter of the smaller circle plus two times
the tolerance value.”

Flatness The form control evaluates the largest vertical
distance between the highest and lowest points on a sur-
face. The flatness tolerance defines the distance between
two perfect planes within which all points on a surface
must lie (Figure 12.20). Flatness could be considered
straightness on a surface, applied in all directions.

Some modifications to open inspection instruments are
also helpful. For example, a hole can be made in the cen-
ter of a surface plate for insertion of a dial indicator probe.
The surface itself becomes its own base, and no leveling
or manipulation is necessary.
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Cylindricity The form compares a cylinder to a perfect
cylinder. Three controls are at work: straightness of all line
elements, roundness of all circular elements, and taper
(comparison of the circular elements with each other) (Fig-
ure 12.21 on the next page). Cylindricity could be consid-
ered flatness bent into a perfect barrel. Since this is a form
control, no MMC can be applied. Cylindricity is probably
the most expensive control. Under most circumstances, it
can be replaced with combinations of other controls, such
as roundness and straightness, which are easier to meet and

much easier to inspect. The tolerance zone is “two perfect
cylinders, concentric, and the tolerance value apart.”

12.6.5 Orientation Controls

Parallelism The orientation control could be considered
flatness at a distance or straightness of an axis at a distance
(Figure 12.22 on the next page). Parallelism requires that a
feature stay parallel to a datum. If the controlled feature is
a surface, then all points on that surface must stay between
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two perfect planes that are perfectly parallel to the datum.
If the feature is an axis, then all points on the axis must stay
between two planes that are perfectly parallel to the datum.
The distance between these pairs of planes or pairs of lines
is the tolerance value given in the feature control frame.

Another way to control the parallelism of an axis is to
define a cylindrical tolerance zone within which the axis
must lie. Placing a diameter symbol in front of the tolerance
value in the feature control frame will accomplish this.

Perpendicularity The orientation control is either flatness
at 90 degrees to a datum or straightness of an axis at
90 degrees to a datum (Figure 12.23). Perpendicularity re-
quires that a feature remain perpendicular to a datum. If
the controlled feature is a surface, then all points on that
surface must stay between two perfect planes that are per-
fectly perpendicular to the datum. If the feature is an axis,
then all points on the axis must stay between two planes
that are perfectly perpendicular to the datum. The distance
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between the pairs of planes is the tolerance value given in
the feature control frame.

The perpendicularity tolerance also may specify a
cylindrical tolerance zone perpendicular to a datum plane
within which the axis of the feature must lie. For this case,
a diameter symbol is placed in front of the specified toler-
ance value in the feature control frame.

The inspection procedure used for parallelism is used
for perpendicularity, except that the datum feature is
mounted on a 90-degree-angle block.

Angularity The orientation control is either flatness at
some angle to a datum, or straightness of an axis, at an angle
to a datum (Figure 12.24).Angularity requires that a feature
remain at a given angle to a datum. If the controlled feature
is a surface, then all points on that surface must stay between
two perfect planes that are at a specific perfect angle to the
datum. If the feature is an axis, then all points on the axis
must stay between two planes that are at a specific perfect
angle to the datum. The distance between the pairs of planes
is the tolerance value given in the feature control frame.

The surface tolerance zone is “two planes, parallel, and
the tolerance value apart, at exactly the angle stated from
the datum.”

As with parallelism and perpendicularity, an axis can
be controlled by specifying a cylindrical tolerance zone at
a specified base angle relative to one or more datums.

Line Profile A line profile takes cross-sectional slices of
irregular shapes and compares the slices with perfect
shapes (Figure 12.25 on the next page). Profile usually is
used to control shapes that are combinations of contiguous
lines, arcs, and other curves. The circle at the bend in the

control frame leader line means that the tolerance is to be
applied around the entire part.

The tolerance zone is a composite shape made up of
two profiles. Unless otherwise specified, the first is the
perfect profile of the feature minus half the tolerance
value. The second profile is the perfect profile plus half
the tolerance value. This pair of profiles creates a toler-
ance zone around the perfect shape.

Surface Profile A surface profile takes line profile slices
and stacks them into three-dimensional surfaces (Fig-
ure 12.26 on the next page), which then are compared with
perfect shapes. A surface profile usually is used to control
shapes that are combinations of contiguous surfaces,
cylinders, and other curved shapes.

The boundary established by surface profile could be
considered a combination of flatness, cylindricity, paral-
lelism, perpendicularity, etc., joined contiguously. The tol-
erance zone is a composite shape made up of two profiles.
Unless otherwise specified, the first is the perfect profile of
the feature minus half the tolerance value. The second pro-
file is the perfect profile plus half the tolerance value. This
pair of profiles creates a tolerance zone around the perfect
shape. With both line profile and surface profile, the toler-
ance zone also may be disposed unequally or unilaterally
about the perfect geometry.

12.6.6 Location Controls

One of the oldest controversies in dimensioning is: How
accurately must a diameter be located when it is concentric
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with another diameter (Figure 12.27)? Unless geometric
feature controls are used, there is no standard answer to
this question. In Figure 12.27, the two diameters are
located on the same center line. The question is: How
accurately must the diameter be located?

This example introduces the three location controls for
features that are on the same center (i.e., are coaxial): con-
centricity, runout, and position. For a balance situation,
see concentricity. For a situation in which the datum fea-
ture is mounted in bearings and the controlled feature
must account for all types of errors, see runout. For almost
all other situations use  position.

For instance, when a shaft with two diameters must
mate with a hole that has two diameters (such as in the
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case of a shoulder bolt), the position control is used. When
one diameter on the bolt departs from MMC, it can move
off center and still assemble. This means that MMC can be
used in this situation.

Runout is a useful control when it is not important to
determine the cause for a bad reading. An excessive
runout reading on a shaft could be caused by a bent shaft,
an out-of-round surface, or an eccentrically placed fea-
ture. The runout inspection will not discriminate between
failures; it will only indicate that there has been a failure.

Concentricity is a difficult inspection process which
should be avoided if at all possible. However, when it is
important to compare the positions of axes of features,
concentricity should be used.

Concentricity The location control is the condition in
which the axes of all cross-sectional elements of a cylin-
der, cone, or sphere are common to a datum axis, using
RFS only. In other words, concentricity compares the
location of the real axis of the feature to the position of the
datum axis. Concentricity frequently is used on spinning
parts, where dynamic balancing is important. The symbol
for concentricity is two concentric circles (Figure 12.28).
Although concentricity is a control of the location of the
center line axis of a feature, it also is concerned with the
shape of the feature, because changes in the shape can
affect the location of that axis.

The tolerance zone is “a perfect cylinder equal to the
tolerance value in diameter.” The actual derived center
line axis must fit inside the tolerance cylinder.

Runout There are two types of runout: circular and total.
Circular runout is denoted by a single arrow in the symbol,
and it is similar to circularity in that it only controls one
circular element (Figure 12.29 on the next page). Total
runout is comparable to cylindricity in that it is a control
of an entire surface rather than a single element.

For runout, the datum feature is mounted in a spindle,
and the movement of a dial indicator needle placed on the
controlled feature is measured. When a shaft is turned on a
spindle, several things could move a dial indicator needle
touching that shaft, including the following:

1. Any bend in the axis of the controlled feature.

2. Any imperfections in the surface of the controlled
feature, such as any scratches, gouges, burrs, or
keyseats.

3. Any eccentricities in the location of the feature
relative to the datum axis.

One feature of runout is that it cannot discriminate what is
wrong with a feature. If a part is rejected for excessive
runout, the cause of the excess is not revealed. Also, no
MMC may be applied.

Another situation with runout is the possibility of a
false reading. For example, a shaft bent in one direction
might be mitigated by an egg-like lobe situated in just the
right position. Care therefore should be taken to examine
the controlled feature properly and completely.

The tolerance zone shape for a single element runout is
“a pair of perfect circles, the tolerance value apart, and
perfectly centered on the datum axis.” The pairs of circles
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are moved back and forth along the surface, but the read-
ings between positions are not compared.

The tolerance zone shape for a total runout is the same
as for circular runout, except that the readings are com-
pared at all positions along the surface.

Position The single most valuable, flexible, and versatile
geometric control available is position. Position tolerancing
takes maximum advantage of MMC bonus tolerancing.
Therefore, the vast majority of functional gages are made
to check position tolerances.

A few of the things that position tolerancing can do are
as follows:

1. Locate a hole, or a pattern of holes, from many
combinations of features. The features can include
other holes, surfaces, the centers of slots, the cen-
ters of parts, etc.

2. Locate the center of a feature, such as a slot. This
sometimes is called symmetry, which means that
the controlled feature will be centered on the datum
feature.

3. Keep holes and other features perpendicular or
parallel to other features.

4. Allow loose tolerances on the sizes of features,
while maintaining close control on their locations.
Or allow loose tolerances on locations, while main-
taining close control of feature sizes.

Position tolerancing is ideal in situations where parts
must assemble under a variety of conditions, allowing for

maximum tolerances. Position tolerances also are practi-
cal in that their use simulates actual assembly situations.

Hole Location from Edges This position control ensures
that multiple holes are located accurately enough that a
mating part with the same number of pins will assemble
with the part. For example, Figure 12.30 shows two mat-
ing parts, one with three holes and the other with three
pins. Any one of several defects could keep the mating
parts from assembling properly:

1. The holes may not be big enough for the mating
pins.

2. The holes may not be located accurately enough.

3. The holes may be bent or tilted so that the pins will
only go in part way.

4. The holes may have deformations, gouges, or
scratches. The deformations may protrude into the
space allowed for the mating pin, effectively re-
ducing the size of the holes.

5. A hole may be out of position, but it may be so
large that the mating part still will fit.

6. A hole may be deformed, but the mating part still
may fit because the hole is close to its perfect
location.

The tolerance zone shape is “three separate perfect cylin-
ders, each located at the exact basic dimensions from the
datums and from each other.” The axes of the holes must
fall into the cylinders.
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The three cylinders may have different sizes, based on
how much each hole departs from MMC. All three are at
least 0.005 inch. For example, one hole may be at the exact
minimum size, and its tolerance cylinder will be 0.005
inch. Another hole may be 0.003 inch over the minimum
size, and its tolerance cylinder will grow to 0.008 inch.

Hole Location from Hole This control ensures that the
three controlled holes are located accurately enough that
when the part is mounted on the larger hole, the three mat-
ing pins always will fit into the three controlled holes (Fig-
ure 12.31). The key element in this control is that the three
small holes are positioned relative to the large hole, not to
any of the edges of the part.

As in the previous position control, there are several
defects that will keep the mating parts from assembling
properly:

1. The holes may not be big enough for the mating
pins.

2. The holes may not be located accurately enough.

3. The holes may be bent or tilted so that the pins will
only go in part way.

4. The holes may have deformations, gouges, or
scratches. The deformations may protrude into the
space allowed for the mating pin, effectively re-
ducing the size of the holes.

5. A hole may be out of position, but it may be so
large that the mating part still will fit.

6. A hole may be deformed, but the mating part still
may fit because the hole is close to its perfect
location.

7. A hole may be out of position, but it still could fit
if the datum hole is larger than its minimum size.
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This control creates three separate perfect cylinders,
each located at the exact basic dimensions from the datum
surface, the datum hole, and each other. The centers of the
holes must fall within the cylinders. The primary datum
keeps the three cylinders perpendicular to the top surface.

The three cylinders may have different sizes. All three
will be at least 0.005 inch, but each will expand by the
amount of departure of the hole from MMC. For example,
one hole may be at the exact minimum size, and its toler-
ance cylinder will be 0.005 inch. Another hole may be
0.003 inch over the minimum size, and its tolerance cylin-
der will be 0.008 inch.

The group of three holes may be out of position as a
group by any amount that the datum hole departs from
MMC. This is the effect of the MMC modifier on the
B-datum callout. Individually, however, the holes cannot
move outside of their cylinders.

Coaxial Datum and Feature This control ensures that the
small diameter is centered on the large diameter (i.e., is
coaxial) accurately enough that a mating part will assem-
ble (Figure 12.32). Because both the controlled feature
and the datum are MMC modified, this control is the most
efficient possible. If either the controlled feature or the
datum is smaller than the maximum allowed, the feature
can be out of position only by the amount of that departure
from MMC.

This control ignores any deformities in the controlled
feature, unless those deformities tend to make the feature
larger. For example, the keyseat shown in the figure has no
effect on the control because it is internal.

The tolerance zone is “a perfect cylinder, located on the
center of the datum diameter.” The diameter of the toler-
ance zone is 0.005 inch, plus the departure of the con-
trolled feature from MMC. This tolerance zone is allowed
to shift by the departure of the datum feature from MMC.

Symmetry This position control ensures that the con-
trolled feature is centered on the datum. For example, in
Figure 12.33, the axis of the feature is positioned by the
center plane of the datum.

The tolerance zone is “a pair of planes, centered on the
center of the datum.” The distance between the planes is
the stated tolerance value plus the departure of the feature
from MMC. This tolerance zone is allowed to shift by the
departure of the datum feature from MMC.

12.7 Tolerance Calculations

12.7.1 Floating Fastener Tolerancing

One of the most common tolerance calculations for mat-
ing parts is for the floating fastener, that is, for loose bolts
and nuts used to assemble mating parts. The bolts will
have standard clearance holes. For example, Machinery’s
Handbook specifies that for a #6-32UNC screw, a
0.149-diameter clearance hole should be used, and the tol-
erance on the diameter can be 	 .005.
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If the screw has a 0.138 diameter � 0.000 � 0.005, we
can then calculate the position tolerance for the two mat-
ing parts. The formula is as follows:

T � H � F

where T � tolerance for both parts
H � MMC of the hole
F � MMC of the screw

For the example, 0.006 � 0.144 � 0.138, which pro-
vides the tolerance applied to each of the parts.

12.7.2 Fixed Fastener Tolerancing

In this case, the parts are assembled by fasteners that
already are located in or on one of the parts.

The calculation is essentially the same as for the float-
ing fastener, except that the tolerance is divided between
mating parts rather than being applied to both. Although it
is easiest to simply divide the tolerance by 2, there are sit-
uations in which one of the parts would get more than half
of the total, usually for ease of manufacturing.

12.7.3 Hole Diameter Tolerancing

If the position tolerance of a pair of parts is known, it is pos-
sible to calculate the hole size tolerance from this informa-
tion, using the same equation as before, but solving for H
(the MMC of the hole). For the example given previously,
the MMC of the hole would be: 0.144 � 0.138 � 0.006.

12.8 Design Applications
Geometric dimensioning and tolerancing (GDT) is inte-
gral to the design process. Therefore, standard problem-
solving techniques should be used when applying GDT to
the design function.

12.8.1 Five-Step GDT Process

There is a five-step process for applying GDT principles
to the design process. These steps are explained in the
following, and the next section is an example of the appli-
cation of this process to the design of a specific part.

Geometric Dimensioning and Tolerancing (GDT) 645

Step by Step: Five Steps to Geometric Control
Step 1. Isolate and define the functions of the feature/part.

Break the part down to its simplest functions. Be spe-
cific; do not generalize. For example, a bracket might be
used “to maintain a center distance between two shafts”
rather than “to hold the shafts.”

12.8.2 Application Example

Figure 12.34 shows a part that mounts on a rail and holds a
shaft at a distance above and over from the rail. The part is
secured with three screws that must fit easily into the holes.
Therefore, the screws cannot be used to locate the shaft ac-
curately; instead, the shoulder must be used to locate the

Step 2. Prioritize the functions. Identify trouble spots.
Again, be specific. Ideally, only one function should have
top priority. This step can be one of the more difficult,
especially if creative design principles are used and the
parts are designed to incorporate many functions.

Step 3. Identify the datum reference frame based on the
functional properties and control the datum features. On
a specific part, this step may mean creating several
reference frames, each based on a prioritized item. The
frame can be either one, two, or three planes. Control-
ling the datum features limits the instability of imperfect
parts relative to the theoretically exact datum reference
frame.

Step 4. Select the proper control. In those cases where
several controls may be used, such as in the case of
coaxial features (i.e., position, runout, or concentricity),
start with the simplest and least restrictive control and
move up in restrictiveness, as necessary. This is similar
to “zero-based budgeting” in that you must first prove
the need for control, starting with the assumption that no
control is needed.

Step 5. Calculate the tolerance values. The tolerance cal-
culations are the last step, even though the tendency is
to do them first. They are also the easiest because they
usually are formula based.

A

B

Shoulder bracket for shaft positioningFigure 12.34
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Step 1. Isolate and define the functions of the feature/part.
The most obvious functions are as follows:
a. Hold a shaft in the large hole.
b. Provide the three mounting holes in a pattern.
c. Provide a shoulder to butt up against another part.
d. Keep the shaft parallel to the shoulder.
e. Provide a large bearing surface for the shaft.
f. Keep the shaft level.

Step 2. Prioritize the functions. This is probably the most
overlooked step, but it is also the most important. All
parts can be broken down into their basic functions. In
Figure 12.34, it may not be obvious at first, but the
bracket must hold the shaft at a specific height and at a
certain distance from the shoulder (see dimensions A
and B). This positioning seems to be its most important
function. A trouble spot on this part is likely to be the
long shoulder; it may not stay aligned with the shaft hole
center. Another trouble spot is the alignment of the three
mounting holes with the shoulder.

PRIORITIES:
Locate the shaft relative to the shoulder
Locate the bolt holes relative to the shoulder

Step 3. Identify the datum reference frame and control the
datum features. In this step, we create the datum refer-
ence frame before selecting the control to be used. A
common problem in GDT work is the urge to decide too
quickly on which control to apply. In doing so, the designer
may overlook a simpler or more direct control and may
mentally “lock into” a particular control, becoming blinded
to a better solution.

For the example in Figure 12.34, the vertical shoulder
appears to be a critical feature, and it could be a primary
datum. Examining that feature against the guidelines on
datum feature selection, presented earlier in this chapter,
we obtain the following results:
a. Size and stability—The datum feature is to be used

to mount the part for manufacture and inspection.
However, the vertical shoulder is rather small.

b. Accessibility—The vertical shoulder is exposed.
c. Feature and form controls—The vertical shoulder

probably should be controlled, and a form control (flat-
ness, roundness, etc.) probably should be used.

d. Functionality—The vertical shoulder relates to the fea-
ture being controlled and is therefore very functional.
The conclusion is to use the vertical shoulder as a

secondary or tertiary datum feature, but not as the pri-
mary datum because of its relatively small size.

The shaft hole is the most functional feature. But a
cylindrical feature usually makes a poor primary datum
feature because it is not a feature on which to mount a

2.75

.625
1.25

3 x ø .500
5 x R .5

.875

.500

1.250

ø 1.62

ø .875

.75

1.6252.250

1.37

.75

1.9375

62°

49°

Bø .001 AM

ø .001 AM B

.50

B

A

Shoulder bracket with geometric tolerancingFigure 12.35

part in the X direction. The screws are used only to clamp
the part after positioning. (This is a common situation.)

In analyzing this design, remember that only machined
surfaces can be held to any kind of accuracy; cast surfaces
are unreliable.
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12.9 Summary
Dimensioning is a method of accurately communicating
size information for objects and structures so that they can
be manufactured. Dimensioning of mechanical devices
follows standards established by ANSI. 

Geometric dimensioning and tolerancing (GDT) is
essential in the modern manufacturing environment. Fig-
ure 12.36 (on page 648) can be used as a GDT Quick
Reference. Figure 12.37 (on page 649) can be used as a
worksheet when determining GDT on parts. The basic
elements of geometric controls are as follows:

1. All dimensions include controls of the geometry.
Rule 1 states that a size control inherently includes
controls of form.

2. Because of Rule 1, the need for GDT callouts on
technical drawings is minimized. Such callouts are
tools and should be used carefully and accurately.

Geometric Dimensioning and Tolerancing (GDT) 647

part. When holes are used as a primary datum, inspec-
tors use expanding mandrels to secure parts.

The next feature that could be used as the primary
datum is the horizontal shoulder surface. It is large and
stable, easily accessible, controllable with a form con-
trol, and very functional in that it locates the shaft hole
vertically and will provide a means for holding the shaft.
Therefore, the horizontal shoulder surface should be
used as the primary datum feature. This feature can be
controlled with a flatness tolerance, and the short verti-
cal shoulder can be controlled with a perpendicularity
tolerance.

Step 4. Select the proper control. One requirement is that
the shaft hole should be parallel to the shoulder. There-
fore, parallelism might be a logical selection as a control.
But that selection might be premature, especially since
parallelism is not the only control that will keep the two
features parallel. It also is important to determine which
is the datum feature and which will be the controlled fea-
ture. This directly will affect which feature is parallel to
which other feature.

Step 5. Calculate the tolerance values. For each control
selected, calculate the actual value. In the case of holes
and fits, the fixed or floating fastener calculations can be

Historical Highlight
Standards

Since then, there has been a slow movement toward cre-
ating a national set of standards. In 1935, the first recognized
standard for drawings was published by the American Stan-
dards Association. A much more comprehensive standard
was published later by the British because of the demands
brought about by World War II. By the early 1950s, three
groups emerged in the United States as sources for stan-
dards publications: the American Standards Association
(ASA), the Society of Automotive Engineers (SAE), and the
military. It was in the late 1950s that these groups started
working together along with groups from Great Britain and
Canada. After several years of deliberation, a combined stan-
dard finally was published by the American National Stan-
dards Institute in 1966, and it since has been updated several
times.

The need for standards existed as long ago as 4000 B.C. when
the ancient Egyptians created the royal cubit as a standard of
measurement. However, accurate standards were not needed
until the Industrial Revolution. This was because all manufac-
turing was done by individual craftspersons who were
responsible for the production of their products from start to
finish. The days of assembly lines and dispersed departments
were yet to come. But they did come, and they brought the
need for other improved technologies with them, such as
much more accurate measurements. This in turn led to the
discovery of the existence of variation and the knowledge
that it is unavoidable. The concept of tolerance was conse-
quently developed. It logically followed that tolerance should
be written on engineering or design drawings. Drawings
eventually became the primary means of communication
between manufacturing departments.

used. Apply the MMC modifier where appropriate. Where
justified, use RFS of LMC, but there should be ade-
quate reason for this selection (Figure 12.35).
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GDT Quick ReferenceFigure 12.36

Control Datum MMC Tolerance Zone Description Symbol

Straightness (line) No No Two lines, parallel

Straightness (axis) No Yes Cylinder

Straightness (medium plane) No Yes Two planes, parallel

Flatness No No Two planes, parallel

Circularity No No Two circles, concentric

Cylindricity No No Two cylinders, concentric

Perpendicularity (surface) Yes No Two planes, parallel, and 
90 degrees to datum

Perpendicularity (axis) Yes Yes Cylinder

Angularity (surface) Yes No Two planes, parallel, and at 
angle to datum

Angularity (axis) Yes Yes Cylinder

Parallelism (surface) Yes No Two planes, parallel, and 
180 degrees to datum

Parallelism (axis) Yes Yes Cylinder

Profile (line) Yes No Two splines, parallel

Profile (surface) Yes No Similar to profile of a line, except it
pertains to surfaces

Runout (circular) Yes No Two circles, concentric

Runout (total) Yes No Two cylinders, concentric

Concentricity Yes No Cylinder

Position Yes Yes Cylinder, if feature is a cylinder; two 
planes, if used for symmetry or if 
feature is rectangular

Goals Review
1. Identify and apply geometric dimensioning and toler-

ancing symbols. Section 12.1

Online Learning Center (OLC) Features

There are a number of Online Learning Center features listed below that you can use to supplement your text reading to
improve your understanding and retention of the material presented in this chapter.

■ Learning Objectives
■ Chapter Outline
■ Chapter Overview
■ Questions for Review
■ Multiple Choice Quiz
■ True or False Questions

■ Key Terms
■ Flashcards
■ Website Links
■ Image Library
■ Stapler Design Problem
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Figure 12.37

GEOMETRIC TOLERANCING WORKSHEET

PART 1: ISOLATE AND DEFINE THE FUNCTIONS OF THE FEATURE/PART

Basic Function _________________________________________________________________________

______________________________________________________________________________________

______________________________________________________________________________________

Additional Functions ____________________________________________________________________

PART 2: PRIORITIZE THE FUNCTIONS

Feature #1___________________ Feature #2 ___________________ Feature #3___________________ 

PARTS 3 & 4: CREATE THE DATUM REFERENCE FRAMES & SELECT CONTROLS

Feature #___________________ Function ___________________

Control ___________________

Primary Datum Feature Secondary Datum Feature Tertiary Datum Feature

_________________________  _________________________  __________________________________

Feature #___________________ Function ___________________

Control ___________________

Primary Datum Feature Secondary Datum Feature Tertiary Datum Feature

_________________________  _________________________  __________________________________

Feature #___________________ Function ___________________

Control ___________________

Primary Datum Feature Secondary Datum Feature Tertiary Datum Feature

_________________________  _________________________  __________________________________

PART 5: CALCULATE THE TOLERANCES

Feature #___________________  Feature # ___________________  Feature #___________________ 

Questions for Review
1. What is MMC?

2. What is the term for the theoretical size of a feature?

3. Describe the difference between the MMC condition
of a shaft and the MMC condition of a hole.

4. How does a shaft depart from MMC? How does a
hole depart from MMC?

5. What is the difference between a datum and a datum
feature?

6. Name the combined standards that were created
in 1966.
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Workbook Problems

Workbook Problems are additional exercises to help you
learn the material presented in this chapter. The workbook
sheets are located at the back of the textbook and can be
removed from the book along the perforated edge.

12.1 Geometric Tolerancing 1. Sketch the geometric
dimensioning and tolerancing symbol in the space
provided.

12.2 Geometric Tolerancing 2. Dimension the draw-
ings and include feature control frames.

Problems

12.1 Apply geometric tolerances to one of the assem-
blies found at the end of Chapter 10.

12.2 Given the following sentence descriptions of geo-
metric tolerances, sketch the feature control frame
for each:

1. The surface must be flat within a five thou-
sandths of an inch tolerance zone.

2. The surface must be parallel within a five thou-
sandths of an inch tolerance zone relative to
datum feature A.

3. The axis must be perpendicular within a five
hundredths of a millimeter cylindrical tolerance
zone at maximum material condition relative to
datum feature B.

4. The surface must be straight within a one tenth
of a millimeter tolerance zone.

5. The surface must be round within a twenty-five
thousandths of an inch tolerance zone.

6. The total surface profile must be within a four
hundredths of a millimeter tolerance zone
equally disposed about the true profile of the
feature relative to primary datum feature A,
secondary datum feature B, and tertiary datum
feature C.

7. The total runout of the surface must be within a
fifteen thousandths of an inch tolerance zone
relative to primary datum feature M and sec-
ondary datum feature N.

8. The axis must be concentric within a one tenth
of a millimeter cylindrical tolerance zone rela-
tive to datum axis A.

9. The axes of the holes must be positioned within
a twenty-five hundredths of a millimeter cylin-
drical tolerance zone at maximum material con-
dition relative to primary datum feature D,
secondary datum feature E, and tertiary datum
feature F.

10. The axis must be positioned within a ten thou-
sandths of an inch cylindrical tolerance zone at
maximum material condition relative to primary
datum feature A, secondary datum feature B,
and tertiary datum feature C, and perpendicular
within a five thousandths of an inch cylindrical
tolerance zone at maximum material condition
relative to primary datum feature A.
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12.3 Sketch or draw the two-view drawing shown in
Figure 12.38. Add the geometric dimensioning
information per the following information:

1. Make the left-hand face in the right side view
flat within 0.01. Identify this surface as datum
feature A.

2. Make the top surface in the front view perpen-
dicular within 0.01 relative to datum feature A.
Identify this surface as datum feature B.

3. Make the right-hand surface in the front view
perpendicular within 0.01 relative to primary
datum feature A and secondary feature B. Iden-
tify this surface as datum feature C.

4. Make all dimensions basic except for the exist-
ing limit dimensions.

5. Position the four holes within a 0.007 cylindri-
cal tolerance zone at maximum material
condition relative to primary datum feature A,
secondary datum feature B, and tertiary datum
feature C.

6. In the front view, identify the top left corner as
point X. Identify the bottom right corner as
point Y. On the bottom surface in the front
view, add a profile of a surface tolerance of
0.02 relative to primary datum feature A, sec-
ondary datum feature B, and tertiary datum
feature C. Indicate that this tolerance applies
between points X and Y.

6020 20.050
20.000

20

20

40

R20

4X 10.015
10.000

20

Figure 12.38
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4.000

2.500

.260

.250

.506

.500

1.625

1.505
1.500

.500

.490
1.000
.990

Figure 12.39

12.4 Sketch or draw the two-view drawing shown in
Figure 12.39. Add the geometric dimensioning
information per the following information:

1. Where the small cylinder intersects the large
cylinder in the right side view, make the face
on the larger cylinder datum feature D. Control
this surface with a flatness tolerance of .005. 

2. In the right side view, make the axis of the
small cylinder datum feature E. The axis must
be perpendicular within a .002 cylindrical tol-
erance zone at maximum material condition
relative to datum feature D.

3. In the front view, make the .500–.505 slot
datum feature F. Position this slot within a .003
tolerance zone at maximum material condition
relative to primary datum feature D and sec-
ondary datum feature E at maximum material
condition.

4. Make the 2.500 and 4.000 diameters basic
dimensions.

5. Position the four small holes within a .005 cylin-
drical tolerance zone at maximum material
condition relative to primary datum feature D,
secondary datum feature E at maximum mater-
ial condition, and tertiary datum feature F at
maximum material condition.

6. Apply a profile of a surface tolerance of .050 to
the outside surface in the front view relative to
primary datum feature D and secondary datum
feature E at maximum material condition.
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12.5 Examine the wheel support assembly (Figure 10.65)
on page 538. Sketch or draw a two-view drawing of
the base. Using the top right-hand corner on the top
surface of the part as the origin for the datum refer-
ence frame, dimension the drawing using the fol-
lowing geometric tolerance information:

1. Make all dimensions basic except for the size
dimension of the four holes.

2. Add the datum feature symbols making the top
surface of the part datum feature A, the back
surface datum feature B, and the right-hand
side datum feature C.

3. Control datum feature A with a flatness tolerance of
.005.ControldatumfeatureBwithaperpendicularity
tolerance of .005 relative to datum featureA. Control
datum feature C with a perpendicularity tolerance of
.005relativetoprimarydatumfeatureAandsecondary
datumfeatureB.

4. For this exercise, change the four holes from
threaded to through holes with a  limit toler-
ance of .500–.510. Position the holes within
.010 cylindrical tolerance zones at maximum
material condition relative to primary datum
feature A, secondary datum feature B, and ter-
tiary datum feature C.

5. On the top surface, label the upper-left corner
point X and the bottom-right corner point Y.
Apply a profile of a surface tolerance of .005
relative to primary datum feature A, secondary
datum feature B, and tertiary datum feature C
between points X and Y. In the adjacent view,
apply a profile of a surface tolerance of .005
relative to datum feature A to the surface paral-
lel to datum feature A.

12.6 Using the wheel support assembly (Figure 10.65)
on page 538, sketch or draw a two-view drawing of
the base. Dimension the drawing using the follow-
ing geometric tolerance information:

1. Make all dimensions basic except for the size
dimension of the four holes. Delete the 1.00
and 2.50 dimensions.

2. Identify the top surface of the part datum fea-
ture A. Control this surface with a flatness tol-
erance of .005.

3. For this exercise, change the four holes from
threaded to through holes with a limit tolerance
of .500–.510. Position the holes within .010
cylindrical tolerance zones at maximum mater-
ial condition relative to datum feature A. Some-

times it is necessary to use a pattern of holes to
establish a datum reference frame. Identify the
holes as datum feature B by attaching the datum
feature symbol to the bottom of the position
feature control frame or to the shoulder of the
leader for the size dimension of the holes.

4. Apply a profile of a surface tolerance all around
of .005 relative to primary datum feature A and
secondary datum feature B at maximum material
condition. In the adjacent view, apply a profile of
a surface tolerance of .005 relative to datum fea-
ture A to the surface parallel to datum feature A.

12.7 When a material condition modifier is applied to a
tolerance, the size of the tolerance zone varies with
the size of the feature. Using Figure 12.40 (on the
next page), complete the table:

Diameter of
Tolerance Zone

Actual Size of Hole Allowed

.498

.499

.500

.501

.502

.503

.504

.505

.506

.507

.508

12.8 When a material condition modifier is applied to a
tolerance, the size of the tolerance zone varies with
the size of the feature. Using Figure 12.41 (on the
next page), complete the table:

Diameter of
Tolerance Zone

Actual Size of Hole Allowed

.498

.499

.500

.501

.502

.503

.504

.505

.506

.507

.508
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2.000 1.000

.005 A

.005 A B

C

B

1.000

2.005
1.995

2X
.508
.498

.005 M A B C

.505

.500

.005

A

Figure 12.40

4.005
3.995

2.000 1.000

.005 A

.005 A B

C

B

1.000

2.005
1.995

2X
.508
.498

.005 L A B C

.505

.500

.005

A

Figure 12.41
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12.9 Design a functional gage to check the part in Prob-
lem 12.7. What would be the size of the virtual
pins? Review the material on virtual condition if
necessary.

12.10 Design a functional gage to check the position of
the holes for the part in Problem 12.5. What would
be the size of the virtual pins?

12.11 Sketch the two views in Problem 12.5. Sketch and
label the geometric tolerance zones as they are
applied in that problem.

12.12 Sketch the two views in Problem 12.7. Sketch and
label the geometric tolerance zones as they are
applied in that problem.

12.13 Examine the butterfly valve assembly (Fig-
ure 10.66) on pages 539–540. Look at the relation-
ship between the body (part 1) and the retainer
(part 6). Follow the Five-Step GDT Process to com-
pletely dimension and tolerance the retainer.

12.14 Examine the fixture assembly (Figure 10.68) on
pages 544–545. Look at the relationships between
the end plates (part 3) and the other parts in the
assembly. Follow the Five-Step GDT Process to
completely dimension and tolerance the end plate.

12.15 Examine the pivot hanger (Problem 4) on page 652.
Look at the relationships between the base and the
other parts in the assembly. Follow the Five-Step
GDT Process to completely dimension and toler-
ance the base. There are two surfaces in the back of
the base that will make up a multiple datum. Label
one of these surfaces datum feature A and the other
datum feature B. Control these features with a pro-
file of a surface tolerance. When controlling the
other features of the part and relating them back to
the datum reference frame, treat the two surfaces in
the back as one datum (datum feature A–B).
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Appendixes

1. Metric Equivalents

2. Trigonometry Functions

3. ANSI Running and Sliding Fits (RC)

4. ANSI Clearance Locational Fits (LC)

5. ANSI Transition Locational Fits (LT)

6. ANSI Interference Locational Fits (LN)

7. ANSI Force and Shrink Fits (FN)

8. Description of Preferred Metric Fits

9. ANSI Preferred Hole Basis Metric Clearance Fits

10. ANSI Preferred Hole Basis Transition and Interfer-
ence Fits

11. ANSI Preferred Shaft Basis Metric Clearance Fits

12. ANSI Preferred Shaft Basis Metric Transition and
Interference Fits

13. Unified Standard Screw Thread Series

14. Thread Sizes and Dimensions

15. Tap Drill Sizes for American National Thread Forms

16. Hex Cap Screws (Finished Hex Bolts)

17. Socket Head Cap Screws (1960 Series)

18. Square Head Bolts

19. Hex Nuts and Hex Jam Nuts

20. Square Nuts

21. ANSI Metric Hex Jam Nuts and Heavy Hex Nuts

22. ANSI Metric Hex Nuts, Styles 1 and 2

23. ANSI Metric Slotted Hex Nuts and Hex Flange
Nuts

24. ANSI Square and Hexagon Machine Screw Nuts
and Flat Head Machine Screws

25. ANSI Slotted Flat Countersunk Head Cap Screws

26. ANSI Slotted Round and Fillister Head Cap Screws

A-1
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27. Drill and Counterbore Sizes for Socket Head Cap Screws

28. ANSI Hexagon and Spline Socket Head Cap Screws

29. ANSI Hexagon Socket Head Shoulder Screws

30. Drill and Counterbore Sizes for Metric Socket Head
Cap Screws

31. ANSI Socket Head Cap Screws—Metric Series

32. ANSI Metric Hex Bolts

33. ANSI Metric Hex Cap Screws

34. ANSI Hex and Hex Flange Head Metric Machine Screws

35. ANSI Slotted Flat Head Metric Machine Screws

36. ANSI Slotted Headless Set Screws

37. ANSI Hexagon and Spline Socket Set Screws

38. ANSI Hexagon and Spline Socket Set Screw Optional
Cup Points

39. ANSI Square Head Set Screws

40. ANSI Taper Pipe Threads (NPT)

41. ANSI Metric Plain Washers

42. ANSI Type A Plain Washers—Preferred Sizes

43. ANSI Type A Plain Washers—Additional Selected Sizes

44. ANSI Type B Plain Washers

45. ANSI Helical Spring Lock Washers

46. ANSI Internal and External Tooth Lock Washers

47. ANSI Keyseat Dimensions for Woodruff Keys

48. ANSI Standard Woodruff Keys

49. Key Size versus Shaft Diameter—Key Size and
Keyway Depth

50. ANSI Standard Plain and Gib Head Keys

51. ANSI Chamfered, Square End, and Taper Pins

52. British Standard Parallel Steel Dowel Pins—Metric Series

53. ANSI Cotter and Clevis Pins

54. Welding Symbols

55. Patterns

56. Geometric Characteristic Symbols

A-2 APPENDIXES
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Appendix 1 Metric Equivalents

1 inch = 2.540 centimeters
1 foot = 0.305 meter
1 yard = 0.914 meter
1 mile = 1.609 kilometers

Length

U.S. to Metric Metric to U.S.

1 millimeter = 0.039 inch
1 centimeter = 0.394 inch
1 meter = 3.281 feet, or 1.094 yards
1 kilometer = 0.621 mile

tera

giga

mega

kilo

hecto

deka

—

deci

centi

milli

micro

nano

pico

1,000,000,000,000

1,000,000,000

1,000,000

1,000

100

10

1

0.1

0.01

0.001

0.000001

0.000000001

0.000000000001

T

G

M

k

h

da

d

c

m

�

n

p

Prefix Symbol Multiplier

1 inch2 = 6.451 centimeter2

1 foot2 = 0.093 meter2

1 yard2 = 0.836 meter2

1 acre2 = 4,046.873 meter2

Area

1 millimeter2 = 0.00155 inch2

1 centimeter2 = 0.155 inch2

1 meter2 = 10.764 foot2, or 1.196 yard2

1 kilometer2 = 0.386 mile2, or 247.04 acre2

1 ounce = 28.349 grams
1 pound = 0.454 kilogram
1 ton = 0.907 metric ton

Weight

1 gram = 0.035 ounce
1 kilogram = 2.205 pounds
1 metric ton = 1.102 tons

1 foot/second = 0.305 meter/second
1 mile/hour = 0.447 meter/second

Velocity

1 meter/second = 3.281 feet/second
1 kilometer/hour = 0.621 mile/second

1 inch/second2 = 0.0254 meter/second 2

1 foot/second2 = 0.305 meter/second2

Acceleration

1 meter/second2 = 3.278 feet/second2

N (Newton) = basic unit of force, kg-m/s2. A mass of one kilogram (1kg) exerts a
gravitational force of 9.8 N (theoretically, 9.80665 N) at mean sea level.

Force

1 pound/inch3 = 27.68 grams/centimeter3

Density

1 gram/centimeter3 = 0.591 ounce/inch3

1 inch3 = 16.387 centimeter3

1 foot3 = 0.28 meter3

1 yard3 = 0.764 meter3

1 quart = 0.946 liter
1 gallon = 0.003785 meter3

Volume

1 centimeter3 = 0.061 inch3

1 meter3 = 35.314 foot3, or 1.308 yard3

1 liter = 0.2642 gallons
1 liter = 1.057 quarts
1 meter3 = 264.02 gallons
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Appendixes A-5

Appendix 3 ANSI Running and Sliding Fits (RC)

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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A-6 APPENDIXES

Appendix 4 ANSI Clearance Locational Fits (LC)

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendixes A-7

Appendix 5 ANSI Transition Locational Fits (LT)

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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A-8 APPENDIXES

Appendix 6 ANSI Interference Locational Fits (LN)

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendixes A-9

Appendix 7 ANSI Force and Shrink Fits (FN)

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

Back Matter Appendixes 677© The McGraw−Hill 
Companies, 2007

A-10 APPENDIXES

Appendix 8 Description of Preferred Metric Fits

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendixes A-11

Appendix 9 ANSI Preferred Hole Basis Metric Clearance Fits

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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A-12 APPENDIXES

Appendix 10 ANSI Preferred Hole Basis Transition and Interference Fits

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendixes A-13

Appendix 11 ANSI Preferred Shaft Basis Metric Clearance Fits

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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A-14 APPENDIXES

Appendix 12 ANSI Preferred Shaft Basis Metric Transition and Interference Fits

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendixes A-15

Appendix 13 Unified Standard Screw Thread Series

  0

  2

  4
  5
  6
  8
10

1/4
5/16
3/8
7/16
1/2
9/16
5/8

3/4

7/8

1

1-1/8

1-1/4

1-3/8

1-1/2

1-5/8

1-3/4

1-7/8

2

2-1/4

2-1/2

2-3/4

3

3-1/4

3-1/2

3-3/4

4

4-1/4

4-1/2

4-3/4

5

5-1/4

5-1/2

5-3/4

6

  1

  3

12

11/16

13/16

15/16

1-1/16

1-3/16

1-5/16

1-7/16

1-9/16

1-11/16

1-13/16

1-15/16

2-1/8

2-3/8

2-5/8

2-7/8

3-1/8

3-3/8

3-5/8

3-7/8

4-1/8

4-3/8

4-5/8

4-7/8

5-1/8

5-3/8

5-5/8

5-7/8

0.060
0.073
0.086
0.099
0.112
0.125
0.138
0.164
0.190
0.216

0.250
0.3125
0.375
0.4375
0.500
0.5265
0.625
0.6875
0.750
0.8125
0.875
0.9375

1.000
1.0625
1.125
1.1875
1.250
1.3125
1.375
1.4375
1.500
1.5625
1.625
1.6875
1.750
1.8125
1.875
1.9375

2.000
2.215
2.250
2.375
2.500
2.625
2.750
2.875

3.000
3.125
3.250
3.375
3.500
3.625
3.750
3.875

4.000
4.125
4.250
4.375
4.500
4.625
4.750
4.875

5.000
5.125
5.250
5.375
5.500
5.625
5.750
5.875
6.000

Sizes

–
64
56
48
40
40
32
32
24
24

20
18
16
14
13
12
11
 –
10
 –
 9
 –

 8
 –
 7
 –
 7
 –
 6
 –
 6
 –
 –
 –
 5
 –
 –
 –

 4-1/2
 –
 4-1/2
 –
 4
 –
 4
 –

 4
 –
 4
 –
 4
 –
 4
 –

 4
 –
 –
 –
 –
 –
 –
 –

 –
 –
 –
 –
 –
 –
 –
 –
 –

Basic
Major

Diameter
Coarse
UNC

80
72
64
56
48
44
40
36
32
28

28
24
24
20
20
18
18
–
16
–
14
–

12
–
12
–
12
–
12
–
12
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

32

32
32
32
28
28
24
24
24
20
20
20
20

20
18
18
18
18
18
18
18
18
18
18
18
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

Series with graded pitches Series with constant pitches

Primary Secondary

–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–

UNC
6

UNC
6
6
6
6
6
6
6

6
6
6
6
6
6
6
6

6
6
6
6
6
6
6
6

6
6
6
6
6
6
6
6

6
6
6
6
6
6
6
6
6

–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

–
–
–
–

UNC
4

UNC
4

UNC
4

UNC
4

UNC
4

UNC
4

UNC
4
4
4
4
4
4
4

4
4
4
4
4
4
4
4
4

–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–

UNC
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

8
8
8
8
8
8
8
8

8
8
8
8
8
8
8
8

8
8
8
8
8
8
8
8

8
8
8
8
8
8
8
8
8

Fine
UNF

4UN 6UN 8UN 12UN 16UN 20UN

Threads Per Inch

Extra
fine

UNEF
–
–
–
–
–
–
–
–
–
–

–
–
–
–
–

UNC
12
12
12
12
12
12

UNF
12

UNF
12

UNF
12

UNF
12

UNF
12
12
12
12
12
12
12

12
12
12
12
12
12
12
12

12
12
12
12
12
12
12
12

12
12
12
12
12
12
12
12

12
12
12
12
12
12
12
12
12

–
–
–
–
–
–
–
–
–
–

–
–

UNC
16
16
16
16
16

UNF
16
16
16

16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16

16
16
16
16
16
16
16
16

16
16
16
16
16
16
16
16

16
16
16
16
16
16
16
16

16
16
16
16
16
16
16
16
16

–
–
–
–
–
–
–
–
–
–

UNC
20
20

UNF
UNF
20
20
20

UNEF
UNEF
UNEF
UNEF

UNEF
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

20
20
20
20
20
20
20
20

20
–
–
–
–
–
–
–

20
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

UNF

UNF
28
28

UNEF
UNEF

28
28
28
28
28
28
28

28
28
28
28
28
28
28
28
28
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

–
–
–
–
–

UNC
UNC
UNF

UNEF

UNEF
UNEF
UNEF

32
32
32
32
32
32
32
32
32

32
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–

  0
  1
  2
  3
  4
  5
  6
  8
10
12

1/4
5/16
3/8
7/16
1/2
9/16
5/8
11/16
3/4
13/16
7/8
15/16

1
1-1/16
1-1/8
1-3/16
1-1/4
1-5/16
1-3/8
1-7/16
1-1/2
1-9/16
1-5/8
1-11/16
1-3/4
1-13/16
1-7/8
1-15/16

2
2-1/8
2-1/4
2-3/8
2-1/2
2-5/8
2-3/4
2-7/8

3
3-1/8
3-1/4
3-3/8
3-1/2
3-5/8
3-3/4
3-7/8

4
4-1/8
4-1/4
4-3/8
4-1/2
4-5/8
4-3/4
4-7/8

5
5-1/8
5-1/4
5-3/8
5-1/2
5-3/8
5-3/4
5-7/8
6

28UN 32UN Sizes

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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A-16 APPENDIXES

Appendix 14 Thread Sizes and Dimensions

–
0
–
1
1
–
2
2
–
3
3
4
4
–
5
5
6
6
–
8
8

10
10
–

12
12
–

1/4
1/4

5/16
5/16

–
3/8
3/8
–

7/16
7/16

–
1/2
1/2
–

9/16
9/16
5/8
5/8
–
–

3/4
3/4
–
–

7/8
7/8
–
1
1
–

M1.4
–

M1.6
–
–

M.2
–
–

M2.5
–
–
–
–

M3
–
–
-
–

M4
–
–
–
–

M5
–
–

M6
–
–
–
–

M8
–
–

M10
–
–

M12
–
–

M14
–
–
–
–

M16
M18

–
–

M20
M22

–
–

M24
–
–

M27

Nominal
Size

Inch mm

0.055
0.060
0.063
0.073
0.073
0.079
0.086
0.086
0.098
0.099
0.099
0.112
0.112
0.118
0.125
0.125
0.138
0.138
0.157
0.164
0.164
0.190
0.190
0.196
0.216
0.216
0.236
0.250
0.250
0.312
0.312
0.315
0.375
0.375
0.393
0.437
0.437
0.471
0.500
0.500
0.551
0.562
0.562
0.625
0.625
0.630
0.709
0.750
0.750
0.787
0.866
0.875
0.875
0.945
1.000
1.000
1.063

1.397
1.524
1.600
1.854
1.854
2.006
2.184
2.184
2.489
2.515
2.515
2.845
2.845
2.997
3.175
3.175
3.505
3.505
3.988
4.166
4.166
4.826
4.826
4.978
5.486
5.486
5.994
6.350
6.350
7.938
7.938
8.001
9.525
9.525
9.982

11.113
11.113
11.963
12.700
12.700
13.995
14.288
14.288
15.875
15.875
16.002
18.008
19.050
19.050
19.990
21.996
22.225
22.225
24.003
25.400
25.400
27.000

Diameter

Major Minor

Inch mm

–
0.0438

–
0.0527
0.0550

–
0.0628
0.0657

–
0.0719
0.0758
0.0795
0.0849

–
0.0925
0.0955
0.0975
0.1055

–
0.1234
0.1279
0.1359
0.1494

–
0.1619
0.1696

–
0.1850
0.2036
0.2403
0.2584

–
0.2938
0.3209

–
0.3447
0.3726

–
0.4001
0.4351

–
0.4542
0.4903
0.5069
0.5528

–
–

0.6201
0.6688

–
–

0.7307
0.7822

–
0.8376
0.8917

–

–
1.092

–
1.320
1.397

–
1.587
1.651

–
1.828
1.905
2.006
2.134

–
2.336
2.413
2.464
2.667

–
3.124
3.225
3.429
3.785

–
4.089
4.293

–
4.699
5.156
6.096
6.553

–
7.442
8.153

–
8.738
9.448

–
10.162
11.049

–
11.531
12.446
12.852
14.020

–
–

15.748
16.967

–
–

18.542
19.863

–
21.2598
22.632

–

Inch mm

–
0.0469

–
0.0595
0.0595

–
0.0700
0.0700

–
0.0785
0.0810
0.0890
0.0935

–
0.1015
0.1040
0.1065
0.1130

–
0.1360
0.1360
0.1470
0.1590

–
0.1770
0.1800

–
0.2010
0.2130
0.2570
0.2720

–
0.3125
0.3320

–
0.3680
0.3906

–
0.4219
0.4531

–
0.4844
0.5156
0.5312
0.5781

–
–

0.6562
0.6875

–
–

0.7656
0.8125

–
0.8750
0.9219

–

–
3/64

–
53
53
–
50
50
–
47
46
43
42
–
38
37
36
33
–
29
29
26
21
–
16
15
–
7
3
F
I
–

5/16
Q
–
U

25/64
–

27/64
29/64

–
31/64
33/64
17/32
37/64

–
–

21/32
11/16

–
–

49/64
13/16

–
7/8

59/64
–

–
1.168
1.25

1.1499
1.499

1.6
1.778
1.778
2.05
1.981
2.057
2.261
2.380

2.5
2.565
2.641
2.692
2.870

3.3
3.454
3.454
3.733
4.038

4.2
4.496
4.572

5.0
5.105
5.410
6.527
6.908

6.8
7.937
8.432

8.5
9.347
9.921
10.30
10.715
11.509
12.00

12.3031
13.096
13.493
14.684
14.00
15.50
16.668
17.462
17.50
19.50
19.446
20.637
21.00
22.225
23.415
24.00

Tap Drill
(for 75% thread)

Pitch
(mm)

Threads
per Inch

InchDrill

–
–
–
64
–
–
56
–
–
48
–
40
–
–
40
–
32
–
–
32
–
24
–
–
24
–
–
20
–
18
–
–
16
–
–
14
–
–
13
–
–
12
–
11
–
–
–
10
–
–
–
9
–
–
8
–
–

UNC

–
80
–
–
72
–
–
64
–
–
58
–
48
–
–
44
–
40
–
–
36
–
32
–
–
28
–
–
28
–
24
–
–
24
–
–
20
–
–
20
–
–
18
–
18
–
–
–
16
–
–
–
14
–
–
12
–

UNF

0.3
–

0.35
–
–

0.4
–
–

0.45
–
–
–
–

0.5
–
–
–
–

0.7
–
–
–
–

0.8
–
–

1.0
–
–
–
–

1.25
–
–

1.5
–
–

1.75
–
–
2
–
–
–
–
2

2.5
–
–

2.5
2.5
–
–
3
–
–
3

Coarse

0.2
–

0.2
–
–

0.25
–
–

0.35
–
–
–
–

0.35
–
–
–
–

0.35
–
–
–
–

0.5
–
–

0.75
–
–
–
–

1.0
–
–

1.25
–
–

1.25
–
–

1.5
–
–
–
–

1.5
1.5
–
–

1.5
1.5
–
–
2
–
–
2

Fine

Threads per Inch
(Approx.)

85
–
74
–
–
64
–
–
56
–
–
–
–
51
–
–
–
–
36
–
–
–
–
32
–
–
25
–
–
–
–
20
–
–
17
–
–

14.5
–
–

12.5
–
–
–
–

12.5
10
–
–
10
10
–
–

8.5
–
–

8.5

Coarse

127
–

127
–
–

101
–
–
74
–
–
–
–
74
–
–
–
–
51
–
–
–
-

51
–
–
34
–
–
–
–
25
–
–
20
–
–
20
–
–
17
–
–
–
–
17
17
–
–
17
17
–
–

12.5
–
–

12.5

Finemm

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendix 17 Socket Head Cap Screws (1960 Series)

0
1
2
3

4
5
6
8

10
1/4
5/16
3/8

7/16
1/2
5/8
3/4

0.0600
0.0730
0.0860
0.0990

0.1120
0.1250
0.1380
0.1640

0.1900
0.2500
0.3125
0.3750

0.4375
0.5000
0.6250
0.7500

0.50
0.62
0.62
0.62

0.75
0.75
0.75
0.88

0.88
1.00
1.12
1.25

1.38
1.50
1.75
2.00

Nominal
 Size 

or Basic 
Screw

 Diameter

Nominal
 Size 

or Basic 
Screw

 Diameter

0.62
0.77
0.80
0.83

0.99
1.00
1.05
1.19

1.27
1.50
1.71
1.94

2.17
2.38
2.82
3.25

7/8
1
1 1/8
1 1/4

1 3/8
1 1/2
1 3/4
2

2 1/4
2 1/2
2 3/4
3

3 1/4
3 1/2
3 3/4
4

0.8750
1.0000
1.1250
1.2500

1.3750
1.5000
1.7500
2.0000

2.2500
2.5000
2.7500
3.0000

3.2500
3.5000
3.7500
4.0000

3.69
4.12
4.65
5.09

5.65
6.08
7.13
8.11

8.99
10.00
10.87
11.75

12.63
13.50
14.37
15.25

2.25
2.50
2.81
3.12

3.44
3.75
4.38
5.00

5.62
6.25
6.88
7.50

8.12
8.75
9.38

10.00

Thread
Length

Total Thread
Length

LT LTT

Min Max

Thread
Length

Total Thread
Length

LT LTT

Min Max

L

LG

LB

LT

LTT

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

Back Matter Appendixes686 © The McGraw−Hill 
Companies, 2007

Appendixes A-19

1/4
5/16
3/8
7/16

1/2
5/8
3/4
7/8

1
1-1/8
1-1/4
1-3/8
1-1/2

0.2500
0.3125
0.3750
0.4375

0.5000
0.6250
0.7500
0.8750

1.0000
1.1250
1.2500
1.3750
1.5000

0.260
0.324
0.388
0.452

0.515
0.642
0.768
0.895

1.022
1.149
1.277
1.404
1.531

Nominal Size 
or Basic 

Product Diameter

Body
Diameter

Width Across
Flats

Width Across
Corners

Height Radius
of Fillet

Thread Length
for Bolt Lengths

3/8
1/2
9/16
5/8

3/4
15/16

1-1/8
1-5/16

1-1/2
1-11/16
1-7/8
2-1/16
2-1/4

0.375
0.500
0.562
0.625

0.750
0.938
1.125
1.312

1.500
1.688
1.875
2.062
2.250

0.362
0.484
0.544
0.603

0.725
0.906
1.088
1.269

1.450
1.631
1.812
1.994
2.175

0.498
0.665
0.747
0.828

0.995
1.244
1.494
1.742

1.991
2.239
2.489
2.738
2.986

11/64
13/64
1/4

19/64

21/64
27/64
1/2

19/32

21/32
3/4

27/32
29/32

1

0.188
0.220
0.268
0.316

0.348
0.444
0.524
0.620

0.684
0.780
0.876
0.940
1.036

0.156
0.186
0.232
0.278

0.308
0.400
0.476
0.568

0.628
0.720
0.812
0.872
0.964

0.03
0.03
0.03
0.03

0.03
0.06
0.06
0.06

0.09
0.09
0.09
0.09
0.09

0.01
0.01
0.01
0.01

0.01
0.02
0.02
0.02

0.03
0.03
0.03
0.03
0.03

0.750
0.875
1.000
1.125

1.250
1.500
1.750
2.000

2.250
2.500
2.750
3.000
3.250

1.000
1.125
1.250
1.375

1.500
1.750
2.000
2.250

2.500
2.750
3.000
3.250
3.500

0.530
0.707
0.795
0.884

1.061
1.326
1.591
1.856

2.121
2.386
2.652
2.917
3.182

6 in. and 
shorter

over
6 in.

RH LT

MinMax BasicBasic

FE G

MinMax MinMaxMax Basic MinMaxBasic

LT

LG

L

E

G

F

H

Bolt with
Reduced Diameter

Body

A

R

25°
Approx.

A

H
-A-

R (Ref)

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.

Appendix 18 Square Head Bolts
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Appendix 19 Hex Nuts and Hex Jam Nuts

1/4
5/16
3/8
7/16

1/2
9/16
5/8
3/4
7/8

1
1-1/8
1-1/4
1-3/8
1-1/2

0.2500
0.3125
0.3750
0.4375

0.5000
0.5625
0.6250
0.7500
0.8750

1.0000
1.1250
1.2500
1.3750
1.5000

7/16
1/2
9/16
11/16

3/4
7/8

1-5/16
1 1/8
1-5/16

1-1/2
1-11/16
1-7/8
2-1/16
2-1/4

Nominal Size 
or Basic 

Major Diameter
of Thread

Width Across
Flats

Width Across
Corners

Thickness
Hex Nuts

Thickness
Hex Jam Nuts

Specified Proof
Load

Hex Nuts Hex
Jam
Nuts

0.438
0.500
0.562
0.688

0.750
0.875
0.938
1.125
1.312

1.500
1.688
1.875
2.062
2.250

0.428
0.489
0.551
0.675

0.736
0.861
0.922
1.088
1.269

1.450
1.631
1.812
1.994
2.175

0.505
0.577
0.650
0.794

0.866
1.010
1.083
1.299
1.516

1.732
1.949
2.165
2.382
2.598

0.226
0.273
0.337
0.385

0.448
0.496
0.559
0.665
0.776

0.887
0.999
1.094
1.206
1.317

7/32
17/64
21/64

3/8

7/16
31/64
35/64
41/64

3/4

55/64
31/32

1-1/16
1-11/64
1-9/32

0.212
0.258
0.320
0.365

0.427
0.473
0.535
0.617
0.724

0.831
0.939
1.030
1.138
1.245

5/32
3/16
7/32
1/4

5/16
5/16
3/8

27/64
31/64

35/64
39/64
23/32
25/32
27/32

0.163
0.195
0.227
0.260

0.323
0.324
0.387
0.446
0.510

0.575
0.639
0.751
0.815
0.880

0.150
0.180
0.210
0.240

0.302
0.301
0.363
0.398
0.458

0.519
0.579
0.687
0.747
0.808

0.015
0.016
0.017
0.018

0.019
0.020
0.021
0.023
0.025

0.027
0.030
0.033
0.036
0.039

0.015
0.016
0.017
0.018

0.019
0.020
0.021
0.023
0.025

0.027
0.030
0.033
0.036
0.039

0.010
0.011
0.012
0.013

0.014
0.015
0.016
0.018
0.020

0.022
0.025
0.028
0.031
0.034

0.488
0.557
0.628
0.768

0.840
0.982
1.051
1.240
1.447

1.653
1.859
2.066
2.273
2.480

Up to
150,000

psi

H1
Runout of Bearing Face, 

FIM

MaxMax

GF H

Min Max MinMinMaxBasic MinMaxBasic Basic

150,000
psi and
Greater

All
Strength
Levels

F
HH

G

.016
Approx.

H1 H1
.016
Approx.

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendix 20 Square Nuts

1/4
5/16
3/8
7/16

1/2
5/8
3/4
7/8

1
1-1/8
1-1/4
1-3/8
1-1/2

0.2500
0.3125
0.3750
0.4375

0.5000
0.6250
0.7500
0.8750

1.0000
1.1250
1.2500
1.3750
1.5000

7/16
9/16
5/8
3/4

13/16
1
1-1/8
1-5/16

1-1/2
1-11/16
1-7/8
2-1/16
2-1/4

Nominal Size 
or Basic 

Major Diameter
of Thread

Width Across
Flats

Width Across
Corners

Thickness

0.438
0.562
0.625
0.750

0.812
1.000
1.125
1.312

1.500
1.688
1.875
2.062
2.250

0.425
0.547
0.606
0.728

0.788
0.969
1.088
1.269

1.450
1.631
1.812
1.994
2.175

0.619
0.795
0.884
1.061

1.149
1.414
1.591
1.856

2.121
2.386
2.652
2.917
3.182

7/32
17/64
21/64

3/8

7/16
35/64
21/32
49/64

7/8
1
1-3/32
1-13/64
1-5/16

0.203
0.249
0.310
0.356

0.418
0.525
0.632
0.740

0.847
0.970
1.062
1.169
1.276

0.235
0.283
0.346
0.394

0.458
0.569
0.680
0.792

0.903
1.030
1.126
1.237
1.348

0.554
0.721
0.802
0.970

1.052
1.300
1.464
1.712

1.961
2.209
2.458
2.708
2.956

Max

GF H

Min Min MinMaxBasic BasicMax

G

F

G

25°
Approx.

H

25°
Approx.

25°
Approx.

Optional

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendixes A-23

Appendix 23 ANSI Metric Slotted Hex Nuts and Hex Flange Nuts

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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A-24 APPENDIXES

Appendix 24 ANSI Square and Hexagon Machine Screw Nuts and Flat Head Machine Screws

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendixes A-29

Appendix 33 ANSI Metric Hex Cap Screws

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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A-30 APPENDIXES

Appendix 34 ANSI Hex and Hex Flange Head Metric Machine Screws

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendixes A-31

Appendix 35 ANSI Slotted Flat Head Metric Machine Screws

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendixes A-33

Appendix 38 ANSI Hexagon and Spline Socket Set Screw Optional Cup Points

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendixes A-35

Appendix 40 ANSI Taper Pipe Threads (NPT)

1/16
1/8
1/4
3/8

1/2
3/4

1
1 1/4
1 1/2

2
2 1/2
3
3 1/2
4

5
6
8
10
12

14 O.D.
16 O.D.
18 O.D.
20 O.D.
24 O.D.

0.3125
0.405
0.540
0.675

0.840
1.050
1.315
1.660
1.900

2.375
2.875
3.500
4.000
4.500

5.563
6.625
8.625
10.750
12.750

14.000
16.000
18.000
20.000
24.000

27
27
18
18

14
14
11.5
11.5
11.5

11.5
8
8
8
8

8
8
8
8
8

8
8
8
8
8

Nominal
Pipe
Size

Outside
Diameter
of Pipe

Number
of

Threads
per Inch

Pitch
of

Thread

Pitch
Diameter
at End of
External
Thread

Pitch
Diameter
at End of
Internal
Thread

Normal
Engagement

by Hand
between

External and
Internal
Threads

Length
of

Effective
External
Thread

Height
of

Thread

0.03704
0.03704
0.05556
0.05556

0.07143
0.07143
0.08696
0.08696
0.08696

0.08696
0.12500
0.12500
0.12500
0.12500

0.12500
0.12500
0.12500
0.12500
0.12500

0.12500
0.12500
0.12500
0.12500
0.12500

0.27118
0.36351
0.47739
0.61201

0.75843
0.96768
1.21363
1.55713
1.79609

2.26902
2.71953
3.34062
3.83750
4.33438

5.39073
6.44609
8.43359
10.54531
12.53281

13.77500
15.76250
17.75000
19.73750
23.71250

0.28118
0.37360
0.49163
0.62701

0.77843
0.98887
1.23863
1.58338
1.82234

2.29627
2.76216
3.38850
3.88881
4.38712

5.44929
6.50597
8.50003

10.62094
12.61781

13.87262
15.87575
17.87500
19.87031
23.86094

0.2611
0.2639
0.4018
0.4078

0.5337
0.5457
0.6828
0.7068
0.7235

0.7565
1.1375
1.2000
1.2500
1.3000

1.4063
1.5125
1.7125
1.9250
2.1250

2.2500
2.4500
2.6500
2.8500
3.2500

0.02963
0.02963
0.04444
0.04444

0.05714
0.05714
0.06957
0.06957
0.06957

0.06957
0.10000
0.10000
0.10000
0.10000

0.10000
0.10000
0.10000
0.10000
0.10000

0.10000
0.10000
0.10000
0.10000
0.10000

0.160
0.1615
0.2278
0.240

0.320
0.339
0.400
0.420
0.420

0.436
0.682
0.766
0.821
0.844

0.937
0.958
1.063
1.210
1.360

1.562
1.812
2.000
2.125
2.375

E0 E1
† L1

¶ L2
§pD

Dimensions in inches.
†Also pitch diameter at gaging notch.
§Also length of plug gage.
¶Also length of ring gage, and length from gaging notch to small end of plug gage.
*For the 1/8-27 and 1/4-18 sizes…E1 approx. = D – (0.05D + 0.827) p
Above information extracted from American National Standard for Pipe Threads, ANSI B2.1.
Reprinted courtesy of ITT-Grinnell.

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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A-36 APPENDIXES

Appendix 41 ANSI Metric Plain Washers

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendixes A-39

Appendix 45 ANSI Helical Spring Lock Washers

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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A-40 APPENDIXES

Appendix 46 ANSI Internal and External Tooth Lock Washers

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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A-44 APPENDIXES

Appendix 51 ANSI Chamfered, Square End, and Taper Pins

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendixes A-45

Appendix 52 British Standard Parallel Steel Dowel Pins—Metric Series

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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A-46 APPENDIXES

Appendix 53 ANSI Cotter and Clevis Pins

SOURCE: Reprinted courtesy of The American Society of Mechanical Engineers.
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Appendixes A-47

Appendix 54 Welding Symbols

SOURCE: Reprinted courtesy of the American Welding Society.
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A-48 APPENDIXES

Appendix 54 Welding Symbols (Continued)
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Appendixes A-49

Appendix 54 Welding Symbols (Continued)
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Appendix 54 Welding Symbols (Concluded)
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Pattern of a Cube to Be Made into
Three-Dimensional Form
NOTE: Dashed lines represent where the paper is to be folded, and
solid lines are where the paper is cut. Use glue and/or tape to create
the objects.

Figure A.1

Pattern of a Prism (Brick) to Be Made into Three-Dimensional
Form

Figure A.2

Appendix 55 Patterns
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A-52 APPENDIXES

Pattern of a Wedge to Be Made into Three-Dimensional
Form

Figure A.3

Pattern of a Cylinder to Be Made into Three-Dimensional
Form

Figure A.4

Appendix 55 Patterns (Continued)
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Pattern of a Cone to Be Made into 
Three-Dimensional Form

Figure A.5

Pattern of a Wedge Block to Be Made into Three-Dimensional
Form

Figure A.6

Appendix 55 Patterns (Continued)
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Pattern of an Oblique Block to Be Made into Three-Dimensional FormFigure A.7

Appendix 55 Patterns (Concluded)
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SOURCE: Courtesy of ASME Y14.5M–1994.

Appendix 56 Geometric Characteristic Symbols
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Glossary

G-1

A
absolute coordinates (n) Coordinates associ-
ated with an origin that never changes location
and thus gives a stable method of locating
geometry in space. The absolute coordinate sys-
tem is also called the world or global coordinate
system.

absolute scale (n) A data scale that has both a
defined zero point and units. The Kelvin tem-
perature scale is an example of an absolute
scale.

actual size (n) A tolerancing measure used
to describe the size of a finished part after
machining.

additive (adj.) A process or state whereby ele-
ments combine together, such as two primitive
shapes combining to form a larger, more complex
one. Additive is the opposite of subtractive.

additive primaries (n) The three primary col-
ors: red, green, and blue. Color systems use
these primaries in differing amounts, working
on the principle of adding spectral wavelengths
to the light energy to create new colors. This sys-
tem is used in lighting and computer display
graphics. The complementary colors are the sub-
tractive primaries: cyan, magenta, and yellow.

adjacent areas (n) Surfaces that are sepa-
rated on a multiview drawing by lines that rep-
resent a change of planes. No two adjacent
areas can lie in the same plane.

adjacent view (n) Orthographic views that
are aligned to each other, allowing dimensional
information to be shared. Examples are the
front and top views or the front and right side
views.

aerial perspective (n) A perceptual cue
where objects farther away appear bluer and
hazier. The cue is based on the effect of parti-
cles in the atmosphere blocking the passage of
light.

aerospace engineering (n) A field of engi-
neering concerned with the design and opera-
tion of aircraft, missiles, and space vehicles.

aesthetics (n) The artistic qualities or aspects
that elicit an emotional response to an object.

agricultural engineering (n) A field of engi-
neering concerned with production agriculture

and its natural resource base and the processing
and chemistry of biological materials for food
and industrial products.

aligned dimensions (n) A style of dimension-
ing in which text is placed parallel to the di-
mension line, with vertical dimensions read
from the right of the drawing sheet. The aligned
method of dimensioning is not approved by the
current ANSI standards but may be seen on
older drawings.

aligned section (n) A section view created by
bending the cutting plane line to pass through
an angled feature. The resulting section does
not show the section in true projection, yet it
gives the clearest possible representation of the
features.

allowance (n) A tolerancing measure used to
describe the minimum clearance or maximum
interference between parts. Allowance is the
tightest fit between two mating parts.

alphabet of lines (n) The standard linestyles
established by ANSI to be used for technical
drawing. The standards specify both the thick-
ness and the design (i.e., dashed, solid, etc.) of
the lines.

alternate four-center ellipse method (n) A
method of creating an approximate ellipse. The
method is used for cavalier oblique drawings.

ambient light source (n) A light source de-
fined by its lack of orientation or location. Fluo-
rescent lighting in an office is an example of
ambient lighting. In renderings, an ambient
light source is sometimes used as a default light
source to give a baseline level of lighting to the
model.

analogous (adj.) A concept meaning similar
or comparable in some respects. The concept is
used to describe the extent to which a graphic
representation compares with a real object.

analysis by solids (n) A common technique
used for determining the multiview drawings of
a part by decomposing the object into geometric
primitives, such as cylinders, prisms, and nega-
tive cylinders.

analysis by surfaces (n) Acommon technique
used for determining the multiview drawings of a
part that has inclined and oblique surfaces.

analytic geometry (n) The analysis of geo-
metric structures and properties, principally
using algebraic operations and position coordi-
nates. The term also refers to a particular geomet-
ric method for describing 3-D solid models.

angle (n) The relative orientation of two lin-
ear elements with respect to each other. The
angle is usually measured relative to the point
of intersection or termination of the two lines.

angularity (n) An orientation control for geo-
metric dimensioning and tolerancing. Angular-
ity is a condition of a surface, center plane, or
axis at an angle other than a right angle to a
datum plane or datum axis.

aperture card (n) A long rectangular card
with a rectangular hole for mounting microfilm.

apparent motion (n) The sense of motion in-
duced by rapidly displaying a series of images
of an object to make the object appear to change
location or shape. Animation techniques take
advantage of this perceptual effect.

archiving (v) A term used to describe the
storing and retrieval process for engineering
documentation. Although originally involving
paper documents, the term increasingly refers to
the storage of computer-generated information
on magnetic or optical media.

area rendering (n) A data visualization tech-
nique in which the pixels in a 2-D area are each
assigned a value. A color lookup table maps a
specific color to each data value to create a ren-
dered region.

array (n,v) Either the process of or resulting
geometry of a single feature being duplicated in
a regular fashion in a model. An array is proce-
dural, in that instructions are given as to how a
feature(s) is to be duplicated rather than having
the user define the final location of each dupli-
cate. Arrays are defined as being either linear or
radial, depending on how the duplication is
defined. Typically, the operator will indicate the
direction (in one or two dimensions) of the du-
plication, spacing between each duplicate fea-
ture, and how many duplicates to create.

arrow plot (n) A visualization technique in
which the dependent variable is a vector rather
than a scalar and is represented by line or arrow
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marks. Because there are typically a large num-
ber of arrow marks in a small region, pattern
(texture) perception can be used to evaluate
trends in the data.

artistic drawing (n) A type of drawing used
to express aesthetic, philosophical, and abstract
ideas. These types of drawings are not intended
to communicate clear, concise information per-
taining to a design.

artwork drawing (n) See fabrication drawing.

assembly drawing (n) A drawing showing
how each part of a design is put together. An as-
sembly drawing normally consists of all the
parts drawn in their operating positions and a
parts list or bill of materials.

assembly section (n) A section view of multi-
ple parts in an assembly. Differing section line
designs differentiate between different materi-
als, or between similar materials belonging to
different parts.

augmented reality (n) A virtual reality sys-
tem that combines or overlays computer graph-
ics imagery with a normal view of a scene. 

authoring (v) The process of using computer
programming tools to assemble different media
into an interactive presentation.

automation (n) The use of machinery in
place of human labor.

autorouting (v) A specialized software
process that suggests routing connections be-
tween components on a circuit board. Autorout-
ing is usually part of a suite of CAD electronics
software functions that also include auto-
mated component placement, programming of
CNC board drilling, and component insertion
equipment.

auxiliary section (n) A section view derived
from an auxiliary view. The term distinguishes
from section views derived from standard or-
thographic views.

auxiliary view (n) A view derived from any
image plane other than the frontal, horizontal,
or profile planes. Auxiliary views are usually
termed primary or secondary, depending on
whether or not they are perpendicular to one
of the above-mentioned primary projection
planes. Primary auxiliary views are termed
depth, height, or width auxiliaries, depending
on the dimension transferred from the measur-
ing view.

axis (n) The line or vector representing a cen-
ter of rotation, such as the longitudinal center
line that passes through a screw thread cylinder.
Also, a vector indicating a dimension in model
space or in a visualization such as a graph.

axonometric axes (n) The axes used to define
the orientation of the primary dimensions in an
axonometric pictorial projection. The relative
angle of the axes to each other determines the
type of axonometric projection.

axonometric projection (n) A parallel projec-
tion technique used to create pictorial drawings
of objects by rotating the object on an axis rela-
tive to a projection plane.

B
B2B (B2C-e-marketplaces) (n) Business
communities are beginning to form e-market-
places, enabling them to automate and leverage
transactions with one another as a community.
By bringing together large numbers of buyers
and sellers, e-marketplaces give sellers access
to new customers, expand the choices available
to buyers and reduce transaction costs.

B-spline curve (n) A parametrically defined
freeform curve that approximates a curve to a
set of control points and provides for local con-
trol. Multiple 2-D curves are often combined to
create 3-D surface patches.

backface culling (n) In rendering, a prepro-
cessing step that removes all faces of the model
that will be completely hidden from view.

bar graph (n) A graph (usually 2-D) in which
one dimension represents the independent vari-
able and the other represents the dependent
variable. The magnitude of the dependent vari-
able is represented by a line or area of uniform
width (a bar).

base feature (n) The first feature created
when defining a solid model. The base feature
creates the initial geometry of the model
from which additional geometry can be added
or subtracted.

baseline dimensioning (n) A type of dimen-
sion where a base line (or datum line) is estab-
lished for each Cartesian coordinate direction
and all dimensions are specified with respect to
those baselines. Also called datum or rectangu-
lar coordinate dimensioning.

basic dimension (n) A tolerancing measure
used to describe the theoretically exact size of a
feature.

basic size (n) A tolerancing measure used to
describe the theoretical size used as a starting
point for the application of tolerances.

bearing (n) A mechanical device designed to
transfer radial or axial loads from a shaft while
minimizing energy loss due to friction from
the rotating shaft. Bearings are usually divided
into two general categories: plain and rolling
contact.

Bezier curve (n) A special case of the B-spline
curve. Unlike a standard B-spline curve, the
Bezier does not provide for local control, mean-
ing that changing one control point affects the
entire curve.

BI (business intelligence) (n) Consolidates
and analyzes raw business data and turns it into
conclusive actionable information. Enables
companies to tap into disparate sources of

customer, operational, and market data and then
use this information to gain a competitive edge.
It provides the intelligence needed to spot
trends, enhance relationships, reduce financial
risk, and create new sales opportunities.

bicubic surface patch (n) A 3-D freeform
surface bounded by a set of curves described by
third-degree (cubic) functions. The bounding
curves, often B-spline or Bezier curves, and
their associated control points are used to
manipulate the shape of the surface.

bilateral tolerance (n) A dimensioning tech-
nique that allows variance in both directions
from the basic size of a part or feature. 

bill of materials (n) A listing of parts or
materials used in an assembled object. The list-
ing is usually included as part of the working
drawing of the full assembly.

binary tree (n) A hierarchical, logical struc-
ture used to organize related elements. Each
node on the tree is linked to exactly two leaves
on the next level down. Binary trees are used to
describe the relationship of geometric elements
in a CSG solid modeler.

bird’s eye view (n) In a perspective pictorial,
a viewpoint looking down from above the
object. From this viewpoint, the ground line is
below the horizon line of the object.

blind hole (n) A hole that does not go com-
pletely through the material. Blind holes can be
created by any cutting device (such as a twist
drill bit) that is capable of plunging into the
material.

block diagram (n) A relatively simple dia-
gram that quickly identifies the relationships
between systems, groups, people, or other
physical or abstract entities. (See also flow
diagrams.)

blueprint (n) A photographic reproduction
process used to copy paper drawings.

boldface (adj.) A style of text in which the
lines that make up the letters are thicker than
normal. This technique is used to make words
or letters stand out visually from the rest of the
text.

bolt (n) A mechanical fastening device with a
head on one end of an externally threaded shaft.
A nut is placed on the threaded shaft and rotated
to clamp the material between the head and nut.

bonding (v) A process in which a material
(usually, a hardening liquid) is added to an as-
sembly to hold parts together. Bonding is a per-
manent fastening method, using processes such
as welding, soldering, brazing, and gluing.

Boolean operations (n) Local operations
used to define the relationship between two
geometric objects. Boolean operations between
new and existing geometry are used exten-
sively to modify solid models in 3-D modeling
software.
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bottom view (n) A principal view of an
object, created by rotating the object 90 degrees
about the horizontal axis below the front view.
This view is not typically included in a standard
multiview drawing.

boundary representation (B-rep) (n) A pop-
ular method of representing solid models. This
database structure describes the geometric and
topological elements of the surface of the
model. Unlike wireframe modeling, a B-rep
explicitly defines the surface of the model.
Unlike CSG modeling, a B-rep does not explic-
itly define the interior volume of the object.

bounding box (n) An imaginary box repre-
senting the maximum dimensions of the object
being drawn. Sketches of objects often begin
with this box, and it is used to define the bound-
aries and guide the placement of individual
features.

brainstorming (v) A process used to identify
as many solutions to a design problem as possi-
ble by freely suggesting ideas without criticism
or discussion of feasibility. A brainstorming ses-
sion will normally have a moderator and a
recorder.

break lines (n) Freehand lines used to show
where an object is broken to reveal interior
features of a part. Such lines can also be used
to show where a portion of a line or object
has been left out for clarity or because of space
limitations.

broken-out section (n) A section view used
to reveal interior features of a part by breaking
away a portion of the object. A broken-out sec-
tion is often used instead of a half or full section
view when the feature of interest is not symmet-
rical with the overall object. The result is a more
efficient drawing. Unlike most other section
views, a cutting plane line is not defined in an
adjacent view.

bump mapping (n) A rendering technique
used to add surface detail to a model. Bump
mapping perturbs the normals used in shading
the surface polygons in such a way as to give
the impression of a regularly undulating surface
(i.e., texture). A golf ball could be represented
as a shaded sphere, with the dimples created
through bump mapping.

C
cabinet oblique (n) A type of oblique pictor-
ial drawing in which the two dimensions of the
frontal surface are drawn parallel to the frontal
plane, and the third (receding) axis is drawn
obliquely at half the scale of the frontal plane.
The receding axis is typically drawn at an angle
of between 45 and 60 degrees.

cabling diagram (n) See wiring diagram.

CAD (v or n) Acronym for computer-aided
drafting, computer-aided design, or computer-
aided design/drafting. The usage depends on

the context in the design process and on
whether the acronym refers to the physical
computer system or the activity of using such a
system to support technical and engineering
graphics.

callouts (n) See line balloon.

cam (n) A mechanical device used to trans-
form rotary motion into reciprocating motion,
using a rolling or sliding contact with another
part called a cam follower. Radial cams move
the follower perpendicular to the shaft; cylindri-
cal cams move the follower parallel to the shaft.
The shape of the contact surface determines the
motion of the follower.

CAM (n) Acronym for computer-aided man-
ufacturing, which is the use of computers to
control the production process. Examples are
robots for assembly and numerically controlled
machine tools. CAM is often combined with
CAD to describe the integration of design and
manufacturing through the use of a common
computer database.

cam follower (n) A mechanical device in
which one end follows a linear, reciprocating
path as the other end traces the surface of a
rotating cam. Followers are often spring loaded
to guarantee a good contact with the surface of
the cam.

cap screw (n) A mechanical threaded fastener
with a head on one end, used to screw into
a mating part. Differing from a bolt, a cap screw
has a longer thread length and does not use
a nut.

CAPP (n) Acronym for computer-aided
process planning, a technique that uses comput-
ers to assist in the planning process. CAPP is an
expert computer system that can be used to de-
termine the optimal sequence of operations for
a part and can then generate the optimal process
and routing sheets necessary to make the part.

Cartesian coordinate system (n) Common
coordinate system used in mathematics and
graphics to locate the position of geometry in
space. First introduced in 1637 by Rene
Descartes (1596–1650), the system is typically
used to locate points in 2-D (X,Y) or 3-D
(X,Y,Z) space by assigning values to the points
based on the mutually perpendicular (orthogo-
nal) axes.

cavalier oblique (n) A type of pictorial draw-
ing in which the two dimensions of the frontal
surface are drawn parallel to the frontal plane,
and the third (receding) axis is drawn obliquely
to the frontal plane and at the same scale. The
receding axis is typically drawn at an angle of
between 45 and 60 degrees.

CAVE® (n) A multiple projection based vir-
tual reality system consisting of multiple
screens and projectors configured into walls,
floor, and ceiling to create a room is called a
CAVE® (Cave automatic virtual environment). 

CD-ROM (n) Acronym for compact disc-
read only memory, a mass storage device that
uses optical technology to store large amounts
of information on a small reflective platter.
Information is written to the disk only once,
at which point the disk is unchangeable.
CD-ROMs are used for archiving audio,
graphic, and textual information and for
publishing and distributing software, graphic
images, multimedia materials, etc.

center lines (n) A type of linestyle used to
represent symmetry and paths of motion and to
mark the centers of circles and the axes of sym-
metrical parts, such as cylinders and bolts.
Unlike visible and hidden lines, center lines do
not represent geometry directly.

central view (n) The view from which related
views are aligned in an orthographic drawing.
Distances and features are projected or measured
from the central view to create the adjacent views.

ceramics (n) Materials, usually with crystal
structures, created from compounds of metallic
and nonmetallic elements. Ceramics can with-
stand high temperatures and resist wear. Some
ceramics, such as glass, are not crystalline in
structure.

chain line (n) A type of line in the alphabet of
lines represented by alternating short and long
dashes.

chamfer (n or v) A beveled corner used on
the opening of a hole and the end of a cylindri-
cal part to eliminate sharp corners. Chamfers fa-
cilitate the assembly of parts and are specified
by giving a linear and angular dimension. When
used as a verb, the term refers to the process of
creating a chamfer on an object.

change of planes (n) A feature sometimes
called a corner which occurs when two nonpar-
allel surfaces meet, forming an edge.

check print (n) A type of hard-copy output
used to check the accuracy and format of a tech-
nical drawing. The check print is a low-quality,
high-speed method of troubleshooting the final
print or plot.

chemical engineering (n) A field of engineer-
ing that includes all phases of technical activi-
ties in which a knowledge of chemistry, along
with other basic sciences, is used to solve prob-
lems related to energy, health, the environment,
food, clothing, shelter, and materials. 

CIM (n) Acronym for computer-integrated
manufacturing, a system for linking manufac-
turing operations into a single integrated
computer system. CIM differs from CAD/CAM
primarily in its integration of business func-
tions, such as accounting, marketing, and person-
nel, into a common computer database shared
by all components of the business.

circle (n) A closed, planar curve that, at all
points, is an equal distance (the radius) from a
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point designated as the center. A circular arc is
an open, planar curve equidistant from a center.
The arc will subtend an angle of less than
360 degrees. A circle is sometimes described as
a 360-degree arc.

circuit side (n) The side of a printed circuit
board on which a majority of the circuit connec-
tions for components are made. The opposite
side of the board is called the component side.

circularity (roundness) (n) A form control
for geometric dimensioning and tolerancing.
For a cylinder or cone, circularity means that all
points on a surface intersected by a plane pass-
ing perpendicular to a common axis are equidis-
tant to that axis. For a sphere, all points on a
surface intersected by a plane passing through
the center are equidistant to that center.

circular line element (n) A geometric control
used in GDT that is any single line on the sur-
face of a cylinder and perpendicular to the axis
of the cylinder.

civil engineering (n) A field of engineering
involved with planning, design, construction,
operation, and maintenance of transportation,
environmental, and construction systems.
Along with military engineering, this field is
often considered the first true engineering field.

clash (v) A condition in which two parts of a
mechanism partially overlap in space, causing
interference. Kinematic analysis using the
Boolean intersection operation is often used to
evaluate clashes in computer models of the
mechanism.

clearance fit (n) A tolerancing measure used
to describe a fit in which two mating parts always
leave a space when assembled. The resulting
space is called an allowance or a clearance and is
usually specified in the assembly drawings.

clip (v) The rendering process of removing
portions of lines or surfaces that reside outside
the view volume. Clipping refers to removing
the portion of the model that resides outside the
horizontal and vertical bounds of the viewing
area and outside the specified near and far depth
(Z) bounds.

clock speed (n) The rate at which the central
processing unit (CPU) of a computer performs
functions. The clock speed is measured in
megahertz (MHz). The higher the clock speed,
the more powerful the CPU.

closed loop (n) The condition required for a
group of edges to form a face (surface) on an
object. The edges must be connected end to end,
forming a continuous path around the perimeter
of the face.

CNC (n) Acronym for computer numeric
control, which describes a form of programma-
ble automation of a machine tool using a
computer in the controller unit. In a computer-
controlled manufacturing center, the individual
machines would use CNC programs, either

sent from a main computer or programmed
locally.

collaborative engineering (n) An integrated
product development process to create a highly
effective team collaboration environment. 

color (n) The perceptual quality of a surface
that results from the combined response to
lightness, hue, and value. Hue is often confused
with color since the names of hues (e.g., red,
purple, yellow, etc.) are used as the primary
classification terms for color.

color lookup table (n) A modular database
that allows colors to be mapped to specific data
values in a visualization. The color lookup table
can be associated with a single rendered image
or be used as a standard table in a library. Color
lookup tables are often referred to as palettes.

command history (n) A listing of commands
entered into the CAD system by the user, along
with the values of the specified parameters.
Command histories can be used as a “script” to
replay sequences of commands or track down
input errors.

composites (n) The combination of two or
more materials, one a reinforcing element and
the other a resin binder or matrix. A common
composite is fiberglass, which is made of glass
fibers and a resin. The more advanced reinforc-
ing elements include carbon/graphite, boron,
and Kevlar (aramid), which are stiff, strong, and
lightweight.

computer animation and simulation (n)
Simulation is the precise modeling of complex
situations that involve a time element; anima-
tion is the imprecise modeling of complex situ-
ations over time. An animation will replicate a
real situation by approximate means; a simula-
tion will replicate a real situation by accurate
means.

computer numeric control (CNC) (n) See
CNC.

computer-aided drafting/design (CAD) (n)
See CAD.

computer-aided manufacturing (CAM) (n)
See CAM.

computer-integrated manufacturing (CIM)
(n) See CIM.

concentricity (n) A condition in which the
axes of all cross-sectional elements of a cylin-
der, cone, or sphere are common to a datum
axis.

conciseness (adj.) A term used to describe
one attribute of a CAD database. The more con-
cise the database, the less space each record
takes in the hard drive of the computer.

concurrent (adj.) The technique of organiz-
ing numerous steps so that they happen in par-
allel rather than one after another (serially).
Concurrent engineering, for example, involves
all members of the design process working

simultaneously in close coordination with each
other rather than each member waiting for other
members to finish with their components of the
design.

cone (n) A geometric solid described by a
straight line (the generatrix), one end of which
is attached to a fixed point (the vertex) and the
other end of which traces a closed, curved path.
The most common cone is a right circular cone,
for which the curved path is a circle and the ver-
tex lies on an axis that is perpendicular to the
circle and through its center.

cone of vision (n) A term used to describe the
amount of space visible by the human eye look-
ing in a fixed direction. The visible volume is
approximately described by a right-angled cone
for which the vertex is at the eye and the axis is
aligned with the view direction.

conics (n) Special case single-curved lines
that can be described in many different ways:
sections of a cone, an algebraic equation, and
the locus of points. For our purposes, conics are
sections of a right circular cone and include the
ellipse, parabola, and hyperbola. The circle is a
special-case conic.

connection list (n) The list of all connections
that need to be made between components on an
electronic circuit board. This list is usually
managed by the electronic CAD program.

connectors (n) Devices used to join elec-
tronic components together to allow the trans-
mission of signals. Connectors include plugs
(external components) and jacks or receptacles
(internal components) and can provide either
temporary or permanent connections. Devices
used for mechanical connection are typically
called fasteners.

constant pitch series thread (n) A type of
thread used for special purposes.

constraint (n) A mathematical requirement
placed on geometric elements in a 3-D model.
Dimensional constraints define the distance be-
tween two geometric elements while geometric
constraints define a relationship such as paral-
lelism or perpendicularity between elements.
The operator establishes an explicit constraint
while the software automatically places an
implicit constraint. A fully constrained feature
has all of its geometry unequivocally defined
while an underconstrained feature does not. An
overconstrained feature has conflicting geomet-
ric requirements.

construction geometry (n) Any geometry
created as part of the CAD modeling process
that does not represent actual part geometry. An
example of this would be workplanes, axes, or
points used to locate geometry in a solid model.

construction lines (n) Light, thin lines drawn
to lay out the framework or structure of a draw-
ing or sketch. Portions of these lines are often
overdrawn with the final linework.
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constructive solid geometry (CSG) (n) A
method of 3-D solid modeling in which geo-
metric primitives are related to each other in a
binary tree structure via Boolean operations.
Each primitive is defined as a solid by a group
of analytic surfaces (half-spaces), and the final
object is defined by the calculation of the
Boolean operations between primitives.

continuity (n) A term used to describe the
transition between two elements. Elements are
continuous if there is no gap or break between
them, and there is a single mathematical func-
tion used to describe the two combined ele-
ments. Continuity is often used to describe the
connection of two curved lines or surfaces.

contour line (n) A line that represents the
independent variable (X,Y) combinations that
result in a constant dependent variable value
(also called an isoline). A contour line can also
represent the juncture between two surfaces of
differing orientations or depths. In this defini-
tion, a contour line is an alternate term for edge.

contour plot (n) A visualization in which the
horizontal and vertical scales both represent
independent variable values, and the contour
lines show the mapping of constant, dependent
variable values. Multiple contour lines are typi-
cally drawn on a plot, representing a uniform
sampling of dependent variable values.

contour sketch (n) A technique to develop
the visual acuity of a novice sketcher by sketch-
ing the outline of an object.

control points (n) Points used in conjunction
with spline curves. These points are not part of
the curve proper, but the relationship between
the control points and the points on the curve is
used to define the shape of the curve.

controlling (v) The procedures used to con-
trol materials, machines, and processes in the
manufacturing and production cycle through
automation, measuring, inspection, and testing.

conventions (n) Commonly accepted prac-
tices, rules, or methods. In technical drawing, a
convention is the use of dashed lines to desig-
nate a feature hidden from the current view-
point.

convolute (n) A single-curved surface gener-
ated by a straight line moving such that it is
always tangent to a double-curved line.

Coons’ surface (n) A 3-D surface defined by
input curves. This surface was named after
Steven A. Coons, who developed the mathemat-
ical method for defining complex shapes used
in the design of aircraft, automobiles, and ships’
hulls.

coordinate dimensioning (n) A technique in
which all dimensions are calculated as Carte-
sian X and Y distances from an origin point,
usually located at the lower left-hand corner of
the part. Also known as datum dimensioning or
baseline dimensioning, coordinate dimension-

ing should be used cautiously because of the
tolerance stackup that takes place.

coordinates (n) A set of real numbers defin-
ing the location of a point in space. One value is
given for each dimension of the space (i.e., 2-D,
3-D), and each value is determined by the
point’s distance from the defined origin.

corner (n) The nontangential intersection of
two or more surfaces of an object. The intersec-
tion of two surfaces is usually referred to as an
edge. Corners are represented on a drawing by ei-
ther a single line or multiple co-terminating lines.

counterbored hole (n) A type of hole that has
been enlarged at the top to allow heads of bolts
to be flush with or below the surface of the part.

countersunk hole (n) A type of hole that has
been enlarged at the top to allow heads of flat
head fasteners to be flush with or below the sur-
face of the part.

course series thread (n) A type of thread
used for quick assembly or disassembly which
is designated as NC or UNC on drawings.

CPU (n) Acronym for central processing
unit. The CPU is the heart of the computer, co-
ordinating all primary activities of the computer
and processing a majority of operations or
“calls” from the software. Computers are often
classified by their CPUs. Examples are Intel’s
Pentium™ and Motorola’s PowerPC™ 601.

crest (n) A threading term describing the peak
or top surface of a screw thread.

CRM (customer relationship management)
(n) Use proven methodologies and e-business
technologies to help enable companies to iden-
tify, select, acquire, develop, and retain profitable
customers, building the lasting relationships that
are key to long-term financial success.

cross-hatch lines (n) An alternate term for
section lines. Cross-hatch often refers to section
line symbols in which the lines cross each other
rather than simply running parallel to each
other.

curved line (n) A line which does not follow
a straight path. Curved lines are often classified
by their underlying mathematical functions.
Examples are circular and elliptical curves.

cutting plane (n) An imaginary plane in
space used to define the division between two
parts of an object. A cutting plane is often used
to define a portion of an object to be removed in
order to reveal the interior detail.

cutting plane lines (n) A line showing the lo-
cation of a cutting plane in section drawings.
The cutting plane line is drawn in the view for
which the line of sight is parallel to the cutting
plane. Arrows on the ends of the section line
point toward the material to be retained in the
corresponding section view.

cycle time (n) The total time required for a
process to take place.

cycloid (n) A curve generated by the motion
of a point on the circumference of a circle that is
rolled in a plane along a straight line.

cylinder (n) A planar geometric solid de-
scribed by a straight line (the generatrix) that
traces a closed, curved path and always stays
parallel to itself. The most common cylinder is
a right circular cylinder for which the curved
path is a circle and the generatrix is perpendicu-
lar to the path.

cylindrical coordinates (n) A system for
locating points in space with one angle and two
lengths. Cylindrical coordinates describe a
point as a distance from the origin, its angle in
the X–Y plane, and its Z value. Cylindrical
coordinates are useful when designing circular
shapes and geographic applications.

cylindricity (n) A form control for geometric
dimensioning and tolerancing. Cylindricity
indicates that all points on the surface should be
equidistant from a common axis. Unlike circu-
larity, cylindricity refers to both the circular
and the linear (longitudinal) elements on the
surface.

D
data region (n) The region in a visualization
where the actual data is represented. In a graph
or plot, the region would be bounded by the
scales (axes) where the point or line markers
representing the data are drawn.

data visualization (n or v) The method or
end result of transforming numeric and textual
information into a graphic format. Visualiza-
tions are used to explore large quantities of data
holistically in order to understand trends or
principles.

datum (n) A theoretically exact point, axis, or
plane used as a reference for tabular dimension-
ing. A datum marks the origin from which the
location and orientation of geometric features
are established.

datum dimensioning (n) A type of dimen-
sion where a base line (or datum line) is estab-
lished for each Cartesian coordinate direction
and all dimensions are specified with respect to
those baselines. Also called rectangular coordi-
nate or baseline dimensioning.

datum feature (n) A term used in geometric
dimensioning and tolerancing to describe a real
or theoretical feature selected to ensure the
proper orientation or location of other features
on a part. Controls define features on the part
relative to the datum features.

datum feature symbol (n) A symbol on a
drawing to identify the features used to create
the datums. 

datum reference frame (n) A term used in
geometric dimensioning and tolerancing to de-
scribe the theoretical reference frame used to
evaluate the location and orientation of features
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of a part. The frame consists of three mutually
perpendicular (orthogonal) planes, which typi-
cally correspond to the principal planes of
projection in a multiview drawing or the global
coordinate system in a 3-D modeling system. In
inspections, a physical surface may be estab-
lished to simulate one of the reference planes.

declarative information (n) A term used to
describe the current state of an object. This type
of information can be thought of as descriptive
nouns. The location of a point in a coordinate
system (8,3,5) is an example of declarative
information.

density slicing (n) A visualization technique,
used with area and volume renderings, in which
a particular data value or small range of values
is highlighted in contrasting color. This tech-
nique can be used either for a single static
image or for sequential images highlighting dif-
ferent data values in the image.

dependent variable (n) A variable dependent
on the response of the model and not controlled
by the experimenter. Every dependent variable
value is paired with one or more independent
variables and represents the model’s response to
the independent variable values.

depth (n) One of the three principal dimen-
sions of an object. The depth dimension is
described in the right side and top views of a
multiview drawing. The depth dimension is
often associated with the Z axis in a 3-D model-
ing system. Depth can also refer to the distance
cut into an object using a machining process
(e.g., the distance measured between the crest
and root of a thread normal to the axis or the
depth of a drilled hole).

descriptive geometry (n) The fundamental
basis of the science of projection drawing,
attributed to the work of Gaspard Monge
(1746–1818). It is the basis of all types of 3-D
representations on 2-D media used today.

design analysis (n) The evaluation of a pro-
posed design during the refinement process,
using the criteria established in the ideation
phase. The refinement stage is normally the sec-
ond of three major phases in the design process.

design for manufacturability (DFM) (n) A
technique in which ways are found to simplify
a design and reduce manufacturing costs. Using
CAD/CAM technology, DFM determines
the manufacturability of a design before it is
produced.

design intent (n) A phrase describing the
integration into the model of how feature
dimensions and geometry relate to each other in
order to satisfy the design constraints of the
final product. Design intent is usually embodied
in the model through the definition of features
and their constraints.

design process (n) The method used to create
a solution to an engineering or technical problem.

The result is often a product, either one of a kind
or mass produced. The design process, though
unique to each problem, typically includes stan-
dard stages and uses graphics to communicate
information between and within these stages.

design review (n) A formal meeting where
the design team presents their progress to man-
agement.

design visualization (n) A process using the
fundamental capabilities of a human visual sys-
tem; the ability to perceive 3-D form, color, and
pattern. Visualization is an analysis method
used in the second stage of the design process,
the refinement phase.

detail drawing (n) A dimensioned multiview
drawing of a single part, using ANSI standard
conventions to describe the part’s shape, size, ma-
terial, and finish. Detail drawings are sufficiently
descriptive that the part can be manufactured
using the drawing as the only communications
device. Detail drawings are produced from de-
sign sketches or extracted from a 3-D computer
model.

development (n) An alternative description
of the surfaces of a 3-D object as a 2-D pattern.
The creation of a development is often thought
of as an unfolding of the surfaces of an object.
A developable surface, then, can be unfolded
or unrolled onto a plane without distortion.
Single-curved surfaces, such as cylinders and
cones, are also developable.

deviation (n) A tolerancing measure used to
describe the difference between the size of a
produced part and the basic size.

DFM (n) See design for manufacturability.

diameter symbol (n) A symbol used in ANSI
dimensioning that precedes a numerical value,
indicating that the value shows the diameter of
a circle. The symbol used is the Greek letter
phi (�).

diazo (n) A type of print process used to copy
paper drawings. 

difference (–) (n) The Boolean operation that
subtracts, or removes, the intersecting geome-
try from the specified solid. For example, in the
Boolean operation A – B, the intersection of
solids A and B is removed from A.

diffuse (adj.) A term describing a reflection 

of light that strikes a surface and reflects uni-
formly in all directions, creating no highlights
or hot spots.

digital enterprise (n) A model that facilitates
the simultaneous working of many departments
in a company.

digital terrain model (DTM) (n) A 3-D com-
puter model of a landform generated from sur-
vey data. Such models are often used by civil
engineers and land planners to explore possible
placements of structures or changes to the ter-
rain before actual construction begins.

dihedral angle (n) The angle between two
planes. Finding the true measurement of a dihe-
dral angle requires an edge view of the two
planes and is a common application for the use
of auxiliary views.

dimension (n or v) The physical size of an
object, or the process of documenting physical
sizes. The number of dimensions used to
describe the object depends on whether length
(1-D), area (2-D), or volume (3-D) is being
measured. Dimensioning can also refer to the
measurement of size, location, and orientation
of particular features on an object.

dimension line (n) A thin, solid line that
shows the extent and direction of a dimension.
Dimension lines are paired with the number rep-
resenting the physical size of the feature, and ex-
tension lines are used to associate the dimension
to the corresponding feature on the drawing.

dimetric projection (n) An axonometric pro-
jection in which two of the three axes have the
same scale and the same angle relative to the
third axis. A dimetric drawing is less pleasing to
the eye than a trimetric projection but is easier
to draw.

direct data exchange (n) A method of data
exchange between CAD systems. Data is di-
rectly translated from the format native to one
system to the format native to another system.

direct view (n) A descriptive geometry tech-
nique (sometimes referred to as the natural
method) that places the observer at an infinite
distance from the object, with the observer’s
line of sight perpendicular to the geometry in
question. In third-angle projection, a projection
plane is placed between the observer and the
object, and the geometry is projected onto the
projection plane.

directrix (n) A line (typically curved) that
describes the path of a straight line (the genera-
trix). The path of the generatrix along the direc-
trix describes ruled surfaces or solids.

discretization (n) The method of dividing
more complex geometry into simpler geometry.
A discretized model can be manipulated using
techniques such as finite element analysis, in
which all the simple geometric components of a
model are evaluated simultaneously.

displacement (n) The linear or angular dis-
tance moved by a part or mechanism. In cam
design, a displacement diagram is used to chart
the linear location of the follower relative to the
angular position of the cam.

displacement diagram (n) A graph or flat
pattern drawing of the travel of the follower on
a cam.

display devices (n) The hardware used to dis-
play output text and graphics of computer soft-
ware, such as CAD. The most common display
device is the cathode ray tube, or CRT, used in
computer monitors.
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dither pattern (n) A method of simulating
varying value (gray) levels within an image
when only one color of ink (usually black) is
available. The patterns are achieved by group-
ing square matrices of pixels in an image (e.g.,
3 � 3) and coloring a pattern of pixels in the
matrix, based on the average value level in the
matrix region. Because of the small size of
the pixels relative to the size of the image, the
pixel patterns give the impression of value
changes when viewed at a distance.

documentation (n) The process used to for-
mally record and communicate the final design
solution.

document sketches (n) A more formal type
of freehand sketch used during the refinement
stage of the design process. These sketches
often contain many of the conventions found in
more formal drawings.

domain (n) A term that describes the types of
objects that can or cannot be represented by a
computer modeler. The larger the domain, the
greater the number of objects the CAD system
can describe.

donut (n) See feed-through.

double-curved surface/line (n) A surface or
line that curves in two orthogonal dimensions
at the same time. A sphere is an example of a
double-curved surface.

double-line drawing (n) See piping drawing.

drawing number (n) Drawings used in in-
dustry are assigned a number which is normally
placed in the title block.

drill drawing (n) See fabrication drawing.

drawing exchange format (n) See DXF.

drilling (v) A process that uses a rotating cut-
ting tool to produce holes. It can also refer more
specifically to a process that produces holes
using twist drill bits.

DTM (n) See digital terrain model.

DXF (n) Acronym for drawing exchange for-
mat, a nonproprietary CAD data format devel-
oped by Autodesk to facilitate the exchange of
CAD-based graphic information. It has become
a de facto neutral data exchange format for the
microcomputer CAD industry.

dynamic analysis (n) The evaluation of a de-
sign as it changes over time. Unlike kinematic
analysis, dynamic analysis assumes that forces
(e.g., gravity, angular momentum) are both
acting on and created by the mechanism being
analyzed.

E
E-business (n) The process of using Web
technology to help businesses streamline
processes, improve productivity, and increase
efficiencies. Enables companies to easily com-
municate with partners, vendors, and customers,

connect back-end data systems, and transact
commerce in a secure manner.

E-business infrastructure (n) The hardware
and software technology necessary to support
the day-to-day activities in the digital enterprise.

ECO (n) See engineering change order.

E-commerce (n) The ability to buy and sell
products and services over the Internet. In-
cludes online display of goods and services,
ordering, billing, customer service, and all han-
dling of payments and transactions.

edge (n) The intersection or boundary of two
nontangential surfaces (faces). An edge is repre-
sented on a technical drawing as a line or a
change in shading gradients in a rendered
image.

edge view (n) The view of a surface such that
it is seen as a line. For a planar surface, the edge
view is an orthographic view parallel to the
plane in which the surface resides.

efficiency (adj.) With respect to CAD, the
speed with which software can execute a com-
mand. This is reflected in the amount of com-
puter processing time required to execute a
command.

elastomers (n) A special class of polymers
that can withstand elastic deformation, then re-
turn to their original shape and size. Natural
rubber, polyacrylate, ethylene propylene, neo-
prene, polysulfide, silicone, and urethane are
types of elastomers.

electrical engineering (n) A field of engi-
neering that includes the research, develop-
ment, design, and operation of electrical and
electronic systems and their components.

elevation drawing (n) A type of drawing
commonly used in civil, architectural, or engi-
neering projects involving large structural lay-
outs. An elevation drawing (sometimes called
an elevation view) is an orthographic view per-
pendicular to the line of gravity (i.e., parallel to
the terrain). These drawings are useful in plan-
ning the vertical arrangement of components
within a structure, or of the structure relative to
the terrain, and are also used to make aesthetic
judgments since this view closely matches how
the structure would be seen.

ellipse (n) A single-curved line primitive. An
ellipse is a conic section produced when a plane
is passed through a right circular cone oblique
to the axis and at a greater angle with the axis
than the elements. An ellipse also describes a
circle or circular arc viewed at any angle other
than normal (perpendicular).

engineer (n) A professional concerned with
applying scientific knowledge to practical prob-
lems. The discipline is divided into a number of
specialties, such as civil, mechanical, chemical,
electronic, aerospace, electrical, and industrial
engineering.

engineering change order (ECO) (n) A doc-
ument that begins the process for making
changes in a design. Normally, the ECO will be
documented in an engineering change note
(ECN). A copy of the engineering drawing is at-
tached to the order, with sketches and a written
description of the change. A reference number
is given to the change order so that it can be
traced within the organization.

engineering design (n) A process used to de-
sign a new system or process.

engineering digital management system
(EDMS) (n) Database software tool used to
manage digital drawing files.

engineering graphics (n) A communications
method used by engineers and other technical
professionals during the process of finding solu-
tions to technical problems. Engineering graph-
ics are produced according to certain standards
and conventions so that they can be read and
accurately interpreted by anyone who has
learned those standards and conventions.

enterprise data management (EDM) (n) A
process using computer software to track CAD
or office documents. Sometimes called enter-
prise document management (EDM).

enterprise document management (EDM)
(n) A process using computer software to
track CAD or office documents. Sometimes
called enterprise data management (EDM).

envelope principle (n) A term used in geo-
metric dimensioning and tolerancing to de-
scribe how much a feature can deviate from
ideal form, orientation, or position as it departs
from maximum material condition.

equal measure projection (n) Also called an
isometric projection. A type of pictorial projec-
tion created when all three angles of the axono-
metric axes are equal.

ergonomics (n) A technical field concerned
with optimizing the interface between humans
and technology. The field has numerous special-
ties, including industrial safety and hygiene,
human–computer interface design, and the de-
sign of control panels in manufacturing plants,
cars, airplanes, etc.

ERP (enterprise resource planning) (n)
Helps businesses streamline and manage criti-
cal operations such as inventory maintenance,
supplier interaction, product planning, purchas-
ing, customer service, and order tracking. Sup-
ported by multi-module application software, it
links together fragmented operations and shares
data across an integrated set of application
modules.

error bar (n) A mark added to data points in
graphs and plots to indicate the range of proba-
ble values. Since perfect accuracy is not possi-
ble in any kind of experimental method, the
error bar represents the degree of certainty in
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the data value. The length of the bar usually rep-
resents the statistic of standard deviation.

error checking (v) The process of evaluating
actions requested by the operator to determine
if such actions resulted in invalid geometry. De-
pending on the system, error checking may be
done automatically (such as when a file is saved
to disk) or manually at the request of the user.

etching (n) The method of creating patterns,
typically in metal, using chemical processes.
In the electronics industry, etching is used to
remove conductive material, usually copper,
from printed circuit boards to create wiring pat-
terns. The wiring pattern is printed on the board
in a chemically resistant ink, and the rest of the
conductive material is then dissolved away in a
chemical bath.

Euler operations (n) Low-level operations
used to construct models from geometric primi-
tives, such as vertices, edges, and faces. The
validity of the model is guaranteed by a
simple mathematical formula, credited to both
Leonhard Euler (1707–1783) and Jules Henri
Poincaré (1854–1912).

evaluated (adj.) A description of a model for
which the final form is explicitly represented in
the database. An evaluated model is not concise
(it may take up large amounts of memory), but
it is efficient (calculations on the model are
processed quickly).

exploded assembly (n) An assembly draw-
ing, usually a pictorial, in which the parts of the
assembly are spread apart (exploded) from their
functional location in order to provide a larger,
clearer view of the features of the individual
parts. Flow lines are used to relate the parts to
each other and to demonstrate assembly. This
type of assembly drawing is used extensively
for technical illustrations in such applications as
parts catalogs and assembly instructions.

exposure (n) The orientation of a principal
surface of an object relative to the image plane.
The greater the exposure, the closer the sur-
face(s) is to being parallel to the image plane
and, therefore, the lower the distortion caused
by foreshortening.

extension line (n) A thin, solid line perpen-
dicular to a dimension line, indicating which
feature is associated with the dimension.

extra fine series thread (n) A type of thread
used when the length of engagement is short
and the application calls for high degrees of
stress and are designated NEF and UNEF on
drawings.

extranet (n) Private secure networks that
allow access to a company’s internal intranet by
outside entities.

F
fabrication drawing (n) An electronics
drawing that presents the complete engineering

for the manufacture of a printed circuit board.The
fabrication drawing contains an accurate to-scale
layout of the board shape, drill hole locations,
material and manufacturing specifications, and
conductor pattern. The conductor pattern is bro-
ken out to make an artwork drawing, a screen
print drawing, and the mask used in board etch-
ing. The drill hole information is sometimes
broken out into a separate drill drawing for use
in programming the drill patterns.

face (n) A distinct planar or curved surface or
region on an object. One or more faces joined
together at edges define the boundary between
object and nonobject. A face is a topological
element in a 3-D model.

face-edge-vertex graph (n) The data struc-
ture used by boundary representation (B-rep)
3-D solid modelers. The graph contains both
geometric information on the location and size
of geometric elements and topological informa-
tion on how they are linked together.

facets (n) Repeating groups of polygons of
similar topology, forming an approximate rep-
resentation of a curved surface. Curved surfaces
such as cylinders and spheres are subdivided
into a series of faceted planar surfaces, which
approximate the original surface. This transfor-
mation is often used so that curved surfaces can
be rendered using algorithms that only support
planar surfaces.

faithful (adj.) A measure of whether a com-
puter model contains or imparts sufficient infor-
mation to fulfill its task. In order to define the
faithfulness of a model, the exact use of the
model must be known.

familiar size (n) A perceptual cue in which
the known (familiar) size of an object is used to
judge its distance from the observer. Often, the
comparison of the perceived size of two objects
is used to judge their relative locations in depth.

family of parts (n) Similar parts that can be
grouped together. A family of parts might be a
series of air cylinders that have many common
topologies but have variations in the geometry
of certain features, such as the diameter or
length of the head. Parametric techniques can
be used to represent a family of parts on the
computer or in drawings.

fastener (n) A mechanical device that con-
strains two or more parts. Fasteners can rigidly
join parts or can allow certain degrees of freedom.
Some fasteners are meant to be disassembled for
maintenance (e.g., screws and bolts), while oth-
ers are considered permanent (e.g., rivets).

feature (n) A general term applied to physical
portions of a part. Features typically serve a
function, either in the final application of the
part or in the specification or manufacture of it.
Examples are a hole, slot, stud, or surface.

feature control frame (n) A rectangular out-
line containing geometric dimensioning and

tolerancing information used in the engineering,
production,and inspectionofapart.The left-hand
compartment inside the frame contains the sym-
bol of the geometric control being applied. The
middle compartment contains the size of the
tolerance zone. The right-hand compartment
contains the datum identification symbol(s).

feature of size (n) A feature that is measur-
able; specifically, a spherical or cylindrical
surface, or a pair of parallel plane surfaces,
associated with a feature.

feature tree (n) A computer interface element
common to most constraint-based solid model-
ers. The feature tree lists the geometric features
contained in the model in the order in which they
are interpreted by the modeler. New features
will typically be placed at the bottom of the tree.
A feature in the tree can be construction geome-
try, part features, or components in an assembly.

feed-through (n) A through-hole in a printed
circuit board which has a conductive surround
on at least one side of the board and sometimes
in the hole. The conductive pads or donuts on
either side of the hole are used to make electri-
cal connections through the board and with
component wires that are soldered into the
holes.

FEM/FEA (n) See finite element modeling
and analysis.

fillet (n) A rounded interior corner normally
found on cast, forged, or molded parts. Like a
round, a fillet can indicate that a surface is not
machine finished. A fillet is indicated on engi-
neering drawings as a small arc.

finance process (n) Used to analyze the feasi-
bility of producing a product relative to capital
requirements and return on investment (ROI).

fine series thread (n) A type of thread used
when a great deal of force is necessary for as-
sembly which is designated NF or UNF on
drawings.

finish mark (n) A mark placed on the edge
view of a surface used on an engineering draw-
ing to indicate that a surface is to be machine
finished.

finite element modeling and analysis
(FEM/FEA) (n) An analysis technique used
extensively to model and analyze forces within
a computer model or a proposed design. In the
modeling phase, the continuous surface or vol-
ume is discretized into a finite number of linked
primitive geometries. In the analysis phase, the
model is subjected to theoretical forces applied
at certain locations, and the resulting forces are
calculated across the rest of the model.

fish-tank VR (n) A desktop computer system
in which a stereo image of a 3-D scene is
viewed on a monitor.

fittings (n) A term used to describe compo-
nents that connect pipes, valves, and other fluid
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and gas-handling equipment. Fittings are often
classified by the method used to join the com-
ponents together. Some of the most common
types are welded, threaded, and flanged
(bolted).

fixture (n) A rigidly held production tool that
securely holds, supports, and locates the work-
piece. Unlike a jig, a fixture is not used to guide
a cutting tool.

flat shading (n) A rendering method that uni-
formly adjusts the value of a surface color based
on its orientation to the light. This method is
considered the simplest shading method since it
only requires the calculation of a single surface
normal.

flatness (n) A form control for geometric di-
mensioning and tolerancing. Flatness indicates
that all points on the surface must lie in a plane.
Flatness for a planar surface is comparable to
straightness for a line.

flexible manufacturing system (FMS) (n) A
group of machines that can be programmed to
produce a variety of similar products. For exam-
ple, an automobile parts supplier might special-
ize in the production of gears for transmissions.
An FMS cell might be used to produce the gears
for more than one automobile manufacturer
because the parts are similar.

flow charts (n) A visualization technique for
displaying relationships in time, particularly for
data that doesn’t conform well to scalar map-
ping. PERT charts and other types of flow charts
are project management tools used to map the
relationship of specified project tasks, person-
nel, and other resources on a single timeline.

flow diagram (chart) (n) A diagram used in
electronic and piping systems to describe the
system’s process and the flow of material (or
electronic signals) through the proposed design.
Since these diagrams only depict the functional
nature of the system, they do not show the true
spatial layout or geometry of the components.

flow lines (n) Lines used primarily in techni-
cal illustrations to indicate the assembly of parts
in an exploded assembly. Flow lines are thin
phantom lines drawn parallel to the line of as-
sembly between two parts. Right-angle jogs are
placed in the flow line when the drawing of the
part has been moved away from the direct line
of assembly for reasons of clarity.

FMS (n) See flexible manufacturing system.

focus point (n) A location where reflecting
rays from a (parabolic or hyperbolic) surface
converge. Focus point describes both the physi-
cal phenomenon of light rays reflecting from a
mirrored surface and the abstract geometric cal-
culations of line paths.

fold line (n) A basic concept in descriptive
geometry used to define a line that is perpendic-
ular to projection lines and is shared between
views of a drawing. A fold line can also describe

the “hinge” line between the image planes of
the glass box used to define orthographic multi-
views.

font (n) The size and style of text characters.

foreshortened (adj.) The reduction in size of
one or more dimensions of a planar face due to
the face not being perpendicular (normal) to the
line of sight. The dimension foreshortened is
defined by the axis of rotation of the face out of
a plane normal to the line of sight. When the
face is rotated in its edge view, the foreshorten-
ing is applied to a line.

forming (v) A process in which components
are held together by virtue of their shape. This is
the least expensive fastening method, and it
may or may not be permanent. Heating and air
conditioning ductwork is held together by form-
ing the sheet metal.

four-color printing (n) A color printing
process in which a full-color image is divided
into four separate images, each representing the
amount of one of the three subtractive primary
colors (cyan, magenta, and yellow) or black
contained in the image. Printing plates are made
from the new images, and each is printed in a
single ink color as an overlay. This process is
also called the CMYK system, an acronym for
the four ink colors, where K is for black.

fractal (adj.) The term, short for fractional
dimensional, used to describe graphics with
randomly generated curves and surfaces that
exhibit a degree of self-similarity. Fractal
design tools provide new opportunities for de-
signers to produce complex patterns with more
visual realism than can be output from conven-
tional geometry programs.

free-form surface (n) Three-dimensional
surfaces that do not have a constant geometrical
shape. Free-form surfaces follow no set pattern,
are classified by their use as constrained or un-
constrained, and are typically produced using
sophisticated CAD programs.

front view (n) A principal view of an object,
typically the first one defined, orienting the
object such that the majority of its features will
be located in the front, right side, and top views.

frontal line (n) A line that is seen in its true
size in the frontal plane.

frontal plane (n) A principal orthographic
plane of projection. This plane is used to define
both the front and back orthographic views.

full section (n) A sectional view generated by
passing a single cutting plane completely
through the object.

functional analysis and design (n) A design
driven by the intended use of the product. Func-
tional analysis determines if the design is an
answer to the problem statement written
during the ideation phase. Aesthetic considera-
tions are often considered the foil to functional
considerations.

functional dimensioning (n or v) A type of
dimensioning technique that identifies func-
tional features of a part which are then dimen-
sioned first.

fundamental deviation (n) A tolerancing
measure used to describe the deviation closest
to the basic size.

G
gaging tolerance (n) An inspection instru-
ment that is at least 10 times more accurate than
the part that is being measured.

gamut (n) The range of colors possible at
a single pixel on the computer monitor. The
gamut is not the full range of colors perceivable
by the eye but is typically quite large. The hard-
ware and software of the computer system
determine what that gamut will be.

gear (n) A toothed wheel device that acts as a
mechanical linkage to transmit power and
motion between machine parts. Most gears
transfer rotary motion from one shaft to another.
They change the location and can change both
the orientation and speed of the rotary motion.
Certain gear types transform rotary motion into
linear (reciprocating) motion.

gear train (n) A mechanism consisting of two
or more gears and used to transmit power. Nor-
mally, gear trains are used to do one or more of
the following: increase speed, decrease speed,
or change the direction of motion.

general notes (n) Text placed in the drawing
area, including general information that can-
not be effectively or quickly communicated
through graphical means.

general oblique (n) A type of oblique pictor-
ial drawing in which the two dimensions of the
frontal surface are drawn parallel to the frontal
plane and the third (receding) axis is drawn
obliquely at any scale between 50 and 100 per-
cent of the frontal plane dimensions. The reced-
ing axis is typically drawn at an angle of
between 45 and 60 degrees.

general-purpose section line (n) A default
section line symbol used to indicate the cut sur-
face of a sectional view. This symbol is used to
represent cast iron, or an anonymous material if
none is defined.

general tolerance note (n) Text located on a
drawing to specify those dimensions not specif-
ically toleranced on the drawing.

generatrix (n) A straight line for which the
path through space describes ruled surfaces or
solids. The path the generatrix follows is called
the directrix.

geometric breakdown dimensioning (n) A
technique used to dimension an engineering
drawing that involves breaking an object into
more basic geometric forms to determine di-
mensions that should be used for a part.



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

Back Matter Glossary732 © The McGraw−Hill 
Companies, 2007

G-10 GLOSSARY 

geometric dimension (n) A dimension that
specifies the size and location of a feature, as
well as other geometric qualities such as form
and orientation. Geometric dimensioning and
tolerancing, combined with statistical process
control, provide a robust approach to inspection
and quality control for manufactured parts.

geometric transformations (n) Basic opera-
tions used to modify existing geometry contained
in the CAD database. Examples of transforma-
tions include translation and rotation. Most
transformations used in CAD systems are exe-
cuted as matrix operations based on linear alge-
bra theory.

geometry (n) The mathematical method by
which elements in space are described and
manipulated. Geometry forms the building
blocks of engineering and technical graphics.
The term is also used to mean shape or form.

GKS (Graphical Kernal System) (n) A soft-
ware program that can generate, display, and
transfer computer graphics data in a compara-
tive format.

glyph (n) A compound mark used in a visual-
ization that cannot be classified by other com-
monly used marks. Glyphs are usually custom
designed to encode multiple elements of data
into a single mark. The objective for designing
glyphs or any other marks is to tap into the
innate perceptual abilities of the viewer.

Gouraud shading (n) A rendering method
that uniformly adjusts the value of a surface
color based on the relationship of the light
source to normals calculated for each vertex of
the model. Gouraud shading is sometimes
called smooth shading because the vertex nor-
mals allow interpolation of shading values
across multiple polygons representing the facets
of a curved surface.

graphical analysis (n) Analytic techniques
employing primarily graphics to evaluate a
potential design, such as the fit of mating parts
or the movement of parts in a mechanism.

graphics (n) A mode of communication using
spatial/geometric representations.

grid (n) A regular pattern of points or lines
used to help locate and orient specific marks or
features or to help guide the development of
sketches and roughly proportion features.

ground line (n) In a perspective drawing or
sketch, the point of the object closest to the
observer.

ground’s eye view (n) In a perspective picto-
rial, a viewpoint looking up at the object. From
this viewpoint, the horizon line is level with the
ground line of the object.

group technology (n) The process of identify-
ing items with similar design or manufacturing
characteristics. Items with similar characteristics
are grouped into part families.

guideline (n) A type of construction line used
to guide the lettering on the drawing. The term
can also refer to lines used for the placement of
other elements in a drawing or sketch.

H
half section (n) A section view generated by
passing a cutting plane halfway through an ob-
ject. The result depicts half the view sectioned.

half-space (n) A mathematically defined
boundary between two regions. The term is
used in constructive solid geometry (CSG)
modelers to define the boundary between the
solid and the void (nonsolid). Geometric primi-
tives in CSG modelers are defined as groups of
half-spaces.

halftone approximation (n) A method of
simulating varying value (gray) levels within an
image when only one color of ink (usually
black) is available. Dots of varying size are
printed based on the average value level in the
region. Because of the small size of the dots
compared with the size of the image, the
changes of dot size (and therefore ink density)
give the impression of value changes when
viewed at a distance. Halftones from full-color
or gray-scale images can be created both elec-
tronically or photographically.

hardware (n) A term used to define physical
computer equipment. Examples of hardware
include the monitor (CRT), keyboard, hard disk,
and CPU.

head mounted display (n) A device with
small video projectors positioned in front of the
eyes providing the wearer with an immersive
experience.

height (n) One of the three principal dimen-
sions of an object. The height dimension is
described in the right side and front views of a
multiview drawing. The height dimension is
often associated with the Y axis in a 3-D model-
ing system.

helix (n) A 3-D curve characterized by a con-
stant rate of curvature about two dimensions
and a constant linear translation in the third.
Threads on screws and bolts are helical and are
classified as being either right- or left-handed.

hidden line (n) A line used to represent a fea-
ture that cannot be seen in the current view.
Like a visible line, a hidden line represents
either the boundary between two surfaces
(faces) that are not tangent, or the limiting ele-
ment of a curved surface. A specific linestyle is
defined by ANSI for hidden lines.

hidden surface removal (n) The rendering
process of removing the elements of a model
not visible from a particular viewpoint. The
removal is accomplished by calculating the re-
lationship of edges and surfaces along the depth
axis.

hierarchy (n) An ordered set of elements in
which each element belongs to a specific level.
An element at each level can be a parent to
elements below it on the hierarchy, or a child to
elements above it, or both. Hierarchies are used
to describe the organization of files in a com-
puter system, or geometric primitives in a CAD
model.

highway diagram (n) See wiring diagram.

histogram (n) A visualization technique used
to summarize data by reporting the number of
data points that fall within a certain range of
values. Histograms are often represented as bar
graphs. Because histograms provide only a
summary, they depict the original information
only indirectly.

hole basis (n) A tolerancing measure used to
describe a system of fits in which the minimum
hole size is the basic size.

hole loop (n) A close group of edges on the
interior of an object, defining a penetration that
goes part or all the way through. The number
of hole loops is one of the variables in the
Euler–Poincaré formula used to validate the
topology of a model.

HOOPS (Hierarchical Object-Oriented
Picture System) (n) A software program that
can generate, display, and transfer computer
graphics data in a compatible format.

horizon line (n) In a perspective sketch, a
horizontal line marking the location where all
projection lines from the observer converge.

horizontal line (n) A line seen in its true size
in the horizontal plane.

horizontal plane (n) A principal ortho-
graphic plane of projection, used to define both
the top and bottom orthographic views.

HSV color model (n) A model based on the
perceptual components of color, that is, (H)ue,
(S)aturation, and (V)alue (lightness), modeled
as a hexacone. Hue is laid out in a radial pattern
around the hexacone, saturation ranges linearly
from full saturation at the perimeter to white at
the center, and value runs from the base of the
hexacone (white) to the point (black).

hue (n) The dominant spectral wavelength of
a perceived color. Hue and color are often con-
fused because the name given to the hue is often
synonymous with the name of the color.

human factors analysis (n) A process for
evaluating a design to determine if the product
serves the physical, emotional (aesthetic), qual-
ity, mental, and safety needs of the consumer.
Specialists in human factors or ergonomics are
often employed to conduct this evaluation.

human’s eye view (n) In a perspective picto-
rial, a viewpoint looking slightly down at the
object. From this viewpoint, the ground line is
equivalent to six feet below the horizon line of
the object.
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hybrid modeler (n) A 3-D modeling system
that combines the operations and database
structure of more than one of the commonly
defined modeling systems. Used with more
powerful computing systems, these modelers
combine the advantages of more than one sys-
tem. An example is the combination of CSG
and surface modeling technology.

hyperbola (n) A single-curved surface primi-
tive, created when a plane intersects a right cir-
cular cone at an angle with the axis that is
smaller than that made by the elements.

hypermedia (n) An interactive, computer-
based information system, created with author-
ing tools, which allows flexible, nonlinear
access. Information is linked both through ele-
ments selected within the body of the informa-
tion and through sophisticated search engines.

I
ideation (n) A structured approach to think-
ing for the purpose of solving a problem, often
employing graphics. Ideation is the conceptual
phase of the design process. Feasibility studies
are often performed to define the problem, iden-
tify important factors that limit the scope of the
design, evaluate anticipated difficulties, and
consider the consequences of the design.

ideation drawings/sketches (n) A type of
freehand sketch or drawing used early in the
design process to explore design ideas quickly.
These sketches are usually rough and incom-
plete, typically not following many of the con-
ventions used for more finished drawings.

IGES (n) Acronym for initial graphics ex-
change specification, an indirect data exchange
standard used largely in the United States to ex-
change CAD information between disparate
systems. Originally developed by the U.S. gov-
ernment and major defense contractors, it is
used mainly on workstation, minicomputer, and
mainframe-based CAD systems.

image plane (n) An imaginary plane on
which an object is projected. The graphic repre-
sentation of an object on a computer screen or
paper is an example of a projection as it would
appear on an image plane.

implementation process (n) Used to make
the design solution a reality for the enterprise or
consumer.

inclined edge/line (n) An edge of a face that
is parallel to a plane of projection but inclined
to the adjacent orthogonal planes. The edge ap-
pears as an inclined, true-length line in one of
the principal views and is foreshortened in the
two adjacent views.

inclined face (n) A planar face (surface) of an
object that has been rotated about one axis from
one of the principal image planes. An inclined
face will appear foreshortened in two of the
principal views and as an edge in the third.

inclined plane (n) A surface that is perpen-
dicular to one plane of projection and inclined
to adjacent planes, and cannot be viewed in true
size and shape in any of the principal views. 

independent variable (n) A variable for
which the values are controlled by the experi-
menter to create a response in the model as
measured by the dependent variable. Every in-
dependent variable value is paired with one or
more dependent variables and represents the
experimental manipulation of the model.

indirect data exchange (n) A method of
translating data from one CAD system to
another through an intermediate, neutral data
format. Examples of intermediate data formats
include IGES and DXF.

industrial engineering (n) A field of engi-
neering concerned with the analysis and design
of systems for organizing the basic production
resources such as personnel, information, mate-
rials, and equipment. Industrial engineers use
mathematics, the physical and engineering
sciences, and the management and behavioral
sciences.

infinite light source (n) A light source lo-
cated at a theoretically infinite point in space.
The sun is analogous to an infinite light source.
In rendering, the user specifies an orientation
for the light rays, all of which are parallel to
each other.

initial graphics exchange specification (n)
See IGES.

input device (n) Computer hardware used by
the operator to input information into a software
program. Examples are keyboard, mouse, scan-
ner, etc.

instances (n) Cloned copies of geometry
already existing in a database. Typically, an
instance is linked directly to the geometric
and topological information of its parent but
contains unique information pertaining to its
location, orientation, and scale in the model/
drawing. Some systems refer to instances as
symbols.

integrated circuit (n) An electronic compo-
nent made up of a large number of diodes, tran-
sistors, and resisters and integrated onto a single
semiconductor substrate such as silicon. An
example of an integrated circuit is a central
processing unit (CPU) in a computer.

intensity depth cueing (n) A rendering tech-
nique which calculates the Z-depths of the
edges in a model and sets their brightness
(intensity) relative to their depths. This tech-
nique taps the aerial perceptual depth cue and
has the effect of making the model fade as it
goes back in depth.

interchangeable parts (n) Allows for the re-
placement of individual parts in an assembly
that is made possible by tolerancing.

interconnection diagram (n) See wiring
diagram.

interference fit (n) A fit in which two toler-
anced mating parts will always interfere when
assembled because the “male” part is larger
than the “female” part. The resulting difference
in sizes, also called the allowance, means that
force is required to assemble the part. An inter-
ference fit fixes or anchors the two parts as if
they were one.

International System of Units (n) See SI.

international tolerance grade (n) A group of
tolerances that vary depending on basic size but
have the same level of accuracy with a given
grade. The smaller the grade number, the
smaller the tolerance zone.

Internet (n) A network providing intercon-
nectivity of computers.

intersecting lines (n) Lines that share one or
more common points in space. Lines that share
all their points in common, or lines for which
one could be considered a subset of the other,
are called coincident.

intersection (�) (n) The Boolean operation
in which only the intersecting geometry of two
solids remains.

interval scale (n) A data scale that preserves
the units used but does not have a natural zero
point. Interval scales often result from the differ-
ence between two values using the same scale.

intranet (n) A private internal network.

involute (n) A curve defined as the spiral
trace of a point on a flexible line unwinding
from around a line, circle, or polygon. The con-
tacting surfaces between gear teeth are designed
as involutes.

isometric axes (n) The term used to describe
the three axes that meet at a corner on an
isometric drawing forming equal angles of
120 degrees. 

isometric drawing (n) A pictorial represen-
tation of an object rotated 45 degrees, tilted
36 degrees 16 minutes, then drawn full scale.
An isometric drawing differs from an isometric
projection in that all three dimensions are
drawn at full scale rather than foreshortening to
the true projection.

isometric ellipses (n) A special type of ellipse
used to represent holes and ends of cylinders in
isometric drawings. In an isometric drawing,
circular features are often not viewed normally,
foreshortening them and making them appear as
ellipses.

isometric grid (n) A network of evenly
spaced lines drawn at 30, 90, and 120 degrees.
Paper preprinted with this grid is used to sketch
isometric drawings.

isometric line/plane (n) A line or plane that
is parallel to one of the principal isometric axes
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or to two adjacent isometric axes, respectively.
Isometric lines and planes are typically the sim-
plest elements to represent in an isometric
drawing.

isometric pictorial (n) A type of parallel pro-
jection that represents all three dimensions in a
single image. 

isometric projection (n) An axonometric
projection in which three of the axes are mea-
sured on the same scale and are at the same
angle relative to each other. An isometric draw-
ing is less pleasing to the eye than other types of
axonometric projections, but it is the most com-
mon since it is the easiest to draw.

isosurfaces (n) A surface in 3-D space that de-
fines constant values of a dependent variable. Iso-
surfaces are the logical extension of contour lines
(isolines), which map constant values in 2-D
space. Every point on an isosurface identifies the
location where three independent variable values
result in the dependent variable value of interest.
Like isolines, multiple isosurfaces can be used to
map different dependent variable values.

italic (adj.) A style of text in which vertical
elements of letters are slanted forward. This
technique is used to make words or letters visu-
ally stand out from the rest of the text.

J
jig (n) A special device that holds and sup-
ports the workpiece and guides the cutting tool
as the workpiece is machined. Jigs may not be
rigidly held to the machine.

JIT (n) An acronym for just-in-time, a plan-
ning strategy used to reduce cycle time and
waste in production processes. JIT recognizes
waste as anything that does not add value, in-
cluding storing parts in warehouses. On the
other hand, a production process such as
drilling is a value added procedure because it
increases the value of the product.

joining (v) The bringing together of two or
more parts of an assembly in such a way as to
overcome the natural forces that would separate
them. Joining can be done with mechanical fas-
teners, adhesives, etc., and can be either tempo-
rary or permanent.

joints (n) An element in a kinematic model
defining the constraints between two rigid parts
of the assembly (called the links). Joints define
how the links can move relative to each other, in
rotation and translation.

just-in-time (n) See JIT.

K
KBE (n) See knowledge-based engineering.

key (n) A fastening device used to attach
shafts to transmit power to gears, pulleys, and
other mechanical devices. Common keys are
plain, gib head, Woodruff, and Pratt & Whitney.

The key is placed into a groove cut into the shaft
(the keyseat) and one cut into the hub (the key-
way), aligning and locking the parts together.
Standard keys are specified using the size of the
shaft as the determining factor.

keyboard (n) A computer input device de-
rived from the typewriter, where keys pressed
communicate discrete commands to the com-
puter. Although most often used to input the let-
ters of the alphabet, most keyboards contain
special character keys programmed by the user
or the software to perform specialized tasks.

kinematic analysis (n) The evaluation of a
design as it changes over time. Of particular in-
terest is multicomponent mechanisms in which
parts move at varying rates through different
volumes of space. The positions of the parts rel-
ative to each other at various points in time are
studied through kinematic analysis.

kinetic depth effect (n) A perceptual effect in
which the changing movement of 2-D patterns
creates the sense of a third dimension (depth).
Related to apparent motion, this effect assists in
the interpretation of 3-D objects in animated
sequences.

knowledge-based engineering (KBE) (n)
Software systems that complement CAD by
adding the engineering knowledge necessary
for product design. A KBE system stores prod-
uct information in a comprehensive model that
is composed of design engineering rules, stan-
dard practices, and general rules that describe
how a product is designed and produced. 

L
layering (v) A scheme by which the various
graphic elements of a drawing can be grouped to-
gether in the CAD database. This facility is used
most often to control what is seen or editable on
the screen and what is printed or plotted. Layer-
ing in most systems is nonhierarchical.

lead (n) A thread term describing the linear
distance a screw will travel when turned
360 degrees, or 1 revolution. Lead is closely re-
lated to the pitch of a thread.

leader line (n) A thin, solid line used to indi-
cate the feature with which a dimension, note,
or symbol is associated. Leader lines are termi-
nated at one end with an arrow touching the part
or detail and a short horizontal shoulder on the
other end. Text is extended from the shoulder of
the leader.

least material condition (LMC) (n) A toler-
ancing term indicating the condition of a part
when it contains the least amount of material
possible. The LMC of an external feature is the
lower limit of the part. The LMC of an internal
feature is the upper limit of the part.

left side view (n) A principal view of an
object, created by rotating the viewpoint 90 de-
grees about the vertical axis to the left of the

front view. This view is not typically included
in a standard multiview drawing.

legend (n) The region of a visualization
where an explanation is given regarding how
the variables are coded. This is usually done by
equating a text description to a symbol of the
code. The legend is also called the key.

lightness (n) A perceptual quality of color
indicating the absolute quantity of light energy.
On a gray scale, the lightest color, pure white,
has the highest quantity of light. In rendering,
lightness (also called value) is used to indicate
the orientation of the surface to the light source.

limiting element (n) The boundary of the
projection of an object. The term is usually used
to describe the edge defining the apex of a
curved surface.

limits (n) The maximum and minimum sizes
shown by the toleranced dimension. The larger
value in a toleranced dimension is called the
upper limit and the smaller value is the lower
limit.

line (n) A geometric element that connects
two points in space. Although a line itself is 2-D
in nature, it may connect points in 3-D space.
Lines are typically classified as either straight
(linear) or curved. Lines are the most prominent
element in technical drawings, defining edges
of objects, indicating symmetry, relating text
elements to geometric elements, creating bor-
ders, etc.

line balloon (callout) (n) A note added to a
drawing to relate an alphanumeric code with a
part. A line balloon usually consists of a circle
or a regular polygon enclosing the code and a
leader pointing to the part. They are used exten-
sively in assembly drawings either to directly
specify a part or give an index value that refer-
ences a parts list or separate catalog.

line graph (n) A visualization technique, usu-
ally 2-D, in which line marks are used to indicate
trends in data. In a 2-D line graph, the indepen-
dent variable is represented on the horizontal
scale, and the dependent variable is shown on
the vertical scale. The line mark represents the
mapping of the two variables.

line of sight (LOS) (n) Imaginary rays of
light radiating from an observer’s eye to the ob-
ject. In perspective projection, all lines of sight
start at a single point; in parallel projection, all
lines of sight are parallel. LOS is sometimes re-
ferred to as the viewpoint.

line rendering (n) A technique used in techni-
cal illustration for adding realism and readability
to a pictorial drawing by altering qualities of the
linework on the drawing. The thickness of the
line and the positions of line breaks or gaps are
altered to differentiate between geometric
features of a part or assembly. Line rendering is
popular because it is fast, can be done with
standard drawing instruments or CAD tools,
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and can be reproduced by most popular repro-
duction techniques.

link charts (n) A visualization technique used
extensively in ergonomics to depict the spatial
arrangement of controls, displays, and person-
nel associated with a work environment. Line
marks show the connections between a worker
and a control or display or in communication
with other personnel. Some of the variables typ-
ically coded include frequency of usage and
type of information exchange (i.e., auditory, vi-
sual, physical, etc.).

linkages (n) Rigid bodies (parts) that transmit
linear or rotational force. Linkages are multiple
links that are combined through joints. Con-
straints applied to the joints define the move-
ment of the individual links. Common types of
linkages include rocker arm, crank, lever, and
four-bar.

links (n) In a kinematic model, the geometric
form representing a unique part of a mecha-
nism. Links are related to each other through
joints, which define how they can orient relative
to each other.

LMC (n) See least material condition.

local coordinate system (n) A transient coor-
dinate system that can be positioned anywhere
in space. The local coordinate system is used to
assist in the construction of geometry, and the
origin is usually defined relative to the feature
of current interest.

locus (n) A graphic element representing all
possible allowable locations of a point. The
locus of points may be drawn as a line, circle, or
arc. For example, a circle is a locus of all points
at a distance from the center, equal to the radius
of the circle. Loci are used extensively in
geometric constructions as a tool for finding
the centers of tangent arcs, the endpoints of
lines, etc.

lofting (v) A surface and solid modeling oper-
ation that involves creating a surface/solid by
interpolating a boundary between multiple pro-
files in 3-D space. Starting with one profile, the
outline is extended to each successive profile
outline in space, creating a boundary surface
and changing shape as necessary to match the
shape of the next profile.

logic drawing (n) See schematic drawing.

logic gates (n) Electronic components that
take input signals and create output signals
based on the input states and the logic of the cir-
cuit. Types of logic gates include AND, OR,
NAND, NOR, and inverters.

long-axis isometric (n) A variation of the reg-
ular isometric pictorial view. In a regular isomet-
ric, it appears as if the viewer is looking down on
the object from the top; in a long-axis isometric,
it appears as if the viewer is looking from the
right or the left of the object, with one of the axes
drawn at 60 degrees from the horizontal.

LOS (n) See line of sight.

lower deviation (n) A tolerancing term de-
scribing the difference between the minimum
size limit and the basic size.

lower limit (n) The numerical value of a tol-
eranced dimension feature describing the small-
est value.

M
machine (n) A combination of interrelated
parts used for applying, storing, or transforming
energy to do work. Machines consist of one or
more assemblies, which are analyzed using
techniques such as kinematics and dynamics.

machine control (n) A process that directs
the machine tools necessary to transform raw
materials into a finished product. Machine con-
trol has evolved from human control to machine
automation using numerical control (NC) and
then computer numerical control (CNC).

machine screw (n) A mechanical fastening
device with a slotted head on one end and
threads on the other. The threaded end can
screw into either a mating part or a nut. A ma-
chine screw is similar to a slotted head cap
screw but is normally smaller.

machine tool (n) A production device used to
change the shape, finish, or size of a piece of ma-
terial, typically using some type of cutting edge.

major axis (n) The long axis of an ellipse. In
a pictorial projection, this axis represents the
true diameter of the circle being projected.

major diameter (n) A threading term refer-
ring to the largest diameter on an internal or ex-
ternal thread.

management (n) The logistical organization
of people, materials, energy, equipment, and
procedures into work activities designed to pro-
duce a specified end result.

manifold models (n) Models that unambigu-
ously define a boundary between the inside and
outside of an object. Solid modelers are usually
restricted to manifold objects, whereas surface
modelers often define unclosed, nonmanifold
objects with no clear division between inside
and outside.

manufacturing automation protocol (n) See
MAP.

manufacturing processing (v) An activity
concerned with the scheduling, forming, treat-
ing, shaping, joining, and cutting of raw mater-
ial in the production of goods.

MAP (n) An acronym for manufacturing
automation protocol, a communications stan-
dard being developed for compatibility between
different automated manufacturing systems.
The goal of MAP is the total integration of
islands of automation in manufacturing, regard-
less of the type of hardware and software used
in each system.

market analysis (n) A process used to deter-
mine the needs and wants of a customer.

marketing (n) The division of a business in-
volved with convincing customers to purchase
the product or service provided by the company.
In order to sell the product more effectively,
marketing will gather information on potential
customers, both directly and indirectly, and will
use these data to influence the design of the
product so that it more closely matches the cus-
tomer’s needs.

marks (n) The fundamental graphic elements
used to encode data in a visualization. Marks
can be thought of as graphic primitives and are
typically classified as either simple or complex.
Simple marks include points, lines, areas, and
volumes. Complex marks are also called
glyphs. All marks interrelate closely with the
dimension of the data type.

mass properties analysis (n) Analytic tech-
niques directly related to the geometric proper-
ties of an object. Typical calculations are the
mass, centroids (center of gravity), and intertial
properties of the object. In order to successfully
use these techniques, the model must be able to
unambiguously define the volume the object
occupies and the density of the material within
the volume.

material control (n) A term describing the
management of the flow of materials through
the production process. Just-in time (JIT) tech-
niques are used to recognize which raw materi-
als are needed and when.

materials engineering (n) A field of engi-
neering that comprises a wide spectrum of
activities directed toward the design, develop-
ment, and production of metals, alloys, ceram-
ics, semiconductors, and other materials for
engineering applications.

material requirement planning (n) See
MRP.

mathematics (n) An abstract symbol-based
communications system based on formal logic.
Geometry is one of the oldest fields of mathe-
matics and underlies most of the principles used
in technical graphics and CAD.

matrix charts (n) A visualization technique
that uses grids to show relationships between at
least two, often qualitative, variables. Each
variable is represented along a scale, and the in-
terior grid cells represent possible combinations
of variable values. Marks are placed in the grid
cells, representing the relationship between
variable values.

maximum material condition (MMC) (n) A
tolerancing term defining the condition of a
part when it contains the greatest amount of
material. The MMC of an external feature,
such as a shaft, is the upper limit. The MMC of
an internal feature, such as a hole, is the lower
limit.
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mechanical engineering (n) A field of engi-
neering comprising a wide range of activities,
including research, design, development, manu-
facturing, management, and control for engi-
neering systems and their components.
Mechanical engineers work in such fields as
transportation, power generation, energy con-
version, environmental control, aeronautics,
marine science, and manufacturing.

mechanical fastening (v) A process that uses
a manufactured device added to an assembly to
hold parts together. Mechanical fasteners in-
clude threaded and nonthreaded fasteners, such
as rivets, keys, pins, snap rings, and clips.

mechanics (n) An area of applied physics
which, at a macro level, deals with the response
of bodies (parts) to the action of forces, and, at
the micro level, with the response of materials.

mechanism (n) A mechanical system made of
rigid structures, such as shafts, housings, and
pillow blocks, and connected by various link-
ages, such as gears, cams, and cranks. A mecha-
nism is activated by applying a load or force at
one or more points in the mechanism.

mechanism analysis (n) An analytic tech-
nique that determines the motions and loads as-
sociated with mechanical systems made of rigid
bodies (links) connected by joints. The two
most common types of mechanism analysis are
kinematic and dynamic.

media (n) A means of conveying information,
both graphic and textual. Traditionally, this
refers to the types of paper used in drafting;
more recently, it has also come to refer to the
types of information storage and playback tech-
nology, such as video, audio, and CD-ROM.

memory device (n) Computer hardware used
to store information, such as CAD data. Tran-
sient storage is random access memory (RAM);
more permanent storage includes floppy disks,
CD-ROMs, and magnetic tape.

microfilming (v) A technique used to reduce
the size of an original paper drawing.

minor axis (n) The short axis of an ellipse. In
a pictorial projection, the length of this axis
varies with the relationship of the view direction
to the surface of the circle the ellipse represents.

minor diameter (n) A threading term refer-
ring to the smallest diameter on an internal or
external thread.

miter line (n) A special construction line used
to share the depth dimension between the top
and right side views of a multiview drawing.
The line is drawn at a 45-degree angle and is
used as a point of intersection for lines coming
to and from the right side and top views.

MMC (n) See maximum material condition.

model solid (n) In a modeling system, the
solid object being manipulated by tool solids
during the course of creating the final model.

Whereas the tool solids are transient in nature,
the model solid defines the state of the object as
it evolves into the final model.

modeling (v and n) Often referred to as geo-
metric modeling, which is both a process and a
product. Modeling is used to analyze preliminary
andfinaldesignsolutions, aswell asprovide input
to the production process in the form of a com-
puter database. Modeling is a product since it is a
result of the design process, which uses graphics
asa tool tovisualizepossible solutionsand todoc-
ument the design for communications purposes.

modem (n) A computer hardware device that
uses standard telecommunications lines (phone
lines) to send computer data from one computer
to another. Modems are used to connect com-
puters at remote sites not connected by local
area networks. The speed in which modems can
transfer information is measured in bits per sec-
ond, or baud.

motion (n) The movement of a part, either
linearly or angularly, over time and space.

mouse (n) A small, handheld computer input
device that rests on a work surface and is moved
in two dimensions to correspond to locations on
the computer monitor. A cursor on the screen in-
dicates the current location of the mouse, and
buttons on the top of the mouse are used to indi-
cate the action to be performed at that location.

MRP (n) An acronym for material require-
ment planning, a process used to calculate the
amount of raw materials necessary to manufac-
ture a specified number of products. MRP uses
the bill of materials from the engineering draw-
ings or CAD techniques such as attribute
assignments. MRP has evolved into material
resource planning, which includes both materi-
als and financing.

multimedia (n or adj.) A term used to refer to
the systems or methods that convey information
in more than one media form and often through
more than one sense. The integration of text and
graphics could be thought of as a simple multi-
media system.

multiple-line graph (n) A visualization tech-
nique similar to a regular line graph, except that
an additional independent variable is mapped.
The second independent variable typically has
only a few discrete values, each of which is
mapped as a separate line on the graph. Color or
symbol coding is used to distinguish between
the lines on the graph.

multiview drawing/sketch (n) A type of or-
thographic drawing based on multiview projec-
tion techniques in which two or more views of
an object are arranged in a single drawing. Each
view shows only two dimensions of the object
and is chosen to depict specific features of the
object clearly and distinctly.

multiview projection (n) A special type of
orthographic projection that places the object

in a unique position behind a projection
plane such that a view is produced that shows
only two dimensions of the object. The outline
of the features of the part shows where the
parallel lines of sight pierce the projection
plane.

mutually perpendicular (adj.) Two or more
lines or planes that are at 90 degrees (right
angles) to each other, that is, orthogonal.

N
NC (n) Acronym for numeric control, a form
of programmable automation of a machine tool,
using numbers, letters, and symbols. Unlike on
an engineering drawing, the part geometry must
be defined using coordinates instead of graph-
ics. All NC systems today use computers and
are called computer numerical control (CNC)
machine tools.

negative solid (n) Term used in CAD solid
modeling that refers to the shape and volume of
a shape that is removed from a solid object.

negative space sketching (n) A technique
where you concentrate on sketching the space
between the objects and not on the object itself.

networked hierarchy (n) A hierarchical parts
structure used by modeling systems. In a net-
worked hierarchy, parts can be shared across
assemblies by means of software links set up
external to any one file. These parts structures
are often managed by special database software
networked across workstations within an
organization.

nominal scale (n) A qualitative data scale that
has no inherent order to it (e.g., New York,
Boston, and Houston).

nominal size (n) A dimension used to
describe the general size of an object, usually
expressed in common fractions. For example, a
bolt might have a nominal size of 1/2�.

nonhierarchical (n) A structure in which ele-
ments may be sorted into separate groups, but
there is no defined linkage or ordering of the
groups. Layering in CAD systems is often
defined as being nonhierarchical.

nonisometric line/plane (n) A line or plane
that is not parallel to one of the principal iso-
metric axes or to two adjacent isometric axes,
respectively. In an isometric drawing, noniso-
metric lines and planes are typically more diffi-
cult to draw than isometric elements.

nonuniform rational B-spline (n) See
NURBS.

normal (adj. or n) A term describing a direc-
tion perpendicular to a planar surface, or a vector
representing a perpendicular direction. Normals
are used to calculate the orientation of a surface
with respect to a light source or view point.

normal edge/line (n) An edge of a face paral-
lel to a plane of projection and perpendicular to
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the adjacent orthogonal planes. The edge
appears as an orthogonal, true-length line in two
of the principal views and as a point in the third
view.

normal face (n) A planar surface of an object
that is parallel to one of the principal image
planes. A normal face is seen in its true size and
shape in the image plane to which it is parallel
and is seen as an edge in the other two principal
image planes. The normal face is named for the
image plane to which it is parallel.

normal plane (n) A surface that appears true
size and shape in one of the principal views of
an orthographic drawing.

nuclear engineering (n) A field of engineer-
ing that includes all areas of research, develop-
ment, and application of nuclear energy. Areas
of specialty include reactor engineering, reactor
control, nuclear materials, reactor physics, con-
trolled thermonuclear fusion, reactor safety,
fuel management, and shielding.

numeric control (n) See NC.

NURBS (n) Acronym for nonuniform ratio-
nal B-spline, a type of free-form curve that uses
rational B-splines and allows for a weighting
value at each point on the surface. Because
NURBS can also precisely describe conic sur-
faces, they are gaining popularity in tasks previ-
ously done with other types of 3-D modelers.

nut (n) An internally threaded device used on
the ends of threaded fasteners to join materials.
Nuts are an alternative to threading the part it-
self and are often paired with a washer to assist
in distributing the pressure and/or securing
the nut.

O
oblique (adj.) A direction that is neither paral-
lel nor perpendicular to a plane.

oblique edge/line (n) An edge of a face that is
not parallel to any of the three primary orthogo-
nal planes. The edge appears foreshortened in all
three principal views of a multiview drawing.

oblique face (n) A planar surface of an object
that has been rotated about two axes from one
of the principal image planes. An oblique face
will appear foreshortened in all three of the
principal views. Unlike inclined and normal
faces, an oblique face is not seen as an edge in
any of the principal image planes.

oblique projection (n) A form of parallel
projection used to create oblique pictorials.
Oblique projection results when the projectors
are parallel to each other but at some angle
other than perpendicular to the projection plane.
Typically the most descriptive face of an object
is placed parallel to the frontal plane.

offset coordinate method (n) A construction
method used to construct non-normal views of
cylinders, circles, arcs, and other curved or

irregular features. The feature is first drawn in
an orthographic view, and then regularly spaced
coordinate points are transferred to the fore-
shortened view space, where they are connected
using an irregular curve.

offset section (n) A full section view gener-
ated by multiple, connected cutting planes that
are parallel but not coplanar. This technique is
used to allow the cutting planes to pass through
a series of features that do not all lie in the same
plane.

ogee curve (n) A curve that connects two par-
allel lines with two arcs, forming a smooth
curve. Such curves are often seen in architec-
tural details.

open loop (n) A set of edges in a CAD model
that does not connect end to end, creating a
closed loop. Solid modelers differ as to whether
open loops can be used as profiles for feature
generation. Open loops cannot be used to define
faces on a solid model.

operating system (n) The software that con-
trols the basic functions of a computer system,
such as reading and writing files to the disk,
communicating with the printer, etc. Common
operating systems include UNIX, MS-DOS,
and Macintosh OS.

ordinal scale (n) A qualitative data scale that
has an inherent order. Even though ordinal data
has an order, the order is not quantitative be-
cause the individual data elements are symbolic
and have no inherent magnitude.

orthographic projection (n) A parallel pro-
jection technique that creates a 2-D image of
3-D objects or structures on an image plane
perpendicular to the lines of sight. The ortho-
graphic projection technique can produce picto-
rial drawings, such as isometric or oblique, that
show the three dimensions of an object or mul-
tiviews that only show two dimensions of an ob-
ject in a single view.

outline assembly (n) A general graphic de-
scription of the exterior shape of an assembly.
Outline assemblies are used for parts catalogs
and installation manuals or for production when
the assembly is simple enough to be visualized
without the use of other drawing techniques,
such as sectioning. Hidden lines are omitted ex-
cept for clarity.

output device (n) A peripheral hardware de-
vice linked to a computer that allows informa-
tion in the computer to be accessible to the
human senses. Common types of output devices
include computer monitors and printers.

P
painter’s algorithm (n) A rendering tech-
nique used to perform hidden surface removal.
All of the polygons are sorted and then drawn
on the screen from back to front. Both the com-

puter and a painter use this technique to ensure
that elements in the background are covered by
those in the front.

parabola (n) A single-curved surface primi-
tive, defined as the curve of intersection created
when a plane intersects a right circular cone
parallel to one of the cone’s elements.

parallel lines (n) Two lines in a plane that stay
equidistant from each other along their entire log-
ical length. The lines can be straight or curved.
Circular curved parallel lines share the same cen-
ter point and are referred to as concentric.

parallel planes (n) Two planes that are
equidistant from each other over their entire sur-
faces. Two planes are considered parallel when
intersecting lines in one plane are parallel to in-
tersecting lines in the second plane. Also, seen in
edge view, the two planes appear as parallel lines.

parallel projection (n) A projection tech-
nique in which all the projectors are parallel to
each other, eliminating convergence. All major
projection techniques, except perspective, use
parallel projection.

parallelism (n) An orientation control for
geometric dimensioning and tolerancing. Paral-
lelism is a condition in which a surface or an
axis is equidistant at all points from a datum
plane or datum axis, respectively. The distance
between the feature and the datum is the toler-
ance value given in the control frame.

parallelogram (n) A quadrilateral (four-sided
polygon) in which opposite sides are parallel.
The square, rectangle, rhombus, and rhomboid
are all parallelograms.

parametric (adj.) A term used to classify
curves for which the path is described by a
mathematical function rather than a set of coor-
dinates. A parameter within the function (often
specified as u or v) is varied from 0 to 1 to
define all the coordinate points along the curve.

parent-child (n) Describes the relationship
between features in a model. The parent is cre-
ated first and the child feature is dependent on
the parent feature for its definition in some way.
An example would be that a workplane might
be the parent of a swept feature if the workplane
was used in part to define the feature profile of
the sweep.

partial auxiliary view (n) A type of view
when only the details for an inclined surface are
projected and drawn in an auxiliary view.

partial view (n) A view that shows only what
is necessary to completely describe the object.
Partial views are used for symmetrical objects,
for some types of auxiliary views, and for some
types of multiview drawings. A break line or
center line may be used to limit the partial view.

part number (n) A string of numbers coded
in such a way that a company can keep accurate
records of its products. 
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parts list (n) Located on an engineering
drawing showing information about each part in
an assembly. Sometimes called a bill of materi-
als (BOM).

patch (n) A closed series of parametric curves
that describe a surface region. Series of patches
are usually combined together in surface mod-
eling systems to describe an object.

patent (n) The “right to exclude others from
making, using, or selling . . .” a product,
granted by the federal government for a period
of 17 years. The patenting process was devel-
oped to encourage the free and prompt disclo-
sure of technical advances. Patents often
require specialized graphics as supporting
documentation.

PCB (n) Acronym for printed circuit board, a
rigid board typically made from fiberglass, ap-
proximately .060� thick, and used for mounting
electronics components as part of a larger as-
sembly. This board, also called a printed wiring
board (PWB), has wiring patterns formed by
traces of a conductor, such as copper, fused to
the board. The wiring pattern is created either
by depositing the conductor on the board or by
starting with a solid film of the conductor and
etching away what is not needed.

PDES (n) An acronym for product data ex-
change using STEP, a new data exchange stan-
dard that attempts to incorporate information
for the complete life cycle of the product. The
type of information covered includes shape, de-
sign, manufacturing, quality assurance, testing,
support, etc. As indicated by its name, PDES in-
corporates the evolving STEP standard.

perception (n) The mental image or knowl-
edge of the environment received through the
senses. Real objects can be perceived through
viewing or touching, whereas graphic represen-
tations are perceived through viewing alone.

perfect form (n) A term used in geometric di-
mensioning and tolerancing to describe the
ideal shape of a feature. Form controls on a fea-
ture are defined relative to the perfect form. For
example, the cylindricity tolerance zone is
defined as a perfect cylindrical shape.

perimeter loop (n) A closed set of edges and
vertices that constitute the outer boundary of a
face. The perimeter loop is a variable in the
Euler–Poincaré formula used as part of the
process of validating the topology of a model.

perpendicular lines (n) Two or more lines
that intersect once at a right angle (90 degrees),
sometimes referred to as normal.

perpendicular planes (n) Two planes ori-
ented at right angles (90 degrees) to each other.
Two planes each containing a line that is per-
pendicular to a line in the other plane, are also
perpendicular to each other. Multiviews are
generated by mutually perpendicular image
planes.

perpendicularity (adj.) An orientation con-
trol for geometric dimensioning and toleranc-
ing. Perpendicularity is the condition of a
surface, center plane, or axis that is at a
right angle to a datum plane or datum axis,
respectively.

perspective projection (n) A projection tech-
nique in which some or all of the projectors
converge at predefined points. This pictorial
projection technique is used to replicate closely
how humans perceive objects in the real world.

phantom line (n) A line used to represent a
moveable feature in its different positions as
well as a repeating pattern, such as screw
threads on a shaft.

PHIGS (Programmers’ Hierarchical Inter-
active Graphics System) (n) A software pro-
gram that can generate, display, and transfer
computer graphics data in a compatible format.

Phong shading (n) A rendering method that
uniformly adjusts the value of a surface color
based on the relationship of the light source to
normals calculated along each edge of the
model. Unlike Gouraud shading, Phong shading
allows the representation of highlights arising
from specular reflection.

photorealistic (adj.) A term describing a ren-
dered object that attempts to match the percep-
tual effects of color, texture, lighting, etc., of a
real object. This type of rendering is used by in-
dustrial designers, marketing executives, and
others interested in gauging the effects of its
visual appearance.

physical prototypes (n) Physical models of a
proposed design. These are used in the evalua-
tion and testing of a product before going into
full production. Increasingly, simulated or vir-
tual prototypes created with CAD/CAM tools
are used for analysis.

pictorial assembly (n) A pictorial drawing
(normally an axonometric view) of a partially
or fully disassembled assembly. Center lines,
called flow lines in this application, are used to
show how each part is assembled. The pictorial
assembly is commonly used in installation and
maintenance manuals.

pictorial drawing/sketch (n) A drawing in
which all three of the primary dimensions of an
object are seen in a single view. These drawings
are used to give a holistic view and are not used
to depict specific features on the object. Axono-
metric and perspective pictorials are the two
main types.

picture plane (n) Term used in engineering
drawing to describe the imaginary plane upon
which the object is projected to create a view.

piece tolerance (n) The difference between
the upper and lower limits of a single part.

pin (n) A mechanical fastener, typically cylin-
drical in shape, used to keep parts in position or

to prevent slippage after assembly. Some of the
more common types of pins are dowel, straight,
tapered, groove, spring, and cotter.

pinion (n) The smaller of two gears in a
meshed pair of gears. The larger of the two
gears is simply called the gear. A gear and pin-
ion pair is used to change the speed of shaft
rotation, with the pinion shaft rotating at a
higher rate than the gear shaft.

piping (n) A specialized engineering field for
the design of fluid and gas-carrying piping sys-
tems for process plants and other industrial and
commercial structures.

piping drawing (n) A specialized drawing
used in the design and maintenance of piping
systems. The piping systems are shown in an or-
thographic plan view or in a pictorial view such
as isometric. The drawing can be done as a
single-line drawing in which the components are
represented as a single line or as a double-line
drawing for a more realistic spatial layout of
the components. Specialized graphic symbols
are used to represent the pipes, fittings, and
valves used in the system.

pitch (n) A thread term used to describe the
distance measured parallel to the axis between
corresponding points on adjacent thread forms.
The pitch is equal to 1 divided by the number of
threads per inch.

pixel (n) A single point on a display device,
such as a computer monitor. Pixels are arranged
in horizontal and vertical rows. On a CRT type
monitor, a pixel is an electronically charged
point on the screen. Pixel is often used in
describing the minimal unit of resolution of any
bitmapped graphic output.

plan drawing (n) A type of drawing com-
monly used in civil, architectural, or engineer-
ing projects involving large structural layouts.
A plan drawing (sometimes called a plan view)
is an orthographic view taken from the top and
looking down parallel to the line of gravity.
These drawings are useful in planning the flow
of vehicles, people, or material through con-
structed spaces or along the terrain.

plane (n) A region of space defined by a min-
imum of three noncoincident points in space.
For the simplest type of plane surface, all points
can be described by two coordinate axes; that is,
the plane has no curvature.

plane geometry (n) The geometry of planar
figures, such as circles and triangles, and their
relationships. This mathematical field is an im-
portant part of traditional engineering and tech-
nical graphics.

plane of projection (n) An imaginary plane
in space upon which an object is projected. The
plane can be imagined as a pane of glass on
which lines of sight from the object form an
outline of the object. This plane is also referred
to as a picture plane.
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planning process (n) Used to determine the
most effective method of moving a product
through the production cycle.

plastics (n) A material made from natural or
synthetic resins that can be formed or shaped.
Common industrial plastics include poly-
styrene, acrylics, polycarbonate, ABS, PVC,
acetals, nylon, polypropylene, polyethylene,
epoxy, and phenolics.

PLM (product lifecycle management) (n)
Product lifecycle management breaks down the
technology silos that have limited interaction
between the people who design products and
the people who build, sell, and use them. Using
the collaborative power of the Internet, PLM
lets an organization begin innovative product
design while reducing cycle times, streamlining
manufacturing and cutting production costs.

plus and minus dimensioning (n) A toler-
ancing specification that gives the allowable
positive and negative variance from the dimen-
sion specified. Sometimes, the plus and minus
values will be equal; at other times, they will be
different.

point (n) A singular location in space, usually
defined by coordinate values (i.e., X,Y,Z).

point light source (n) A light source located
at a specified point in space. In rendering, the
point light source is usually close to the model.
Because the light radiates omnidirectionally
from the point source, no two rays hit a planar
surface at the same angle. An uncovered incan-
descent light bulb is analogous to a point light
source.

point-to-point diagram (n) See wiring
diagram.

polar coordinates (n) A 2-D coordinate sys-
tem used to locate a point in a plane by specify-
ing a distance and an angle from the coordinate
origin. When another distance normal to the
coordinate origin is added, cylindrical coordi-
nates can be specified.

polygon (n) A plane figure bounded by
straight lines. If the sides are of equal length and
form equal angles with each other, the polygon
is considered a regular polygon (e.g., a square
or hexagon).

polygonal prism (n) A geometric solid con-
sisting of two equivalent polygonal bases paral-
lel to each other. Each equivalent edge of the
bases is connected to form a series of parallelo-
grams, bounding the sides of the solid.

polyhedron (n) A geometric solid bounded
by polygons. If the polygons are equal, regular
polygons, the solid is called a regular polyhe-
dron.

port (n) In 3-D modeling systems, a defined re-
gion on the computer screen, used for displaying
a single view of an object. Typically, a different
set of view parameters is assigned to each port.

position (n) A control for geometric dimen-
sioning and tolerancing. Position specifies the
total zone specification for a feature, such as a
diameter or the total height.

precedence of lines (n) A convention de-
scribing the order of priority of different
linestyles. For example, if a visible and hidden
line coincide, the visible line is the one drawn.

preferred precision fits (n) A special type of
English unit tolerance relationships that have
been found to work well under certain circum-
stances and have been placed into standard
tables.

presentation graphics (n) Graphics intended
for a wide audience and used to communicate
information about a proposed product or design
to other individuals within the company, to
clients, or to the potential end user.

pressure angle (n) A term used in the design
of gears and defined as the angle between the
tangent to the pitch circles and the line drawn
normal to the surface of a gear tooth. The pres-
sure angle has been standardized by gear manu-
facturers and by ANSI (141⁄2 degrees being
the most common), and it determines the shape
of the involute curve used to design the gear
tooth.

primary auxiliary view (n) A single auxil-
iary view projected from one of the six standard
views. Primary auxiliary views are used to
show inclined surfaces in their true size and
shape. Secondary auxiliary views are used for
oblique surfaces and are derived from primary
auxiliary views.

primary axes (n) Three mutually perpendic-
ular axes representing the primary dimensions
of an object. Each of these axes is normal (per-
pendicular) to one of the primary image planes.

primitive (n or adj.) A term used primarily to
describe the fundamental geometric forms used
for building 3-D CAD models. Primitives are
typically defined parametrically or with single-
sweep operations. Primitives are used as tool
solids in Boolean operations.

principal plane (n) A plane that is seen in its
true size and shape in two of the six principal
views and as an edge in the other four. The three
principal planes are frontal, profile, and hori-
zontal. For example, the frontal plane is seen in
its true size and shape in the front and rear
views and as an edge in the other four views.

principal (standard) view (n) One of the six
mutually perpendicular views of an object, pro-
duced after an object’s position is selected. The
six views can be created by positioning the ob-
ject inside a glass box and viewing the box with
parallel lines of sight perpendicular to the glass
planes. These views are the cornerstone of mul-
tiview drawings.

printed circuit board (n) See PCB

printed wiring board (n) See PWB.

problem identification (n) A process used by
the design team during the ideation process to
set the parameters of the design project before
attempting to find a solution to the design. This
process includes such stages as objectives, lim-
itations, and scheduling.

procedural (adj.) A term used to describe the
process by which a model is constructed. Proce-
dural information can be thought of as actions,
such as creating a face on the cube by following
the path made by edges 1 through 4.

process control (n) The measurement, analy-
sis, and adjustment of manufacturing processes,
such as drilling, milling, and turning. The qual-
ity of a product relies heavily on process control
techniques used to check the variability of
machined parts and to detect defects. The use of
statistical techniques is an important component
of process control.

process planning (n) The stage in the manu-
facturing process in which the most efficient
way of producing the product is determined. In
this stage, industrial engineers determine how
parts will be fabricated and in what sequence.

product (n) Anything produced as a result of
some process.

product data exchange using STEP (n) See
PDES.

product (industrial) design (n) A complex
activity that includes function analysis, market
analysis, production, sales, and service. The
goal of product design is to produce a product
that will meet the wants and needs of the con-
sumer, can be economically produced, is safe
for the consumer and the environment, and will
be profitable.

production drawings (n) A type of engineer-
ing drawing that is used to support the production
process. Sometimes called working drawings.

production process (n) The planned action
used to convert raw materials into finished
products. The production process is sometimes
referred to as the manufacturing process. How-
ever, production is a more global term that
includes both the manufacturing of products
and the construction of structures.

profile (n) A form control for geometric
dimensioning and tolerancing. A profile is the
outline of a feature projected onto a plane. They
usually consist of combinations of contiguous
lines, arcs, and other curves. The profile toler-
ance zone may be made of a combination of
straightness, roundness, parallelism, etc.

profile line (n) A line seen in its true length in
the profile plane, either the right or left side
view.

profile plane (n) A principal orthographic
plane of projection. This plane is used to define
both the right and left side orthographic views.
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profile sketch (n) Typically a closed loop of
lines drawn on a workplane as part of the fea-
ture definition process in 3-D modeling. In a
constraint-based modeler, the profile sketch is
constrained with dimensions and other geomet-
ric relations and then swept out to form a 3-D
solid model feature.

profile view (n) A principal orthographic
view created by a projection onto the profile
plane. This term includes both the right and left
side views.

projection line (n) A construction line drawn
between views in a multiview drawing to align
3-D space dimensions. This term is sometimes
used in a more general sense to refer to lines
representing the transference of spatial informa-
tion between objects, or between an object and
an image plane. The relationship of the projec-
tion lines to each other and to the image plane
defines whether the projection technique is per-
spective, parallel, or oblique.

projection theory (n) The principles used to
represent objects and structures graphically on
2-D media. Some of the primary projection
methods include orthographic, oblique, and per-
spective.

property analysis (n) An engineering
process used to determine if a product is safe
and can stand up to the rigors of everyday use.

proportion (n) The comparative relation, or
ratio, between dimensions of a feature or object.

prototyping (n or v) A term used to describe
the process by which physical mockups are
made of proposed designs. Increasingly, proto-
typing is done using the databases associated
with 3-D computer models. Because of the
speed and efficiency, this technique is often
referred to as rapid prototyping.

PWB (printed wiring board) (n) See PCB.

pyramid (n) A geometric solid consisting of a
polygonal base and a series of triangular lateral
faces. The triangular faces each share one side
with the polygonal base and the other two sides
with the neighboring triangular faces. The trian-
gular faces all meet at a common point called
the vertex.

Q
quadrilaterals (n) Four-sided polygons of
any shape. The sum of the angles inside a
quadrilateral always equals 360 degrees.
Quadrilaterals are classified by the characteris-
tics of their sides. If opposite sides of the quadri-
lateral are parallel, the shape is a parallelogram.

qualitative (adj.) A type of data used as a
method of labeling and identifying. Qualitative
data are classified as being either nominal or
ordinal.

quality (n) The capacity of a product or ser-
vice to consistently meet or exceed customer

needs and expectations. Quality includes per-
formance, special features, reliability, durabil-
ity, and service after sale.

quantitative (adj.) A type of data that has nu-
merical value. Quantitative data are further
classified by the number of components and by
the scales of values used (e.g., scalar, vector, or
tensor).

R
radial line (n) A line that passes through the
center of a circle or arc if extended.

radiosity (n) A rendering technique, based on
thermal principles, in which there is a conserva-
tion of light energy in a closed environment.
With radiosity methods, any size or shape sur-
face is capable of both radiating and absorbing
light energy. The rate at which energy leaves a
surface is its radiosity, and is the result of all
light energy received, absorbed, and then trans-
mitted by the surface.

radius symbol (n) A symbol that precedes a
numerical value, indicating that the associated
dimension shows the radius of a circular arc.
The radius symbol is the capital letter R.

range bars (n) Line or bar marks, such as
those used in bar charts, that indicate an interval
of variable values. For example, range bars
could be used to indicate the period of time that
a product is in transit between machining sta-
tions on a manufacturing line.

rapid prototyping (n) A broad term used to
describe several related processes that create
physical models directly from a CAD database.
Prototyping systems use a variety of tech-
niques, including stereolithography and fused
deposition modeling (FDM). Rapid prototyping
is used to create prototypes for concept model-
ing, injection molds, and investment casting.

ratio scale (n) A data scale that has a natural
zero point but is insensitive to the units used.
Ratio values are often generated by dividing two
values that have either similar or dissimilar units.

rat’s nest (n) The drawing representing
straight-line connections between all of the
electronic components on a printed circuit
board. Once the components are located on the
board, the rat’s nest is generated, using the com-
ponent connection list. The rat’s nest drawing is
part of the iterative design process to optimize
the placement of components.

ray (n) An entity of unspecified length, but no
depth or breadth, that extends into infinity from
a specified point. In computer graphics, ray is a
common term used, when rendering a scene, to
describe the path a light ray follows.

ray tracing (n) A rendering technique that
calculates the path of all rays of (a) theoretical
light source(s) within a model scene. The tech-
nique includes tracing the path from the light

source, between all objects which may reflect
and pass the light, to the viewer’s eye.

reach envelope (n) A volume of space repre-
senting all possible locations in space that a
human operator’s limbs could occupy. Reach
envelopes are used to analyze the locations of
controls, such as in the design of workstations,
tools, cockpits, etc.

rear view (n) A principal view of an object,
created by rotating the object 180 degrees about
the vertical axis from the front view. This view
is not typically included in a standard multiview
drawing.

rectangular coordinate dimensioning (n or v)
A type of dimension where a base line (or
datum line) is established for each Cartesian
coordinate direction and all dimensions are
specified with respect to those baselines. Also
called datum or baseline dimensioning.

reference dimension (n) A numerical value,
enclosed in parentheses, provided for informa-
tion only and not used in the fabrication of the
part. A reference dimension is a calculated size
used to show the intended design size of a part.
Drawings made to older standards may use REF
placed next to a reference dimension, instead of
using parentheses.

reference lines (n) Lines used to correlate
scale values with data markers in a visualiza-
tion. Because reference lines are not the central
focus of a visualization, they tend to be thin and
sometimes dotted or dashed.

refinement (n) A repetitive process (iterative
or cyclical) used to test the preliminary design,
make changes if necessary, and determine if the
design meets the goals of the project. Models
are used to analyze and visualize the design.
Refinement drawings are used to analyze the
design in its current stage of the design process.

regression line (n) A line mark used in con-
junction with point marks to represent data
trends in a visualization. Although this line,
either linear or curved, can be drawn freehand, it
is usually calculated using statistical techniques.

regular curve (n) A bent line composed of
constant-radius arcs generated around a single
center point. With traditional tools, regular
curves are drawn using a compass or circle tem-
plate; with CAD, they are constructed with the
CIRCLE and ARC commands.

regular isometric (n) An isometric pictorial
drawn as if the viewer is looking down on the
object from the top. In a regular isometric, the
30-degree axes are drawn upward from the hor-
izontal. The regular method is the most com-
mon type of isometric drawing.

related view (n) Views that are adjacent to
the same view in orthographic drawings. These
views are called related because distances of
common features are equal or related.
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relational database (n) A type of database
linking tables of data based on a common field.

relative coordinates (n) Coordinate locations
specified in reference to a previously defined
location other than the origin. Relative coordi-
nates are sometimes referred to as delta coordi-
nates, meaning changed coordinates.

removed section (n) A section view that does
not follow the standard alignment of views
practiced in multiview drawing. This technique
is used to show multiple section views gener-
ated from parallel cutting planes and views
placed on separate drawings or using different
scales.

removed view (n) A complete or partial or-
thographic view that is not aligned with any of
the principal views. Removed views are often
shown on a different drawing sheet or at a dif-
ferent scale.

reprographics (n) The process of storing,
retrieving, and copying engineering drawings.
Often, specialized service bureaus are used to
provide these services to small firms.

reverse engineering (v) A method of accu-
rately evaluating existing products, then in-
putting the information into a CAD database.
Often a coordinate measuring machine (CMM),
an electromechanical device with a probe on
one end that accurately measures objects, is
used to input the 3-D data into the CAD system.

reversed axis isometric (n) A variation of the
regular isometric pictorial. Whereas in a regular
isometric, it appears as though the viewer is
looking down from the top of the object, in the
reversed axis isometric, it appears as if the
viewer is looking up from the bottom of the ob-
ject. The 30-degree axes are drawn downward
from the horizontal.

revision block (n) An area located next to the
title block, listing the version, or revision, of the
drawing depicted.

revolution (n) The rotation of a point, line,
plane, or entire object about an axis parallel to a
plane or projection. The revolution method is
one of the standard techniques used in descrip-
tive geometry.

revolved section (n) A section view made by
revolving the cross-section view of the part
90 degrees and placing the section view on the
part. Visible lines adjacent to the revolved view
can be either drawn or broken out using con-
ventional breaks.

RGB color model (n) A color model based on
the three additive primaries: (R)ed, (G)reen, and
(B)lue. This color model is used extensively be-
cause of its close correlation to the hardware
implementation of color on a computer monitor.

rib (web) (n) A thin, flat feature of an object
that acts as a structural support. Ribs, webs,
spokes, lugs and other thin features are not sec-

tion lined if a cutting plane passes parallel to the
feature.

right side view (n) A principal view of an ob-
ject, created by rotating the line of sight 90 de-
grees about the vertical axis to the right of the
front view. This view is typically included in a
standard multiview drawing. 

rigid-body transformations (n) Transforma-
tions applied to geometric forms. Such transfor-
mations affect the location or orientation in
space but not the shape. Examples are transla-
tion and rotation.

rivet (n) A permanent mechanical fastener,
consisting of a smooth metal shaft with a head.
Rivets are placed in the part and held in place by
spreading the tip protruding through the material.

robot (n) A computer-controlled device used
in manufacturing for many purposes, such as
assembly, painting, and material movement.
Robotics is an important component of CAD/
CAM and in the automation of production
facilities.

root (n) A threading term used to describe the
bottom of a screw thread cut into a cylinder.

roulette (n) The curve generated by the rolling
contact of one curve or line on another. Any
point attached to the rolling curve will describe a
roulette curve. The moving point is called the
generating point. The roulette is constructed by
moving the rolling curve to a number of new
positions and plotting the corresponding posi-
tions of the generating point.

round (n) A round is an exterior corner nor-
mally found on cast, forged, or molded parts.
Like a fillet, a round can indicate that a surface
is not machine finished. A round is indicated on
engineering drawings as a small arc.

roundness (n) See circularity.

rule 1 (n) A central principle to geometric
dimensioning and tolerancing (ANSI Y14.5–
1982). It states that, where only a tolerance of
size is specified, the limits of size of an individ-
ual feature prescribe the extent to which varia-
tions in its geometric form, as well as its size,
are allowed.

ruled surface (n) A surface produced by the
movement of a straight-line generatrix controlled
by a directrix to form a plane, a single-curved
surface, or a warped surface.

runout (n) A filleted surface that runs tangent
to a cylindrical one. A runout is drawn on multi-
view drawings starting at the point of tangency,
using a radius equal to that of the filleted surface,
with a curvature of approximately one-eighth
of a circle.

S
saturation (n) A perceptual color quality
indicating the ratio of the primary spectral
wavelength (the hue) to all the wavelengths in

the color. A high saturation color has a vivid
hue, whereas a low saturation color approaches
gray in appearance.

scalar value (n) A quantitative data type that
expresses magnitude but not direction.

scale (n) A measuring tool used to calculate
distances on a technical drawing. Scale can
refer to both the physical tool, similar to a ruler,
and the mathematical ratio used to calculate the
size difference between the actual object and
the drawn representation of the object. Scale
lines in a visualization map the scale values to
the graphic figure.

scale breaks (n) Interruptions, or breaks, in a
visualization scale, used to reduce large blank
areas in the visualization created by widely dis-
persed data. Scale breaks allow a visualization
to preserve a larger magnification by reducing
the area required for the drawing.

scanner (n) A computer input device used to
capture information on paper and translate the
information into a raster (bitmapped) computer
image. Scanners can be used to convert a draw-
ing created with traditional tools to a CAD
drawing, to convert and enhance photographs in
desktop publishing, or to input text information
into the computer.

scatter plot (n) A visualization technique that
maps discrete values with point marks in either
2-D or 3-D space. A regression line is often in-
cluded in the visualization to help recognize
data trends.

schematic (logic) drawing (n) A type of
drawing or diagram commonly used in elec-
tronics to represent the logical and functional
relationships of parts in an electronic assembly,
circuit, or device. The drawing details the signal
flow and control but not necessarily the spatial
relationship of the final layout nor the actual
point-to-point wiring that will be used. Special
design symbols are used to represent the differ-
ent types of electronic components.

SCM (supply chain management) (n) An
electronic alternative to the traditional paper
chain, providing companies with a smarter,
faster, more efficient way to get the right prod-
uct to the right customer at the right time and
price. Combines the power of the Internet with
the latest technology, enabling participating
suppliers to access up-to-date company infor-
mation and enabling companies to better man-
age and track supply and demand.

screen angle (n) The alignment angle of dots
in halftone images. The angle of the dots in an
image, especially when multiple screens are
being used, is critical for avoiding illusionary
and otherwise unwanted secondary patterns
from appearing in the printed image.

screen coordinate system (n) A coordinate
system used to map graphics created by the com-
puter software to the monitor. The coordinate
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system often has its origin in the upper left-hand
corner of the screen, with the measurement unit
in pixels.

screen print drawing (n) See fabrication
drawing.

secondary auxiliary view (n) An auxiliary
view projected from a primary auxiliary view.
Secondary auxiliary views are used to depict
oblique surfaces in their true size and shape.

section drawings (n) Drawings containing
views in which portions of the object have been
removed. Section drawings typically depict the
cutting plane used to define the removed mater-
ial in a view adjacent to the actual section view.
The section view depicts the cut surfaces with
section line symbols.

section lines (n) A line used to represent sur-
faces of an object cut by a cutting plane in sec-
tion views. Section lines are drawn in a number
of patterns (symbols) corresponding to the type
of material being sectioned.

section view (n) A special type of ortho-
graphic view where an imaginary cutting plane
line is passed through the object revealing inte-
rior features.

sectioned assembly (n) An assembly draw-
ing that provides a general graphic description
of the interior shape of an assembly by passing
a cutting plane through the assembly. The sec-
tion assembly is usually a multiview drawing of
all the assembled parts, with one view in full
section. Other types of sections can also be
used, such as broken-out and half sections.

serial slices (n) A visualization technique
based on sectioning. A 3-D object is reduced to
a series of 2-D images by representing two of
the geometric dimensions in all slices, and each
slice represents a discrete value range for the
third geometric dimension.

servicing (v) An activity that supports the in-
stallation, training, maintenance, and repair of a
product or structure for the consumer. Technical
illustrations are found in manuals used to sup-
port servicing activities.

set screw (n) A mechanical threaded fastener,
with or without a head, used to prevent rotation
or movement between parts, such as a shaft and
a collar. Set screws have special types of points
for different applications.

shading (v) A rendering technique simulating
the effect of light on the surface of an object.
The angular relationship between the light and
the surface results in a variance in the value
(darkness/lightness) of the surface. Abrupt
changes in value typically indicate an edge be-
tween surfaces (faces).

shadow casting (v) A rendering technique
used to simulate shadows cast by (a) light
source(s). Based on methods similar to hidden
surface removal, the direction of the light rays

is used to calculate which surfaces are nearest to
the light source (and thus generate the shadow)
and which are behind the near surfaces (and
thus receive the shadow).

shaft basis (n) A tolerancing technique used
to define a system of fits and based on the basic
size as being the maximum size of the shaft.

shape (n) The internal spatial relationship of
vertices and edges that make up a face or the
arrangement of faces on an object. Examples of
characteristics used to describe a face are the
number of edges (sides), the angle between
edges, and the ordering of edges around the
perimeter. Shape is independent of overall scale
but not of viewpoint.

SI (n) Acronym for System Internationale
(i.e., International System of Units), the metric
measurement system. For technical drawings
using the SI units, the millimeter (mm), meter
(m), and the kilometer (km) are the most com-
mon units of measure. The international organi-
zation that established the metric standard is the
International Standards Organization (ISO).

single-curved surface (n) A surface that
curves in only one dimension. A cylinder is an
example of a single-curved surface. Single-
curved surfaces can be developed without dis-
torting or altering the topology of any of the
faces.

single-line drawing (n) See piping drawing.

size (n) The spatial dimension of an object.
When used with a dimension (i.e., inches, cen-
timeters), size refers to an absolute measure-
ment. Size can also be used in a relative sense to
compare features or objects.

sketch modelers (n) A term used to describe
computer modeling systems used in the
ideation phase of the design process. Sketch
modelers are defined by their ability to produce
approximately accurate models quickly and
easily.

skew lines (n) Nonintersecting, nonparallel
lines in 3-D space. The relationship of skew
lines, such as the shortest distance (clearance),
can be calculated using descriptive geometry
techniques.

software (n) A set of coded instructions (pro-
grams) used to control the operation of a com-
puter. Software is often grouped into categories,
such as operating systems (e.g., MS-DOS), ap-
plication programs (e.g., the CAD program),
and utilities (e.g., security programs).

solid geometry (n) The geometry of 3-D
objects, such as cylinders, cubes, and spheres,
and their relationships.

specifications (n) The written instructions
that may be on working drawings. 

specular reflection (n) Light reflecting from a
surface at the same angle at which it contacted
the surface. With a perfect mirror, 100 percent of

the light is reflected in this manner. Specular re-
fections are responsible for highlighting, or hot
spots, seen on real objects and rendered models.

spherical coordinates (n) Coordinates used
to locate points on a spherical surface. Spherical
coordinates are described by specifying a dis-
tance and an angle from the origin measured in
the X–Y plane and then an angle from the X–Y
plane.

spiral (n) A curved line that begins at an ori-
gin point, moves further away from the origin,
and decreases in curvature as it travels around
the origin. A spiral is sometimes referred to as a
spiral of Archimedes.

spline (n or v) A free-form curve that con-
nects a series of control points with a smooth
curve. Changing a control point results in a
change in the curve. The term also describes the
process of connecting points to create a curve.
B-spline and Bezier curves are examples of
spline curves.

spooling drawing (n) A piping drawing that
gives the information necessary for the con-
struction of a subassembly of an overall piping
system. These drawings are used offsite to fab-
ricate subassemblies that can then be taken to
the project site for final assembly.

spot enlargements (n) Drawings used in con-
junction with larger technical illustrations of
parts or assemblies to show a clearer view of
critical features. Spot enlargements typically
use a combination of increased scale, reverse
views, and sectioning to aid in viewing a fea-
ture. The enlargement is usually on the same
sheet as the overall illustration, is isolated by
ruled lines, and is keyed back to the overall
drawing by a leader or a separate callout.

spotfaced hole (n) A shallow circular inden-
tion surrounding the opening of a hole to pro-
vide a place for the heads of fasteners to rest.

spot light source (n) A light source located at
a specified point and orientation in space. In
rendering, a spot light source is usually close to
the model. Besides a location and an orienta-
tion, the user also specifies an angle of disper-
sion to create a cone of light. A flashlight is
analogous to a spot light source.

spring (n) A mechanical device, often in the
form of a helix, that expands or contracts due to
pressure or force. Springs are classified as com-
pression, tension, extension, flat, and constant
force. A spring is further classified by the mate-
rial, gage, spring index, direction of the helix,
and type of ends.

Standard for the Transfer and Exchange of
Product Model Data (n) See STEP.

standards (n) Sets of rules that allow for the
clear communication of technical ideas by gov-
erning how parts are made and represented in
technical drawings. In the United States, the
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American National Standards Institute (ANSI)
is the governing body that sets the standards
used for engineering and technical drawings.

statics (n) An area of applied physics that
deals with the analysis of forces in bodies
(parts) at rest (in equilibrium).

station point (n) The eyepoint of the observer
in a perspective drawing. The location of the
station point relative to the object, and the hori-
zon line determines the perspective viewpoint
(i.e., bird’s eye, human’s eye, etc.).

statistical process control (n) The system
used for the selection of parts that are then mea-
sured for accuracy. Mathematical statistics is
the tool used to analyze the measurements of
the randomly selected parts. Consistent and
accurate measurements will indicate when a
machine tool must be maintained or adjusted
during the manufacturing cycle.

steel (n) An alloy of iron, containing various
amounts of carbon, manganese, and one or
more other elements, such as sulfur, nickel, sili-
con, phosphorus, chromium, molybdenum, and
vanadium. These elements, when combined
with iron, form different types of steels with
varying properties.

STEP (n) An acronym for Standard for the
Transfer and Exchange of Product Model Data,
a neutral data exchange standard developed by
the ISO. The development of this standard is an
attempt to integrate the European standards and
IGES and to embody a larger, more flexible
subset of information.

stereolithography (n) A rapid prototyping
technique in which the model is first decom-
posed into a series of thin layers and then
reconstructed. A pair of light beams moves a
focal point about in a vat of photosensitive
polymer, tracing one layer at a time. Once one
layer of polymer has been hardened by the light
beams, the light beams trace the next layer up.

stereopsis (n) A term used to describe hu-
mans’ ability to see in 3-dimensions or stereo-
scopic vision.

straight line (n) A line generated by a point
moving in a constant direction. Straight lines can
be either infinite or finite in length. A finite
straight line is an entity of specific length but no
depth or breadth.An infinite straight line is an en-
tity of unspecified length but no depth or breadth.

straightness (n) A form control for geometric
dimensioning and tolerancing. Straightness
means that all points on a part have the same di-
rection throughout its length. Straightness also
refers to the path describing the shortest (uni-
form) path between two points.

streamlines (n) Line marks, usually curved,
used in visualizations to depict the path of flow
of a fluid or gas. Streamlines are used in aero-
dynamic studies to evaluate the flow of air or
water around a proposed design.

stretching (v) A modification technique that
changes the location of individual points or
groups of connected points of an object.
Stretching changes the geometry but not the
topology of the polygon or face of the solid. If
this technique is used on a 3-D solid, it is some-
times referred to as tweaking.

stud (n) A mechanical fastening device that
consists of a cylindrical rod threaded on one or
both ends and that screws into a mating part. A
nut may be used on one end.

subassembly (n) A logical grouping of parts
that are only part of the total assembly. Often, a
subassembly is a working mechanism in and of
itself, but it works in concert with other parts to
form the complete assembly.

subtractive (adj.) A process or state in which
elements are removed from each other. Subtrac-
tive is the opposite of additive.

subtractive primaries (n) The three primary
colors cyan, magenta, and yellow. Color sys-
tems using these primaries work on the princi-
ple of subtracting spectral wavelengths from
the light energy to create new colors. These sys-
tems are used in ink-based graphics, specifically
four-color printing (the fourth color being
black). The complementary colors are the addi-
tive primaries: red, green, and blue.

successive auxiliary view (n) An auxiliary
view of an object created by projecting from
other auxiliary views. With the use of succes-
sive auxiliary views (e.g., secondary auxiliary,
tertiary auxiliary, etc.), it is possible to create
virtually any view of an object.

surface (n) A finite portion of a plane, or the
outer face of an object, bounded by an identifi-
able perimeter. A surface represents the path of
a moving straight or curved line, called a gener-
atrix. The path that the generatrix travels is the
directrix. In a 3-D model, the topological equiv-
alent of a surface is a face.

surface plot (n) A 3-D visualization tech-
nique used with two independent variables (X
and Y) and one dependent variable (Z). A sur-
face connecting the data points represents the
mapping of the independent and dependent
variables. Shading and other rendering tech-
niques are often used to help visualize the
surface.

sweeping (n) A 3-D modeling operation in
which a closed polygon, called a profile, is
drawn on the workplane (the U–V plane) and is
transformed along a defined path. The sweeping
technique is procedural in nature in that instruc-
tions are given as to how far and in what direc-
tion the sweep of the profile is to occur in order
to create the solid.

symmetrical (adj.) A quality in which all the
features on either side of a point, line, or plane
are identical. The matching features form bal-
anced, mirror images.

system (n) An orderly arrangement of parts
that are combined to serve the same general
function. Examples are the arrangement of the
assembly process in a factory; the heating,
ventilating, and air conditioning (HVAC) system
in a structure; and the electrical system in an
automobile.

system design (n) An engineering design
process used to create a new system or process. 

system tolerance (n) The sum of all the piece
tolerances.

T
tablet (n) A computer input device used to
control cursor movement and to select menu
items. The tablet can be covered with a thin,
plastic overlay that contains the menu options
for a CAD software program. Attached to the
tablet is the cursor control device, such as a
puck or stylus. Specialized tablets, called digi-
tizers, are used to convert a drawing created
with traditional tools to a CAD drawing by trac-
ing geometric elements with the puck.

tabular drawing (n) A table used when sev-
eral similar parts have common features.

tangent (n) A condition in which a straight
line is in contact with a curve at only one point.
Tangents describe the smooth transition from a
linear/planar element to a curved one. Geomet-
ric construction techniques are used to define
tangent curves in an engineering drawing.

tap (n or v) The machine tool used to make
threads in holes. A drill bit (the tap drill),
approximately equal to the diameter of the
crest, is used to make a hole in metal before tap-
ping an internal thread. The term is also used to
describe the process of creating the threads.

technical and office protocol (n) See TOP.

technical drawing/graphics (n) A special-
ized type of graphics used to communicate
technical information. Examples of technical
graphics include 3-D computer models and
illustrations of a technical device.

technical reports (n) In-depth accounts, con-
taining text and graphics, documenting the
design process. Progress reports are created in
the early stages of the design process to docu-
ment the decisions made by the design team and
are used to periodically review the status of a
project. Final reports are written at the end of
the design cycle and are much more detailed.

technical sketch (n) A type of sketch that de-
picts only certain features of an object or struc-
ture. Sketches are used as part of the design
process, in the same way as a technical drawing,
but sketches are more informal and are typically
used early in the design process.

technologists (n) Personnel who work with
the engineers and are concerned with the practi-
cal aspect of engineering in planning and
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production. The technologist must be able to
communicate quickly and accurately using
graphics, by sketching design problems and
solutions, analyzing design solutions, and spec-
ifying production procedures.

template (n) A die-cut flexible sheet used to
assist in the drawing of repetitive features, such
as circles, ellipses, threaded fasteners, and archi-
tectural symbols. The circle template is used to
draw regular-interval sized circles and arcs (e.g.,
1-mm increments) quicker than using a compass.

tensor (n) A general term describing all types
of quantitative data. A tensor has two parts: the
dimensionality of the coordinate system, d, and
the order of the tensor, n. The number of compo-
nents (scalar values) needed to express the tensor
is equal to dn. For example, a 2-D vector is a ten-
sor of order n � 1 with 21 � 2 components.

tertiary auxiliary view (n) An auxiliary view
projected from a secondary auxiliary view.

text alignment (n) The vertical alignment of
lines of text. Also referred to as justification,
lines of text can be aligned along such features
as their right or left ends or the centers of the
lines.

texture gradient (n) A perceptual cue that
uses changes in patterns to indicate changes in a
surface (face). Gradual changes in the patterns
indicate changes in depth, curvature, orienta-
tion to light, or a combination thereof. Abrupt
changes indicate a change of surfaces or
objects.

texture mapping (n) A rendering technique
that transfers a 2-D pattern (texture) to a 3-D
surface. Although the name implies manipulat-
ing the geometry of the surface, the technique is
limited to mapping color patterns, such as a
logo or a fabric pattern, to a surface to enhance
the realism of the model.

third angle projection (n) A standard projec-
tion technique used in the United States to rep-
resent objects on paper.

thread form (n) A threading term used to de-
scribe the profile or shape of the thread cut into
the cylinder.

thread series (n) A threading term used to de-
scribe the number of threads per inch for a
given diameter.

threaded fastener (n) A mechanical fastener
incorporating threads as a means of joining
parts, either directly by threading into one or
more of the parts or indirectly by using a nut.

through hole (n) A hole that goes completely
through an object.

tick marks (n) Short, perpendicular lines lo-
cated along a primary line. Tick marks are used
to mark important locations along the line, such
as a point of tangency in a geometric construc-
tion or the regular divisions of units along a
scale line in a visualization.

time series analysis (n) A visualization tech-
nique depicting a sequence of graphs in such a
way as to allow comparisons between them.
The sequence of images can be shown serially
in the form of an animation or in parallel, with
all the images either superimposed on each
other or shown side by side.

title block (n) Normally located in the lower
right corner of the drawing sheet used to record
important information for the working drawing.

tolerance (n) The difference between the
maximum and minimum size limits on a part.
Tolerancing is a fundamental technique in pre-
cision manufacturing applications.

tolerance stack-up (n) The additive rule for
tolerances that says that tolerances taken in the
same direction from one point of reference are
additive.

tolerance zone (n) A tolerance term that rep-
resents the tolerance and its position in relation
to the basic size.

tool solid (n) Transient solid objects used to
modify the solid model in a modeling system.
Typically representing relative simple geomet-
ric shapes, tool solids modify the solid model
using Boolean operations.

tools (n) Devices used to create engineering
drawings and models, including both hand and
computer tools.

TOP (n) Acronym for technical and office pro-
tocol, a standard developed to assist in the inte-
gration of technical information within an office
environment. TOP allows file transfer, manage-
ment, and access; message handling; standards
for document revision and exchange; directory
services; graphics; and database management.

top view (n) A principal view of an object
created by rotating the line of sight 90 degrees
about the horizontal axis above the front view.
This view is typically included in a standard
multiview drawing.

topological (adj.) In 3-D modeling, a term
that refers to the connectivity of the model, that
is, how the elements of the object (i.e., the
faces, edges, and vertices) are organized.
Geometry specifies where elements are located
in space and how they are shaped; topology
describes how these elements are connected to
each other.

total quality management (TQM) (n) The
process of managing the entire organization
such that it excels in all areas of production and
service. The key is that quality extends through-
out the organization, in everything that it does,
and quality is defined by the customer.

TQM (n) See total quality management.

traditional tools (n) Devices used to assist
the human hand in making technical drawings,
such as drawing lines straighter, circles more
circular, etc. Examples are mechanical pencils,

straightedge scales, triangles, and compasses.
Traditional tools are often compared with
computer-based CAD tools.

transition fit (n) A fit that occurs when two
toleranced mating parts will sometimes be an
interference fit and sometimes be a clearance fit
when assembled. Both the loosest and tightest
fits for any two mating parts must be calculated,
often using tables associated with standard
parts.

trimetric projection (n) An axonometric
projection in which none of the three axes is
measured on the same scale or is at the same
angle relative to the others. A trimetric drawing
is the hardest to draw, but it is the most pleasing
to the eye since it represents the most realistic
positioning of the object.

trimming (v) Reshaping a surface by inter-
secting with another surface or projecting a
curve onto the surface. As with a Boolean sub-
traction operation, material on one side of the
resulting curve of intersection is removed.

true-length line (n) A line representing an
edge that is parallel to a plane of projection and
perpendicular to the line of sight.

true-size plane (n) A plane parallel to the
plane of projection and perpendicular to the line
of sight. The plane is shown as an edge in the
adjacent, orthogonal projection planes.

tweaking (v) A general term encompassing a
variety of techniques that involve changing the
geometry but not the topology of an object. For
example, the radius of a sphere can be changed
without adding or deleting any new faces. The
size of a hole can also be changed, as long as the
enlargement does not cross the edges of any
other faces.

U
undevelopable surface (n) A surface of an
object that cannot be unfolded or unrolled onto
a plane without distortion. Double-curved sur-
faces, such as spheres, are undevelopable.

unevaluated (adj.) A description of a model
for which the final form is not explicitly repre-
sented in the database. An evaluated model is
concise (i.e., it takes up smaller amounts of
memory), but it is not efficient since portions of
the model must be defined “on-the-fly” before
the user-requested operations can be processed.

unidirectional dimensioning (n) A style of
dimensioning in which the dimension and note
text are oriented to be read from the bottom of
the drawing, relative to the drawing format. This
is an ANSI approved style of dimensioning.

unilateral tolerance (n) A dimensioning
technique that only allows variance in one di-
rection from the basic size of a part or feature.

union (�) (n) The Boolean operation that
combines the two specified solids. If the two
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solids intersect, the intersecting geometry is
only represented once in the resulting solid.

uniqueness (adj.) A term used to describe the
representation of an object by a computer mod-
eler. The term refers to how close the corre-
spondence is between the representation and the
object and whether the representation can in
fact represent more than one possible object.

universal product code (n) See UPC.

UPC (n) Acronym for universal product
code, a coded symbol placed on parts and prod-
ucts. UPC is part of a bar coding system for au-
tomatic reading by a laser scanning device. In
manufacturing, bar codes are attached to parts,
assemblies, and finished products, for tracking
the product and for inventory purposes.

upper deviation (n) A tolerancing term
describing the difference between the maximum
size limit and the basic size.

upper limit (n) The numerical value of a tol-
eranced dimension feature describing the
largest value.

upside-down sketching (n) A technique for
improving sketching ability by turning an
object upside-down before sketching.

V
validity (adj.) A term used to describe the
representation of an object by a computer mod-
eler. The term refers to whether the representa-
tion actually represents a form that could exist
in the real world.

valves (n) Mechanical devices used to control
the flow of liquids and gases through piping
systems. The four major functions of valves are
to start and stop flow, regulate flow, prevent
backflow, and relieve pressure. Valves can
either be manual or computer controlled and
can be set to respond automatically to condi-
tions in the pipe.

vanishing point (n) An imaginary point in a
perspective drawing or sketch, often on the
horizon line, where all projection lines of one
dimension of the object converge.

vector value (n) A quantitative data type that
expresses both magnitude and direction.

vertex (n) The coincidental termination of
two or more edges, defined by a point in space.
This point indicates a transition from one edge
to another and is often the juncture of two or
more faces (surfaces).

vertical plane (n) A plane parallel to the pro-
file plane of projection.

videodisc (n) An optical storage medium for
analog video information. The disk has the ad-
vantages of efficient storage of analog informa-
tion, high image quality, and almost immediate
random access; it is similar in technology to the
CD-ROM but larger in diameter.

view camera (n) In 3-D modeling, a
metaphorical camera that records what is on the
image plane and then, much like a video moni-
tor, shows the image on the computer screen.
The image from the camera is contained in a
port on the computer screen.

view volume (n) A theoretical volume defin-
ing the region to be rendered. The minimum and
maximum Z depths and the viewing bounds on
the screen define the three dimensions of the
volume. The volume appears as a rectilinear
prism in parallel projection and as a truncated
pyramid in perspective projection.

virtual condition (n) The condition resulting
from the worst-case combination of size and
geometric tolerance applied to a feature. Virtual
condition is used in the design of mating parts
and for determining gage element sizes. For an
external feature, virtual condition is the MMC
size plus the geometric tolerance. For an inter-
nal feature, it is the MMC size minus the geo-
metric tolerance.

virtual models (n) A computer-based model
analogous to a real or proposed object. Virtual
models are endowed with the qualities of a real
object, allowing the models to be used in evalu-
ating a proposed design. Virtual models are use-
ful for quickly performing multiple tests that
could be destructive to physical models.

virtual reality (VR) (n) A generic term used
to describe artificial environments in which
some or all of the human senses are immersed.
The term “presence” is often used to describe
the degree to which one feels immersed in the
virtual environment. VR can be used in engi-
neering design to allow more complete exami-
nation of proposed designs without having to
build physical prototypes and place them in
their planned environments.

visible line (n) A line type used to represent
features that can be seen in the current view. A
visible line represents the boundary between
two surfaces (faces) that are not tangent or the
limiting element of a curved surface.

vision (n) The perception of light through the
human eye.

visual inspection (n) The process of evaluat-
ing a design visually. Visual analysis is often
used by industrial designers and marketing pro-
fessionals to assess the consumer’s aesthetic
reaction to a design. This analysis can also be
used by engineers to perform a quick confirma-
tion of geometry.

visual science (n) The study of the visual and
technical applications of graphics. Some of the
applications of visual science include printing
technologies, communications media, visual de-
sign, engineering graphics, and artistic drawing.

visualization (n) The process of mentally un-
derstanding visual information. Visualization is

used with both physical and virtual models to
better understand their form and function. The
mental image may be analogous to the object
represented or of something different. Graphics
and the process of creating graphics are used to
help stimulate the visualization of proposed
designs.

volume rendering (n) A visualization tech-
nique used with three independent variables
mapped to the three geometric dimensions.
Each dependent data value is represented by a
3-D volume unit called a voxel, typically coded
with color. Various sectioning techniques are
used to reveal data values on the interior of the
data space.

voxel (n) The minimum 3-D unit in a volume
rendering; equivalent to the pixel in a 2-D ren-
dering.

VR (n) See virtual reality.

W
warped surface (n) Asingle- or double-curved
transitional surface (e.g., cylindroids, conoids,
helicoids, hyperbolic paraboloids). Warped
surfaces are often approximated by triangulated
surface sections, and may join other surfaces or
entities together.

washer (n) A round piece of material with a
hole in the center, used with mechanical fasten-
ers to improve the assembling surface, distrib-
ute load, and assist in locking nuts. Washers are
specified by giving the inside diameter, outside
diameter, thickness, type, and name.

web (rib) (n) A thin, flat feature of an object
that acts as a structural support. Ribs, webs,
spokes, lugs, and other thin features are not sec-
tion lined if a cutting plane passes through their
long dimension.

welding drawing (n) A detailed multiview
drawing of all the parts assembled with accom-
panying welding symbols.

width (n) One of the three principal dimen-
sions of an object. The width dimension is de-
scribed in the front and top views of a multi-
view drawing. The width dimension is often
associated with the X axis in a 3-D modeling
system.

winged-edge data structure (n) A common
3-D database structure used by boundary repre-
sentation (B-rep) modelers. This data structure
attempts to strike a balance between concise-
ness and efficiency by providing select redun-
dancy of edges and vertices.

wireframe (n) The simplest type of data rep-
resentation for 3-D models. Wireframe model-
ing is a natural outgrowth of 2-D CAD in that
such models only contain information on edges
and vertices. With a wireframe modeler, there is
no implicit information on the boundary be-
tween inside and outside the model volume.
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Wireframe can also refer to a rendering tech-
nique in which only the edges and vertices are
represented in the image.

wiring (cabling) diagram (n) A diagram or
drawing showing how the components in an
electronic assembly will be connected. Since
wiring diagrams often depict the wiring of all
the components tied into a single wiring har-
ness, they are also called cabling diagrams.
When the drawing depicts how the components
are connected to the cable, it is called an inter-
connection (or point-to-point) diagram. When
there are numerous cable connections, it is
called a highway diagram.

working assembly drawing (n) A drawing
that combines the detail drawing with the as-
sembly drawing. For relatively simple assem-
blies using some standard parts, it is possible to
combine the detail drawing with the assembly
drawing by using a section view.

working drawings (n) The complete set of
standardized drawings that specify the manu-
facture and assembly of a design. Depending on
the complexity of the design, working drawings
may be on more than one sheet and may contain
written instructions, called specifications. Work-
ing drawings are often synonymous with the
“blueprints” of a design.

workplane (n) Often called a construction
plane, a 2-D infinitely large plane that can be
oriented anywhere in 3-D space. A workplane
usually has an associated local coordinate sys-
tem designated with unique letters (e.g., U, V,
W). Workplanes are used to define 2-D geome-
try used in the development of 3-D models.

world coordinate system (n) A fixed coordi-
nate system, also referred to as a global coordi-
nate system, used in CAD to define the geometric
properties of elements stored in the database.
The world coordinate system typically uses

either a 2-D (X,Y) or 3-D (X,Y,Z) Cartesian co-
ordinate system.

worm’s eye view (n) In a perspective pictor-
ial, a viewpoint looking up at the object. From
this viewpoint, the ground line is substantially
above the horizon line of the object.

X
xerography (n) An electrostatic process that
transfers images onto ordinary paper.

Z
Z-buffer (n) A combination of computer
hardware and software which stores depth (Z)
information about a rendered model. A Z-buffer
contains specialized memory for managing
depth information, thus speeding the rendering
process, especially in animated sequences.
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A
Absolute coordinates, 85
Additive technique, 252–253
Adjacent areas, 259
Adjacent views, 206, 208
Aesthetic analysis, 587, 590
Aesthetic design, 564
Align tool, 170
Aligned sections, 409–412
Allowance, 459
Alphabet of lines, 14–16, 208
American National Standards

Institute (ANSI), 13–14, 58,
241–264, 343–344, 396–397,
440–444, 512–513

dimensions, standard practices,
440–444

isometric drawings, 343–344
lettering, 58
multiview drawings, 241–246
section lines, 396–397
standards, use of, 13–14
thread specifications, 512–513

American Society of Mechanical
Engineers (ASME) standards,
14–16, 453–455

Angles, 102, 103, 234–235,
352–353, 510

isometric views, 352–353
multiview representation of,

234–235
thread, 510
types of, 102, 103

Angularity, 639
Animations, 586, 598
Arrows, 437
Assembly, 170–174, 356, 358, 405,

407, 493–498, 504–505
drawings, 356, 358, 493–498
modeling, 170–174
outlined, 493
pictorial, 495, 498
sectioned, 405, 407, 493–496, 498
working, 504–505

Associative dimensioning, 474–475
Augmented reality, 615–616
Auxiliary sections, 405, 408
Auxiliary views, 311–335

applications, 322–326
CAD, using, 321
classifications, 315–321
curves, 320–321

depth, 316–317
half, 320
height, 317–318
labeling conventions, 316
objectives of, 311
partial, 320
projection theory, 312
successive, 325
width, 318–320

Axes, 338, 341, 342–343
Axis, 508, 636
Axonometric projection, 338–341

B
B-spline curves, 102
Balloons, 500–501
Bearings, 521
Bezier curves, 102
Bidirectional associativity, 168
Bill of materials (BOM), 63, 493
Bird’s eye view, 365
Blend sweeps, 153, 154
Blind holes, 237, 238, 448
Blind sweep, 153
Blueprinting, 526
Bolts, 515–517, A-19, A-28
Boolean operations, 135–137
Bottom-up design, 174
Boundary representation (B-Rep)

modeling, 138
Brainstorming, 578–579
Breaks, conventional, 412, 413
Broken-out sections, 402–403
Business-to-business (B-to-B), 569

C
CAD, see Computer-aided

design/drafting (CAD)
Cams, 519–520
Cap screw, 515
Cartesian coordinate system, 80
Center lines, 343
Central processing unit (CPU),

17–18
Central view, 208
Chain line, 442, 443
Chamfers, 239, 241, 508
Check print, 20
Circles, 92–94
Circular line element, 635
Circular sweep, 153
Circularity, 636

Clearance fit, 461
Clearance location fits (LC),

470, A-6
Collaborative engineering design,

568, 570–571
Components, 170
Computer-aided design/drafting

(CAD), 14, 16–21, 42, 61–64,
220, 321, 367–370, 371,
412–413, 474–475, 506–508,
514–517

associative dimensioning,
474–475

auxiliary views using, 321
central processing unit (CPU),

17–18
database standards, 14
detailed working drawings,

506–508
display devices, 18–19
geometric accuracy, 474
hardware, 17
input devices, 18–19, 
input/output (I/O) devices, 20–21
lettering, 61–63
linestyles, 16
multiviews from, 220
operating system, 18
output devices, 19–20
parametric modeling, 64–65
perspective drawing,

367–370, 371
sectioning techniques, 412–413
sketching tools, 42
software, 18
storage devices, 20–21
thread techniques, 514–517
technical drawing tool, use as,

16–17
tolerances in, 474–475

Computer-aided manufacturing
(CAM), 178–179

Computer augmented virtual
environment (CAVE), 615

Computer numerical control (CNC),
11, 179

Computer simulation and
animation, 586

Concentricity, 641
Concurrent engineering, 10–12,

567–604
design process, 567–604

design review meetings, 590–591
documentation, 596–601
drawing control, 601–604
ideation, 575–581
implementation, 591–601
refinement, 581–590
use of, 10–12

Cones, 109
Configuration of planes, 232
Conic curves, 94–100
Constraint-based modeling, 138–139
Constraints, 138, 147–152
Construction geometry, 143
Constructive solid geometry (CSG)

modeling, 135–138
Contiguous areas, 266
Continuity, 3-D modeling, 117–119
Contour dimensioning, 449, 450
Contour sketching, 44–46
Controls, geometric, 634–644

form, 635–637
location, 639–644
orientation, 637–639

Conventions, 13–14, 208, 210–211,
243–245, 409–412

graphics communications, 13–14
lines, 208, 210–211
revolution, 243–245
sectioning, 409–412

Convolutes, 111
Coordinate measuring machine

(CMM), 605
Coordinates, 80–87

local coordinate systems, 86–87
multiview drawings, 80–83
reference point, 80
right-hand rule, 83–84
space, 80–87
3-D system, 80–82
2-D system, 80
types of, 85–86
world coordinate systems, 86–87

Corners, see Edges
Corporate intellectual capital

(CIC), 574
Counterbored hole, 237, 238, 448
Countersinks, 448
Countersunk hole, 237, 238
Cox, Donna, 617
Crest, 508
Critical path method (CPM), 577
Cross-hatch lines, 396–398

Index
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Curved lines, 49–51, 91
Curved surfaces, 235–237
Curves, 91, 94–102, 113, 114,

320–321
auxiliary views of, 320–321
conic, 94–100
ellipses, 97, 99–100
fractal, 113, 114
freeform, 101–102
hyperbolas, 97, 98, 99
irregular, 91
parabolas, 95, 97, 98
regular, 91

Cutting plane, 253–256, 257,
392–395

lines, 392–395
skin, 257
visualization, 253–256

Cylinders, 110, 240–241, 243–244
Cylindrical coordinates, 85
Cylindricity, 637

D
da Vinci, Leonardo, 31
Data, 139, 167–179, 601–604

analysis, 174–179
associativity, 168–169
documentation, 169–170
file management, 603
ISO 9000, 603–604
part model, application of,

167–179
product control, 601–603
sources of model, 139

Datums, 438, 632–634
assembly, 633
feature symbols, 634
primary, 634
reference frame, 633
secondary and tertiary, 634
uses of, 438, 632

Degrees of freedom, 171,
173–174, 176

Depth auxiliary view, 316–317
Depth, threads, 508
Design for manufacturability

(DFM), 604
Design in industry, xxiv, 36, 78, 132,

194, 310, 336, 384, 432, 488,
562, 626

Alloy total product design, 310
Arc Second, 36
designing a winning Tour de

France bike, 336
going virtual, xxvi
human factors, using in bath tub

design, 562
John Deere 8020 series

tractor, 488
Leonard Zakim Bunker Hill

Bridge, 432
Motorola NFL Headset

Generation II, 194
PUMA Footwear’s The Fass, 78
solid modeling and CAD fuels

race team’s success, 132

Stryker Medical’s Trio Mobile
Surgery platform, 626

Teradyne FLEX test system, 384
Design process, 4–8, 8–10, 10–12,

563–625. See also Concurrent
engineering; Engineering
design

analysis, 586–590
case study: RAZR mobile phone,

606–609
communication, 6–7
documentation, 7–8, 595–601
drawing control, 601–604
engineering, 566–604
finance, 592–594
ideation, 575–581
implementation, 591–601
importance of graphics in, 4–8
management, 594
marketing, 592
methods, 604–605, 610–616
modeling, 583–586
overview of, 563–564
planning, 591–592
preliminary, 579
production, 592
refinement, 581–590
review meetings, 590–591
service, 594–595
traditional, 8–9
use of, 564–566
virtual reality (VR), 605–616
visualization, 5–6

Designer’s notebook, 580–581
Detail drawings, 491–493
Detail number, 493
Developable surface, 106
Developments, 257–259
Deviation, 464–465
Diameter, 446, 509, 645
Diameter symbol, 438
Diazo, 526
Die, 508
Difference operation, 135–137
Digital audio tape (DAT), 527
Digital technologies, 527–528
Dihedral angles, 324–325
Dimension line, 437
Dimensions, 64, 343–344, 433–487.

See also Geometric
dimensioning and tolerancing
(GDT)

aligned, 442, 443
ASME standard rules, 453–455
basic, 437
coordinate, 439–440
detail, 444–449
extension lines, 437, 441–442
grouping, 441
guidelines, 451–453
isometric drawing standards,

343–344
limited length area, 442
location, 434–438, 439
out-of-scale, 442, 443
overview of, 433–434, 478
placement, 440

plus and minus, 438
reading direction, 442
reference, 437
repetitive features, 442, 444
size, 434–439
spacing, 440–441
staggering, 441
techniques, 449–455
terminology, 435, 437–438
tolerancing and, 458
unidirectional, 442, 443
use of, 434
view, 442, 443

Dimetric projection, 339
Directrix, 105
Displacement, 520
Display devices, 18–19
Documentation, 7–8, 169–170, 491,

595–601
Double-curved surfaces, 106
Drawings, 4–5, 13–14, 16–27, 120,

201–202, 259–267, 328, 341,
342–344, 354–356, 358,
367–373, 415, 450–452,
489–561, 579, 596–597. See
also Multiviews; Technical
drawings; Working drawings

assembly, 356, 358, 493–498, 514
CAD perspective, 367–370, 371,

514–515
conventions, 13–14
coordinate space, 81–83
design, 596
dimensioning process, 450–452
early development of, 415
ideation, 579
isometric, 341, 342–344,

354–356, 358, 372–373
multiview, 81–83, 201–202,

259–267, 268
numbers, 498–499
perspective, selection of variables

in, 367
production, 596–597
schematic representation, 514
section views, 354–356
standards, 13–14, 343–344
technical, 5, 16–27, 120, 328
thread, 513–515
use of, 4–5
working drawings, 491–561

Dürer, Albrecht, 268

E
e-business, 574
Edges, 223, 225–227, 232, 234, 250.

See also Lines
changes of planes, 234
fundamental views of, 223,

225–227
solid object feature, 250
view, 232

Ellipses, 97, 99–100, 345, 347–348,
349, 353, 355

Engineering change orders
(ECO), 502

Engineering design, 566–604
collaborative, 568, 570–571
concurrent, 567–604
e-business, 574
enterprise data management

(EDM), 569
process, 566–567
product data management

(PDM), 569
product life cycle management

(PLM), 572–574
product, 566–567
productivity tools, 568–569
projects, 575
prototyping, 568
teams, 574–575
traditional, 567
virtual product

representation, 568
Engineering digital management

system (EDMS), 528
Engineering geometry, 79–131

angles, 102, 103
circles, 92–94
conic curves, 94–100
coordinate space, 81–87
curves, 91, 94–102
elements of, 87–88
freeform curves, 101–102
lines, 89–91
overview of, 79–80
planes, 102–105
points, 89
shape description, 80
surfaces, 105–107, 109–113
tangencies, 91–92
3-D modeling, 113–119
use of, 80

Engineers, 4, 10–11, 52–53, 94–95,
141, 218–219, 400–401

designing bicycles for women,
94–95

designing Formula 1 race cars,
400–401

designing recreational vehicles,
52–53

designing robots to explore
planets, 10–11

designing snowboards, 141
designing tennis equipment,

218–219
role of, 4

English units, tolerance
relationships, 467–474

Enterprise data (document)
management (EDM), 569,
601–602

Envelope principle, 631
Equal measure projection, 339
Erasing, 41
Ergonomics, 176, 178
Euler operations, 138
Explicit constraints, 147–148
Exploded view, 174
Extension lines, 437,

441–442
Extranet, use of, 569



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

Back Matter Index 749© The McGraw−Hill 
Companies, 2007

Index I-3

F
Faces, 250
Farish, William, 372–373
Fastening, 508, 644–645. See also

Threaded fasteners
Feature control frame, 629–630
Feature tree, 159
Features, 138, 140, 142–163,

249–250
analysis, 140, 142–163
base, 140
completion of definition,

152–154
construction geometry, 143
definition, 142–159
duplicating, 162–16
editing, 159–162
model part, 159–163
planning strategies, 154–159
profile, 142, 144–152
sketching, 144–147
solid objects, 249–250
sweeping operations,

142–143, 144
3-D modeling, 138, 140,

142–163
File management, 603
Fillets, 237, 239, 240
Finish marks, 239, 240
Finite element analysis (FEA),

176, 177
First-angle projection, 206, 207, 208
Fishtank VR, 612–613
Fits, 460–461, 464–474, 511,

A-5–A-14
ANSI standard tables for,

A-5–A-14
determination of, 461
English units, 467–474
hole basis, 465, 467, A-11, A-12
metric limits and, 464–467
preferred precision, 467–474
shaft basis, 465, 467,

A-13, A-14
thread, classes of, 511
types of, 460–461

Five-step GDT process, 645
Fixed fastener tolerancing, 645
Flatness, 636
Floating fastener tolerancing,

644–645
Focus, parabolas, 95
Fold lines, 204
Fold-line method, 312–314, 316
Force and shrink fits (FN), 470, A-9
Foreshortening, 225, 230, 232, 447
Form controls, 635–637
Fractals, 113, 114
Freeform curves, 101–102
Freeform surface, 16
Freehand sketching, 40–42
French, Thomas Ewing, 530
Full-section view, 398–401
Functional analysis, 587, 589
Functional design, 565
Functional dimensioning, 462

Fundamental deviation, 465
Fused deposition modeling

(FDM), 585

G
Gaging tolerance, 634
Gears, 519
General-purpose section lines,

396–397
Generatrix, 105
Geometric breakdown

dimensioning, 449, 450
Geometric dimensioning and

tolerancing (GDT),
627–655

controls, 634–644
datums, 632–634
design applications, 645–647
five-step process, 645
maximum material condition

(MMC), 631–632
overview of, 627–628
perfection, 634
rule 1, 630–631
symbols, 629–630
tolerance calculations,

644–645
tolerance zones, 634
use of, 628–629
virtual condition, 634–635

Geometric modeling, 11
Geometric symbols, A-55
Geometrics, 434. See also

Dimensions; Tolerancing
Geometry, see Engineering

geometry
Graphics communication, 1–35

alphabet of lines, 14–16
computer-aided design/drafting

(CAD), 14, 16–17, 17–21
concurrent engineering, 10–12
design process, 4–8, 8–10, 10–12
future trends in, 28–29
introduction to, 2–4
overview of, 1–2
specialists in, 16
standards and convention, 13–14
technical drawing, 5, 16–17,

21–27
use of, 28

Graphics Kernel System (GKS), 14
Grid paper, 42, 348, 350
Grooves, 448
Ground line, 365–367
Guide lines, 58–59

H
Half auxiliary view, 320
Half-section view, 401–402
Head-mounted displays (HMD), 612
Height auxiliary view, 317–318
Hexagons, 105
Hidden lines, 208, 212, 343,

389–390
Hierarchical Object-Oriented Picture

System (HOOPS), 14

Hole basis, 465, 467, A-11, A-12
Hole diameter tolerancing, 645
Hole system, basic, 470–472
Holes, 237, 238, 241, 244, 448,

642–644, 645
Horizon line, 364, 365
Human factors analysis, 587,

589–590
Human’s eye view, 365
Hyperbolas, 97, 98, 99

I
Ideation, 575–581

designer’s notebook, 580–581
graphics and visualization, 579
preliminary design, 579
preliminary ideas statement, 578
presentation graphics, 577, 579
problem identification, 576–578
resources, 579–580

Imaging, 43
Implementation process, 591–601
Implicit constraints, 147–148
Inclined face, 253
Inclined planes, 229, 230
Inkjet printers, 20
Input devices, 18–19, 
Input/output (I/O) devices, 20–21
Interchangeable parts, 455, 457
Interference fit, 461
Interference location fits (LN),

470, A-8
International Standards Organization

(ISO) standards, 24–25
International System of Units (SI),

25–26
International tolerance grade

(IT), 465
Internet, use of, 569
Intersecting cylinders, 240–241,

243–244
Intersecting lines, 90
Intersection operation, 135–136
Intranet, use of, 569
ISO 9000, 603–604
Isometric, 341–356, 358, 372–373

axes, 341
axonometric projections,

341–344
drawings, 341, 342–344,

354–356, 358, 372–373
ellipses, 345, 347–348, 349,

353, 355
grid paper, 348, 350
line, 341
plane, 341
sketches, 344–345, 346, 349
templates, ellipses, 353, 355
views, 350–353

K
Keyboard, 19
Keys, 517–518, A-41–A-43
Kinematics, 176
Knowledge-based engineering

(KBE), 604–605

L
Laminated object manufacturing

(LOM), 585
Laser printers, 20
Lead, thread, 509
Leader line, 437
Least material condition (LMC),

437, 459–460, 631
Lettering, 57–64

CAD technique, 61–63
font, 60–61
guide lines, 58–59
hand, 58–60
measurement of, 61
points, 61
standards, 58

Limiting element, 250
Limits of size, 437–438, 459
Line element, 635
Line of sight (LOS), 197
Line profile, 639
Linear array, 162
Linear sweep, 152
Lines, 14–16, 47–51, 54–57, 58–59,

89–93, 204, 208, 210–213,
223–226, 262 323–324, 341,
342–343, 364–367, 392–398,
437, 441–442

alignment of views, 211, 212
alphabet of, 14–16, 211
ANSI standard section lines,

396–397
center, 210, 212–213
construction, 51, 54–57
conventions, 208, 210–211
cross-hatch, 396–398
curved, 49–51, 91
cutting plane, 392–395
extension, 437, 441–442
fold, 204
fundamental views, 223–226
geometric use of, 89–92
ground, 365, 366–367
guide, 58–59
hidden, 208, 212, 343,

389–390
horizon, 364, 365
inclined, 225
isometric, 341
missing, 262
nonisometric, 342–343
normal, 223
oblique, 225–226
point of view of, 323–324
proportion of, 51, 54–57
section sketching practices,

396–398
straight, 47–49, 90
tangencies, 91–93
true-length, 223, 225

Linkages, 520–521, 522
Local coordinate systems,

86–87
Location controls, 639–644
Locus, 89
Lofting, 117
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Long Range Navigation
(LORAN), 97

Lower limit, 455

M
Machine screw, 515
Major diameter, ellipses, 99
Manifold model, 134
Manufacturers’ gages, 449
Market and financial analysis,

587, 590
Mass property analysis, 176
Mate tool, 170
Material symbols, 396–397
Maximum material condition

(MMC), 437, 459, 631–632
control types, separation of, 632
departure from, 631
dimensional limits, 437, 459
perfect form at, 631
symbols, 631

Mechanical engineer’s scale, 24
Mechanism analysis, 587, 588–589
Mechanisms, 519–521
Metric, 24–26, 466, 512–513, A-3,

A-10
equivalents, A-3
fits, A-10
scale, 24–26
thread specifications, 512–513
tolerance symbols, 466

Microfilming, 527
Minor diameter, ellipses, 99
Mirror process, 162–163
Modeling, 64–65, 113–119,

133–193, 583–586. See also
3-D solid modeling

boundary representation
(B-Rep), 138

computer simulation and
animation, 586

constraint-based, 138
constructive sold geometry

(CSG), 135–138
descriptive, 583
mathematical, 584
parametric, 65–65
primitive instancing, 135
rapid prototyping, 585–586
scale, 584
solid, 134
surfaces, 116–119
3-D, 113–119, 132–193
wireframe, 114–116

Mouse, 16
Multiviews, 195–308

adjacent areas, 259
advantages of, 201–202
analysis by solids, 262–265
analysis by surfaces, 265–367
ANSI standards, 241–246
drawings, 201–202, 259–267
edges, 223, 225–227, 234
fundamental views, 223–234
history of, 268
labeling, 262

line conventions, 208, 210—211
missing lines, 262
overview of, 195–197
partial view, 242–243
physical model construction, 259
planes, 227–234
principal views, 202–211
projection planes, 199–201
projection theory, 197–199
removed views, 246
revolution conventions, 243–245
similar shapes, 259–262
sketches, 211–217, 232–241
solid objects, 249–257
3-D CAD models, 220
view selection, 220–223, 224
visualization, 223–232, 249–267

N
Negative solids, 251–253
Negative space sketching, 46–47
Node, 89
Nonparallel line, 90
Non-uniform rational B-splines

(NURBS), 117
Nonthreaded fasteners, 517–518
Normal face, 253
Not to scale (NTS), 442, 443
Notes, 63–64, 511–512
Numeric control (NC), 179
Nuts, A-20-A-24

O
Object orientation rules, 360–361
Oblique, 229–232 , 254, 325–326,

356, 358–362
cabinet, 258
cavalier, 358
face, 254
general, 358
object orientation rules, 360–361
planes, 229–232
projection theory, 358
projections, 356, 358–361
sketching, pictorial, 361–362
surfaces, 325–326

Offset sections, 405, 406
Orientation controls, 637–639
Origin of intersection, 71
Orthographic projection, 197, 200,

208, 225, 232, 266, 267
principal rules of, 208, 225, 232,

266, 267
use of, 197, 200

Output devices, 19–20

P
Paper media, 23, 41–42
Parabolas, 95, 97, 98
Paraboloid, 95
Parallel line, 60
Parallelism, 637–638
Parallelograms, 102–103
Parametric modeling, 64–65
Parent-child relationships, 159–160
Partial auxiliary view, 320

Parts list, 493
Parts, 159–163, 167–179, 495–498,

500–502, 506
duplicating features, 162–163
editing features, 159–162
identification, 500–502
lists, 500
model, application of data,

167–179
numbers, 495–498
standard, 506

Patches, 106, 117
Patent drawings, 601
Path-based sweep, 153, 154
Patterns, A-51–A-54
Pencils, 22, 41
Pentagons, 105
Perpendicular line, 90
Perpendicularity, 638–639
Perspective, 362, 364–370, 371

CAD drawings, 367–370, 371
classifications, 365–367
drawing variables selection, 367
projections, 362, 364–367
terminology, 364–365

Physical models, 259, 261
Pictorial projections, 337–383

assembly drawings, 356, 358
axonometric, 338–341
CAD perspective drawings,

367–370, 371
ellipses, isometric, 345,

347–348, 349
grid paper, isometric, 348, 350
isometric axonometric, 341–344
isometric views, 350–353
object orientation rules, 360–361
oblique projections, 356,

358–360
overview of, 337–338
perspective, 362, 364–371
section views, 354–356
selection of drawing

variables, 367
sketches, 344–345, 346, 349,

361–362
templates, isometric ellipses,

353, 355
Picture plane, 365
Pins, A-44–A-46
Pitch, 509
Pixels, 18
Planar surfaces, 106
Planes, 102–105, 227–234, 341,

343, 350–352
configuration of, 232
edge views, 232, 234
foreshortened, 232
frontal, 229
horizontal, 229
inclined, 229, 230
isometric, 341
multiview representation of,

232–234
nonisometric, 343
normal, 227
oblique, 229–232, 350–352

polygons, 104–105
principal, 227–229
profile, 229
quadrilaterals, 102–104
triangles, 104–105
views of, 223–234

Plotters, 20
Points, 61, 89, 232

geometric use of, 89
multiview representation of, 232
text measurement, 61

Polar coordinates, 85
Polarized stereoscope, 611
Polygons, 14–105
Polyhedra, 111–113
Position tolerancing, 642–644
Precision fits, 467, 473–474
Presentation graphics, 577, 579,

599–601
Primitive modeling, 135
Principal planes, 227–229
Principal views, 202–211
Printers, 20
Prisms, 112–113, 241, 243

cylinders intersecting, 241, 243
parallelpiped, 113
polygonal, 112–113

Problem identification, 576–578
Product data management (PDM),

569, 602
Product design, 565
Product life cycle management

(PLM), 572–574
Production drawings, 490
Profile, 142, 144–152

constraining, 147–152
defined, 142
sketching, 144–147
topology, 146

Programmers’ Hierarchical
Interactive Graphics System
(PHIGS), 14

Project evaluation and review
technique (PERT), 577

Projection, 197–202, 206, 207, 208,
337–383. See also Pictorial
projections

axonometric, 338–341
first- and third-angle, 206,

207, 208
isometric axonometric

projections, 341–344
line of sight (LOS), 197
oblique, 356, 358–361
orientation of views, 201
orthographic, 197, 200
parallel, 197, 199
pictorial, 337–383
plane of, 197, 198
theory, 197–199

Projection-based systems,
613–616

Property analysis, 586, 587–588
Proportions, sketching, 51,

54–57
Prototyping, 175–176, 568
Pyramids, 113
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Q
Quadrilaterals, 102–104

R
Radial array, 162
Radial line, 444
Radius symbol, 438
Radius versus diameter, 446
Rapid prototyping, 175, 585–586
Raster device, 18
Raster images, 42
Reference dimension, 437
Reference plane method,

314–315, 316
Reference point, 81
Refinement process, 581–590
Relational database, 602
Relative coordinate system, 86, 144
Removed sections, 403–405
Removed view, 246
Reprographics, 526–528
Return on investment (ROI), 592
Reverse construction, 323
Reverse engineering, 605
Revision block, 63, 502
Revolution conventions, 243–245
Revolved sections, 403
Revolved surfaces, 116, 117
Ribs (webs), 409
Right-hand rule, 83–84
Rivets, 518
Root, 509
Roughness, surface, 477
Rounds, 237, 239, 240
Ruled surfaces, 106, 109–113
Running and sliding fits (RC),

470, A-5
Runouts, 239–240, 241, 242,

641–642

S
Scales, 23–26, 503

mechanical engineer’s, 24
metric, 24–26
technical drawing, 23
working drawings, 503

Scanning, 19, 527
Screw threads, 448, 509, A-15
Screws, 515–517, A-17–A-18,

A-25–A-34
Section views, 354–356, 385–431

aligned, 409, 410–411
ANSI standard section lines,

396–397
assembly, 405, 407
auxiliary, 405, 408
breaks, conventional, 412, 413
broken-out, 402–403
CAD technique, 391, 412–413
conventions, 409–412
cross-hatch lines, 396–398
cutting plane lines, 392–395
full-section, 398–401
half-section, 401–402
isometric drawings, 354–356
line practices, 396–398

material symbols, 396–397
offset, 405, 406
outline, 397
overview of, 385–387
removed, 403–405
revolved, 403
thin features, 409, 410
thin-wall, 397–398
3-D techniques, 412–413
use of, 387–392
visualization of, 391–392

Set screw, 515
Shaft basis, 465, 467, A-13, A-14
Shaft system, basic, 472–473
Shape, 80, 250
Single-curved surfaces, 106, 109–111
Size, 437–438, 459, 464, 470. See

also Dimensions
Sketches, 211, 214–217, 344–345,

346, 349, 361–362
isometric pictorial, 344–345
multiview, 211, 214–217
oblique pictorial, 361–362
one-and two-view, 211, 214–215
three-view, 215–217

Sketching, 37–77, 144–147,
396–398

CAD system tools, 42
closed loop, 146, 147
contour, 44–46
freehand, 40–42
imaging, 43
lettering, 57–64
lines, 14–16, 47–51, 54–57
material symbols, 396–397
negative space, 46–47
open loop. 146, 147
overview of, 37–38
paper media, 41–42
parametric modeling, 64–65
pencils, 41
profile, 144–147
proportions, 51, 54–57
representing, 43
section line practices, 396–398
technical, 38–42
technique, 42–51
text, 61, 63–64
upside-down, 47

Software applications, VR, 616
Solid model, 134. See also 3-D solid

modeling
Solid objects, 249–259, 262–264

analysis by, 262–265
combining, 251–253
features, 249–250
negative solids, 251–253
planar surfaces, 253–256
surface models, 257–259
symmetry, 256–257
visualization, 251–259

Specifications, 491, 503–504, 510,
512–513

Spherical coordinates, 85
Spline curves, 101
Spotfaced hole, 237, 238, 448
Springs, 518–519

Standards, 13–14, 14–16, 58, 139,
343–344, 440–444, 449,
453–455, 647

alphabet of lines, 14–16
American National Standards

Institute (ANSI), 13–14, 58,
440–444

American Society of Mechanical
Engineers (ASME), 14–16,
453–455

CAD database, 14
constraint-based modeling, 139
dimensions, 440–444, 453–455
history of, 647
isometric drawings, 343–344
lettering, 58
manufacturers’ gages, 449
use of, 13–14

Station point, 364
Statistical process control

(SPC), 628
Storage devices, 20–21
Storage techniques, 527–528
Straight lines, 47–49, 90
Straightness, 635–636

axis, 636
line element, 635

Studs, 515–517
Subtractive technique, 252–253
Surface profile, 639
Surface texture symbols, 475–479
Surfaces, 105–107, 109–113,

116–119, 235–237, 253–256,
257–259, 262, 265–267,
325–326

analysis by, 265–267
continuity, 117–119
curved, 106, 109–111,

235–237, 258
developments, 257–259
fractal, 113, 114
labeling, multiview

drawings, 262
modeling, 116–119
models, 257–259
oblique, 325–326
planar, 253–256
trimmed, 118
types of, 105–107

Sutherland, Ivan, 67
Sweeping, 116, 137, 142–143, 144,

152–154
Symmetry, 256
System design, 566

T
Tablets, 19
Tabular drawings, 504
tangent condition, 90
Tangencies, 91–93
Tap, 509
Tap drill, 509, A-17
Technical drawings, 5, 16–27,

120, 328
computer-aided design/drafting

(CAD), 14, 16–17, 17–21
history of, 120, 328

line weight, 22
paper media, 23
pencils, 22
scales, 23–26
specialists and, 16
traditional tools, 21–26
use of, 5

Technical illustrations, 597–598
Technical reports, 598–599
Technologists, role of, 4
Templates, isometric ellipses,

353, 355
Text, 61, 63–64
Third-angle projection, 206,

207, 208
Thomas Register, 580
Thread sizes and dimensions,

A-16, A-35
Threaded fasteners, 508–517

CAD techniques, 515–518
class of fit, 511
drawings, 513–515
form, 510
notes, 511–512
series, 510–511
specifications, 510, 512–513
terminology for, 508–510
types of, 515

3-D coordinate system, 81–82
3-D solid modeling, 113–119,

133–193, 412–413
analysis, 140, 142–163, 174–179
application of part model data,

167–179
assembly, 170
bottom-up design, 174
boundary representation

(B-Rep), 138
computer-aided manufacturing

(CAM), 178–179
constraint-based, 138–139
constructive sold geometry

(CSG), 135–138
continuity, 117–119
data associativity, 168–169
ergonomics, 176, 178
exploded view, 174
features, 138, 140, 142–163
finite element analysis (FEA),

176, 177
kinematics, 176
lofting, 117
mass property analysis, 176
overview of, 133–134
part features, 159–163
primitive, 135
prototyping, 175–176
revolved surfaces, 116, 117
sectioning techniques, 412–413
surface, 116–119
sweeping, 116, 137, 142–143,

144, 152–154
top-down design, 174
trimmed surfaces, 118
viewing, 163–167
visual inspection, 175
wireframe, 114–116
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Through all sweep, 153
Through hole, 237, 238
Through next sweep, 153
Title blocks, 63, 499–500
To next sweep, 153
Tolerance zones, 634
Tolerancing, 433–434, 455,

457–475, 503–504, 644–645.
See also Geometric
dimensioning and tolerancing
(GDT)

basics of, 479
bilateral, 458
CAD, 474–475
calculations, 644–645
costs, 461–462
dimensions and, 458
fit types, 460–461
functional dimensioning, 462
interchangeable parts,

455, 457
lower limit, 455
metric limits and fits, 464–467
overview of, 433–434
piece, 460
representation, 457 
stack-up, 462–464
standard precision fits, 467–474
surface texture symbols,

475–476
system, 460
terms for, 458–460
unilateral, 458
upper limit, 455
working drawings, 503–504

Top-down design, 174
Total quality management

(TQM), 594
Tracing paper, 42
Transition fit, 461

Transition location fits (LT),
470, A-7

Triangles, 104–105
Trigonometry functions, A-4
Trimeric projection, 339
2-D coordinate system, 81

U
Undevelopable surface, 106
Unidirectional associativity, 168
Union operation, 135–136
Upper limit, 455
Upside-down sketching, 47

V
Vanishing point, 365, 355–356
Vector device, 18
Vector images, 42
Vertex labeling, 262
View camera , 163–167

operation, 163–164
strategy, 164–167
viewport, 163

Views, 202–211, 214–217, 220–232,
242, 244, 264, 331–335,
350–356. See also Auxiliary
views; Isometric views;
Multiviews; Section views

adjacent, 206, 208
angles, 352–353
auxiliary, 311–335
central, 208
conventional placement, 206
fundamental, 223–232
irregular curves, 353
isometric, 350–353
oblique planes, 350–352
one-and two-view sketches, 211,

214–215

partial, 242, 244
principal, 202–211
related, 208
removed, 246
section, 354–356, 385–431
selection of, 220–223, 224
three-view sketches, 215–217

Virtual condition, 634–635
Virtual product representation, 568
Virtual reality (VR), xxiv, 175–176,

605–616
active stereo, 611–612
components of, 610–611
design case study: RAZR mobile

phone, 606–609
design in industry, xxvi
display technologies, 611
fishtank, 612–613
head-mounted displays

(HMD), 612
polarized stereoscope, 611
projection-based systems,

613–616
software applications, 616
3-D solid modeling, 175–176

Visible gap, 437
Visual inspection, 175
Visualization, 5–6, 28–29, 246–267

design, 5–6, 246–249
multiview drawings, 259–267
problem solving, 248–249
solid objects, 249–259
tools, 28–29
vision, 247

W
Warped surfaces, 106, 113
Washers, 517, A-36-A-40
Web-based design, 605

Webs (ribs), 409
Welding, 521, 523–526

drawing, 521, 523
symbols, 523–526, A-47-A-50

Width auxiliary view, 318–320
Wireframe modeling, 114–116
Working drawings, 489–561

assembly drawings, 493–498
assembly of, 504–505
CAD, using, 506–508, 515–517
concepts of, 490–491
detail drawings, 491–493
mechanisms, 519–521
nonthreaded fasteners, 517–518
overview of, 561–490
parts, 495–498, 500–502, 506
reprographics, 526–528
scale specifications, 503
springs, 518–519
tabular, 504
threaded fasteners, 508–517
tolerance specifications, 503–504
welding, 521, 523–526

Workplane, 143–144
World coordinate systems,

86–87, 143
Worm’s eye view, 365

X
Xerography, 526–527

Z
Zones, 504, 634
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ALPHABET OF LINES
REFERENCE

UNIT

3.4

NAME

COURSE DATE

DRAWING

1.1

A

Ø1.5

Ø1.5

7.0

SECT. A–A

A
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VERTICAL GOTHIC 
LETTERING

REFERENCE
UNIT

2.4.1

NAME

COURSE DATE

DRAWING

2.1

1

2

1 2

1

1 2

3

1 3

4

2

1

3

21 21 2

3

1

3

2

3

21
1 2
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3 4
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21
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3
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1
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3
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1 2

3

Straight-Line Letters

Curved-Line Letters and Numerals

Curved-Line Letters
21

3
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INCLINED GOTHIC 
LETTERING

REFERENCE
UNIT
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SKETCHING LINES
REFERENCE

UNIT

2.2.5

NAME

COURSE DATE

DRAWING

2.3

HORIZONTAL VERTICAL

INCLINED 45 INCLINED 45

INCLINED 30 INCLINED 30
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SKETCHING
REFERENCE

UNIT

2.2.5

NAME

COURSE DATE

DRAWING

2.4

BUILDING VISUAL POWER WITH MONDRIAN FORMS

TRANSPARENT FORMS
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SKETCHING 2
REFERENCE

UNIT

2.2.5, 2.2.6, 2.3

NAME

COURSE DATE

DRAWING

2.5

SHAFT SUPPORT

CONTROL ARM

B

A

A

B
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RIDGE GASKET
REFERENCE

UNIT NAME

COURSE DATE

DRAWING

3.1
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CENTERING PLATE
REFERENCE

UNIT NAME

COURSE DATE

DRAWING

3.2
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COORDINATES 1
REFERENCE

UNIT

6.3

NAME

COURSE DATE

DRAWING

3.3

0,0

0,0
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COORDINATES 2
REFERENCE

UNIT

6.3

NAME

COURSE DATE

DRAWING

3.4

0,0,0
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GEOMETRIC
CONSTRUCTION

REFERENCE
UNIT NAME

COURSE DATE

DRAWING

3.5
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CIRCULAR SWEEP
REFERENCE

UNIT NAME

COURSE DATE

DRAWING

4.1

(A)

X

Y

Z
(B)

X

Y

Z
(C)

X

Y

Z

(F)

X

Y

Z

(E)

X

Y

Z
(D)

X

Y

Z
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LINEAR SWEEP
REFERENCE

UNIT NAME

COURSE DATE

DRAWING

4.2

(A)

X

Y

Z
(B)

X

Y

Z
(C)

X

Y

Z

(F)

X

Y

Z

(E)

X

Y

Z
(D)

X

Y

Z
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REFERENCE
UNIT NAME

COURSE DATE

DRAWING

4.3

A - B - C

A B

C

2.0
4.0

2.0

6.0

5.0
7.0

ø4.0

A

B

C

A

B

C

BOOLEAN OPERATIONS
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SURFACE IDENTIFICATION
REFERENCE

UNIT NAME

COURSE DATE

DRAWING

5.1

SideSurface Top Front

A
B
C
D
E
F
G
H
I
J
K

D

B

I

F

K

H

E

J C

A

G

1

2 3
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5

8
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7

11

10

9

20

1912 13

14

15

27

16

17

22

21
25

26
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23

31
29

28

32 33

30

34

5.9.5
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OJBECT FEATURE 
IDENTIFICATION

REFERENCE
UNIT

5.9.5

NAME

COURSE DATE

DRAWING

5.2

A

1.

2.

3.

4.

5.

6.

7.

B

1.

2.

3.

4.

5.

6.

7.

1
2

3

4

5

6

7

A

B

1

2

3

4

5

6

7
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SURFACE LABELING 
REFERENCE

UNIT NAME

COURSE DATE

DRAWING

5.3

12

9

8
5

10 14
15

17

3

1

7 6

4

2

16

11

13
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OBJECT ROTATION
REFERENCE

UNIT NAME

COURSE DATE

DRAWING

5.4

TARGET SHAPES

1 2

3 4 5 6

7 8 9 10

11 12 13 14
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MULTIVIEW SKETCHING 2
REFERENCE

UNIT NAME

COURSE DATE

DRAWING

5.5

A. B.

C. D.

5.5.3
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REFERENCE
UNIT NAME

COURSE DATE

DRAWING

6.1AUXILIARY VIEW
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REFERENCE
UNIT NAME

COURSE DATE

DRAWING

6.2

6.00

45°

ø 1.50

7.00

2.00

3.00

2.00

3.00

2.00

5.17

ø 2.95

R 3.00

AUXILIARY VIEW 2
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ISOMETRIC DRAWING 1
REFERENCE

UNIT NAME

COURSE DATE

DRAWING

7.1

A. B.

C. D.

7.3
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REFERENCE
UNIT NAME

COURSE DATE

DRAWING

7.2ISOMETRIC DRAWING 2
7.3
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OBLIQUE DRAWING

REFERENCE
UNIT NAME

COURSE DATE

DRAWING

7.3

A. B.

C. D.

7.13
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REFERENCE
UNIT NAME

COURSE DATE

DRAWING

7.4

2.

1.

3.
4.

5.

6.

PERSPECTIVE IDENTIFICATION 7.15
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SECTION VIEW
MATCHING

REFERENCE
UNIT

8.4

NAME

COURSE DATE

DRAWING

8.1

1

2

3

4

5

6

7

8

9

10

A B

C D

A B

C D

A B

C D

A B

C D

A B

C D

A B

C D

A B

C D

A B

C D

A B

C D

A B

C D

1_____    2_____    3_____    4_____    5_____    6_____    7______    8______    9______    10______
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SECTION VIEWS
REFERENCE

UNIT

8.4

NAME

COURSE DATE

DRAWING

8.2



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

Back Matter Workbook Sheets800 © The McGraw−Hill 
Companies, 2007



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

Back Matter Workbook Sheets 801© The McGraw−Hill 
Companies, 2007

OFFSET SECTION VIEW
REFERENCE

UNIT

8.4

NAME

COURSE DATE

DRAWING

8.3

2X ø .75
ø 1.50 X 82°

1.38

5.003.75

6.63

.88

5.00 3.50
1.63

2X ø .75
ø 1.50

.12

1.38

9.50
3.75

3.13

FILLETS & ROUNDS
R .62 U.O.S.
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DIMENSIONING 1
REFERENCE

UNIT NAME

COURSE DATE

DRAWING

9.1

A B

C D
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DIMENSIONING 2
REFERENCE

UNIT NAME

COURSE DATE

DRAWING

9.2

A B

C D



Bertoline−Wiebe: 
Fundamentals of Graphics 
Communication, Fifth 
Edition

Back Matter Workbook Sheets806 © The McGraw−Hill 
Companies, 2007

TOLERANCING 1 REFERENCE
UNIT NAME

COURSE DATE

DRAWING

9.3

ø .75

Class of  fit RC 4 LC 6 FN 5

Li
m

its
 o

f 
fit

S
ha

ft
H

ol
e

Nominal size

Limit

Upper limit

Nominal size

Limit

Lower limit

Nominal size

Limit

Upper limit

Nominal size

Limit

Lower limit

Smallest hole

Largest shaft

Tightest fit

Largest hole

Smallest shaft

Loosest fit
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=
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=

=
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±

±

±

±
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=

=
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±

±

±
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=
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±
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=
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=
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GEOMETRIC
TOLERANCING 2

REFERENCE
UNIT NAME

COURSE DATE

DRAWING

12.2

A

B

C

A

B

1.  Surface B must be parallel to datumsurface A within 0.10 mm.
2.  The axis of  each hole must lie within a tolerance zone of  0.03 mm diameter.
3.  The datum surface A must be flat within 0.03 mm.

1.  The small hole must be concentric with cylinder C within 0.010 mm.
2.  Cylinders A and B are to have a cylindricity tolerance of  0.03 mm.
     Cylincer C is the datum.




	Bertoline-Wiebe: Fundamentals of Graphics Communication, Fifth Edition
	Front Matter
	Decimal and Millimeter Equivalents
	Preface

	1. Introduction to Graphics Communication
	Text

	2. Sketching and Text
	Text

	3. Engineering Geometry
	Text

	4. 3-D Solid Modeling
	Text

	5. Multiviews and Visualization
	Text

	6. Auxiliary Views
	Text

	7. Pictorial Projections
	Text

	8. Section Views
	Text

	9. Dimensioning and Tolerancing Practices
	Text

	10. Working Drawings and Assemblies
	Text

	11. The Engineering Design Process
	Text

	12. Geometric Dimensioning and Tolerancing (GDT)
	Text

	Back Matter
	Appendixes
	Glossary
	Index
	Workbook Sheets



