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Preface 

Design for Manufacturing: A Structured Approach is intended as a text for 
mechanical, industrial, and manufacturing engineering students at the junior level 
or higher, and as a continuing education text for manufacturing engineers and 
engineering design practitioners in industry. Unlike many books on design for 
manufacturing that provide only broad qualitative guidelines to designers, this 
book uses a combination of both qualitative and quantitative information to 
assist readers in making informed decisions concerning alternative competing 
designs. 

The quantitative methods presented here inherently require considerably 
more attention to geometric detail, more than required by conceptual or even 
configuration design. If students are to do quantitative DFM (design for manu- 
facturing) evaluations, they simply must take the time and trouble to learn to do 
them. Although engineering design can be considerably more abstract than DFM, 
the transition from the abstraction of engineering design to the concrete detail 
of DFM simply goes with the territory if one wants to perform quantitative DFM 
evaluations in a concurrent fashion. The part-coding systems that are the basis 
for some of the DFM methodologies may initially appear cumbersome (there are 
a lot of new terms to learn), but they are in fact easy to learn. The reward is not 
only the ability to estimate relative tooling and processing costs, but also a good 
sense of the design issues that drive part costs. 

This book is based on material that first appeared in Engineering Design 
and Design for Manufacturing:A Structured Approach, a book I co-authored with 
John R. Dixon and published in 1995. Design for Manufacturing: A Structured 
Approach is an updated, revised, reorganized, and stand-alone version of the 
chapters in the earlier book that dealt primarily with design for manufacturing 
and materials and process selection. The greatest changes occur in the chapters 
dealing with stamping. The coding system originally used to estimate the number 
of active stations required to produce a stamped part has been dropped. Instead, 
a more accurate and user-friendly algorithm based on the concept of process 
planning and strip-layout development is used to determine the number of active 
stations required to produce the tooling for a stamped part. 

Another change that has been made in this book occurs when estimating the 
total relative part cost, that is, the cost of the part relative to a reference part. 
The original approach allowed the cost of the reference part to vary with pro- 
duction volume. This, in turn, often resulted in increases in the total relative cost 
of the designed part with increases in production volume. This counterintuitive 
result appeared to cause confusion among students. The approach used here, as 
suggested by Professor Larry Murch of the University of Massachusetts Amherst, 
is to fix the cost of the reference part to $1 and the production volume of the 
reference part to the production volume that results in a part cost of $1.00. 
This approach, which results in an increase in relative part cost with increases in 
production volume, appears to be favored by students, and allows them to 
use the DFM systems to roughly estimate the production cost of a proposed 
design. 
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To assist students in better visualizing and understanding the many ortho- 
graphic views that appear in the book, isometric views have also been included 
where it was deemed advantageous. Many new homework problems have also 
been added. 

To help students better envisage and comprehend the rationale behind the 
DFM methodologies described here, a series of Power Point presentations has 
been developed, which are on a CD-ROM that is available for use by faculty in 
courses that require the use of this book. These presentations contain both video 
clips and quick-times movies of processes such as injection molding, stamping, 
die casting, forging, rolling, rod drawing, and aluminum extrusion. 

Readers of this book may also be interested in visiting the design for 
manufacturing Web site hosted by the Mechanical and Industrial Engineering 
Department at the University of Massachusetts Amherst. 

Design for Manufacturing: A Structured Approach can be used to support a 
one-semester course in Design for Manufacturing (or Manufacturing for Design) 
at the level of the junior or senior year in college. Such a course could be taught 
independently of a design course, or the two courses could be taught simultane- 
ously. It is strongly recommended that this course include a design for manufac- 
turing project. Although it is true that DFM can be taught without the use of a 
supplementary DFM project, my experience is that student interest in manufac- 
turing and how parts are made increases significantly when a project is included. 
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Chapter 1 

Introduction 

1.1 MANUFACTURING, DESIGN, AND DESIGN 
FOR MANUFACTURING 

Different uses of the word manufacturing create an unfortunate confusion. 
Sometimes the word is used to refer to the entire product realization process, 
that is, to the entire spectrum of product-related activities in a firm that makes 
products for sale, including marketing (e.g., customer desires), design, produc- 
tion, sales, and so on. This complete process is sometimes referred to as "big-M 
Manufacturing." 

But the word manufacturing is also used as a synonym for production, that 
is, to refer only to the portion of the product realization process that involves the 
actual physical processing of materials and the assembly of parts. This is some- 
times referred to as "little-m manufacturing." 

We will use the little-m meaning for manufacturing in this book. In other 
words, manufacturing here consists of physical processes that modify materials 
in form, state, or properties. Thus in this book, manufacturing and production 
have the same meaning. When we wish to refer to big-M Manufacturing, we will 
call it the product realization process. 

Design (as in a design process) is the series of activities by which the infor- 
mation known and recorded about a designed object is added to, refined (i.e., 
made more detailed), modified, or made more or less certain. In other words, the 
process of design changes the state of information that exists about a designed 
object. During successful design, the amount of information available about the 
designed object increases, and it becomes less abstract. Thus, as design proceeds 
the information becomes more complete and more detailed until finally there is 
sufficient information to perform manufacturing. Design, therefore, is a process 
that modifies the information we have about an artifact or designed object, 
whereas manufacturing (i.e., production) modifies its physical state. 

A design problem is created when there is a desire for a change in the state 
of information about a designed object. Consequently, a design problem exists 
when the re  is a desire to generate more (or better) information about the 
designed object, when we want to develop a new (but presently unknown) state 
of information. For a simple example, we may know from the present state of 
information that a designed object is to be a beam, and we desire to know 
whether it is to be an I-beam, a box beam, an angle beam, or some other shape. 
Our desire to know more about the designed object defines a new design 
problemmin this example, determining the beam's shape. Later, once we know 
the shape (say it is to be an I-beam), another design problem is defined when we 
want also to know the dimensions. There are many kinds of design problems 
defined by the present and desired future states of information. 



2 Design for Manufacturing 

Design for manufacturing (DFM) is a philosophy and mind-set in which man- 
ufacturing input is used at the earliest stages of design in order to design parts 
and products that can be produced more easily and more economically. Design 
for manufacturing is any aspect of the design process in which the issues involved 
in manufacturing the designed object are considered explicitly with a view to 
influencing the design. Examples are considerations of tooling costs or time 
required, processing costs or controllability, assembly time or costs, human con- 
cerns during manufacturing (e.g., worker safety or quality of work required), 
availability of materials or equipment, and so on. Design for manufacturing 
occurs--or should occurwthroughout the design process. 

1.2 FUNCTIONAL DESIGNED OBJECTS 

We distinguish among the following types of functional designed objects, though 
not all of them are mutually exclusive: parts, assemblies, subassemblies, compo- 
nents, products, and machines. 

Parts 

A part is a designed object that has no assembly operations in its manu- 
facture. (Welding, gluing, and the like are considered assembly operations for 
the purposes of this definition.) Parts may be made by a sequence of man- 
ufacturing processes (e.g., casting followed by milling), but parts are not 
assembled. 

Parts are either standard or special purpose. A standard part is a member of 
a class of parts that has a generic function and is manufactured routinely without 
reference to its use in any particular product. Examples of standard parts are 
screws, bolts, rivets, jar tops, buttons, most beams, gears, springs, and washers. 
Tooling for standard parts is usually on hand and ready for use by manufactur- 
ers. Manufacturers, distributors, or vendors often carry standard parts themselves 
in stock. Standard parts are most frequently selected by designers from catalogs, 
often with help from vendors. 

Special purpose parts are designed and manufactured for a specific purpose 
in a specific product or product line rather than for a generic purpose in several 
different products. Special purpose parts that are incorporated into the sub- 
assemblies and assemblies of products and machines are often referred to as 
piece parts. Special purpose parts that stand alone as products (e.g., paper clips, 
Styrofoam cups) are referred to as single-part products. 

Even though screws, springs, gears, and the like, are generally manufactured 
as standard parts, a special or unique screw, spring, gear, and any other part that 
is specially designed and manufactured for a special rather than a general 
purpose is considered a special purpose part. This is not often done, however, 
because it is usually less expensive to use an available standard part if one will 
serve the purpose. 

Assemblies and Subassemblies 

An assembly is a collection of two or more parts. A subassembly is an assembly 
that is included within an assembly or other subassembly. 

A standard module or standard assembly is an assembly or subassembly 
thatwlike a standard partmhas a generic function and is manufactured routinely 
for general use or for inclusion in other subassemblies or assemblies. Examples 
of standard modules are electric motors, electronic power supplies or amplifiers, 
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heat exchangers, pumps, gear boxes, v-belt drive systems, batteries, light bulbs, 
switches, and thermostats. Standard modules, like standard parts, are generally 
selected from catalogs. 

Products and Machines 

A product is a functional designed object that is made to be sold and/or used as 
a unit. Products that are marketed through retailing to the general public are 
called consumer products. Many manufactured products are designed for and 
sold to other businesses for use in the business; this is sometimes called the trade 
(or commercial, or industrial) market. For example, a manufacturer may buy 
a pump to circulate cooling water to a machine tool already purchased. In 
addition, there are products, including especially standard parts and standard 
modules, that are sold to other manufacturers for use in products being manu- 
factured; this is called the original equipment manufacturer (or OEM) market. 
An example is the purchase of a small motor for use in an electric fan. Trade 
marketing is usually done through a system of regional manufacturer's repre- 
sentatives and distributors. 

A machine is a product whose function is to contribute to the manufacture 
of products and other machines. 

1.3 THE PRODUCT REALIZATION PROCESS 

Product Realization is the set of cognitive and physical processes by which new 
and modified products are conceived, designed, produced, brought to market, 
serviced, and disposed of. That is to say, product realization is the entire "cradle 
to grave" cycle of all aspects of a product. 

Product realization includes determining customers' needs, relating those 
needs to company strategies and products, developing the product's marketing 
concept, developing engineering specifications, designing both the product and 
the production tools and processes, operating those processes to make the 
product, and distributing, selling, repairing, and finally disposing of or recycling 
the product and the production facilities. 

Product realization also includes those management, communication, and 
decision-making processes that organize and integrate all of the above, including 
marketing, finance, strategic planning, design (industrial, engineering, detail, and 
production), manufacturing, accounting, research and development, distribution 
and sales, service, and legal operations. 

Product realization consists of several overlapping stages including product 
development, industrial design, engineering design, and production design. These 
are defined in the paragraphs below. Figure 1.1 also provides a supporting illus- 
tration for the definitions of these terms. 

Product development is the portion of the product realization process 
from inception to the point of manufacturing or production. Though product 
development does not, by this definition, include activities beyond the begin- 
ning of production, it does require the use of feedback from all the various 
downstream product realization activities for use in designing, evaluating, 
redesigning parts and assemblies, and planning production. This feedback espe- 
cially includes information about manufacturing issues--that is, information 
about design for manufacturing. Thus product development (including product 
improvement and redevelopment) is an ongoing activity even after production 
has begun. 
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) 

Management 
(Including Finance, Accounting, Strategic Planning, Coordination) 

FIGURE 1.1 View of the product realization process. 

1.4 INDUSTRIAL (OR PRODUCT) DESIGN 

The process of industrial design (sometimes the phrase product design is used) 
creates the first broadly functional description of a product together with its 
essential visual conception. Artistic renderings of proposed new products are 
made, and almost always physical models of one kind or another are developed. 
The models are often merely very rough, nonfunctional ones showing external 
form, color, and texture only, but some models at this stage may also have a few 
moving parts. 

There is great variability in the way industrial design is organized and 
utilized within different firms. In one firm, for example, a very small number 
of industrial designers are employed who work constantly to generate new or 
revised product concepts. These industrial designers are essentially a separate 
department but keep in close communication with colleagues in both marketing 
and engineering design. When a product concept has been approved by man- 
agement for further development, then outside consultants in industrial design 
are brought in to work with the in-house industrial designers and with the firm's 
engineering designers and manufacturing people to refine and complete the 
industrial design phase. Marketing remains involved during this phase. 

In another firm, no industrial designers per se are employed. In this firm, 
creative engineering designers working with marketing develop initial product 
concepts. Once a concept has approval, then outside industrial design consultants 
are brought in to perform the work described above. 

An example of the kinds of issues that must be resolved by cooperation 
among industrial and engineering designers at this early stage is determination 
of the basic size and shape of the product. Industrial designers will have aes- 
thetics, company image, and style primarily in mind in creating a proposed size 
and shape for a product. Engineering designers, on the other hand, will be con- 
cerned with how to get all the required functional parts into the (usually) small 
space proposed. Another issue requiring cooperation may be choices of materi- 
als for those parts that can be seen or handled by consumers. And, of course, both 
design engineers and manufacturing engineers are concerned about how the 
product is to be made within the required cost and time constraints. 
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It is helpful to use the phrase product-marketing concept to describe the 
results of industrial design. Sometimes the product-marketing concept is written 
into a formal (or at least informal) product-marketing specification. Whether 
written or not, the information available about the product after industrial design 
includes any and all information about the product that is essential to its mar- 
keting. Thus it will include qualitative or fuzzy statements of the marketing ratio- 
nale and the in-use function of an artifact as perceived by potential customers, 
including any special in-use features the product is to have. It will certainly 
include any visual or other physical characteristics that are considered essential 
to marketing the product. 

The product marketing concept or specification should, however, contain as 
little information as possible about the engineering design and manufacture of 
the product. This is to allow as much freedom as possible to the engineering 
design and production phases that follow. Such a policy is called least commit- 
ment, and it is a good policy at all stages of product realization. The idea is to 
allow as much freedom as possible for downstream decisions so that designers 
are free to develop the best possible solutions unconstrained by unnecessary 
commitments made at previous stages. 

Some engineers who like things to be quite precise will fret over the fact 
that the definition of the product marketing concept, and any associated product 
marketing specification, is fuzzy. However, the activity of industrial design that 
produces the product marketing concept is creative, involves aesthetics and psy- 
chology, and naturally produces somewhat imprecise results. Industrial design is, 
nevertheless, extremely important to the product realization process. Engineers 
should respect it, and learn to live and work cooperatively with it--frustrating 
though it may be on occasion. 

The use of the terms industrial design or product design to describe this phase 
of product development is clearly misleading. Both terms are nevertheless in 
customary use--and there is no hope of changing the custom. Logically, the 
whole product development process, including engineering design, could be accu- 
rately called product design. More accurate terms for industrial or product design 
would be preliminary product concept design or marketing product concept 
design, but we will generally adhere to the more commonly used industrial design 
in this book. 

1.5 ENGINEERING DESIGN 

Engineering design generally follows but overlaps industrial design, as illustrated 
in Figure 1.1. Engineering design consists of four roughly sequential but also 
overlapping stages or subprocesses, each corresponding to a design problem type: 

engineering conceptual design; 
configuration design of parts; 
parametric design; and 
detail design. 

The first three of these basic engineering design problem types are introduced 
very briefly below. 

Engineering Conceptual Design 
Several variations of the engineering conceptual design problem are encountered 
in the course of engineering design. The variations are slight and depend on 
whether the object being designed is 
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(1) a new product (usually an assembly), 
(2) a subassembly within a product, or 
(3) a part within a product or subassembly. 

The desired state of information that is to result from the engineering con- 
ceptual design process is called the physical concept. It includes information 
about the physical principles by which the object will function. In addition, in the 
case of products and their subassemblies, the physical concept also includes 
identification of the principal functional subassemblies and components of which 
the product will be composed, including particular functions and couplings within 
the product. By "couplings" we mean their important interrelationships, such as 
physical connections, or the sharing of energy or other resources. 

Engineering conceptual design problems, like all major engineering design 
problem types, are solved by guided iteration. The first step in the guided itera- 
tion process is problem formulation. In engineering conceptual design, this means 
preparation of an Engineering Design Specification. This Specification records 
the product's quantitative functional requirements as well as specific information 
on requirements for such factors as weight, cost, size, required reliability, and 
so on. 

Generating alternatives in engineering conceptual design requires a creative 
process called conceptual decomposition, or just decomposition. We might, for 
example, decompose a wheelbarrow into a wheel subassembly, the tub, and the 
carrying handle subassembly. The subsidiary subassemblies and components that 
make up a product or subassembly are created during the decomposition process 
for a product or other subassembly. There are many options open to designers in 
this creative decomposition process, and many opportunities for innovation. The 
decomposition process is very important because the physical concepts chosen 
have a tremendous impact on the final cost and quality of the designed object. 

For evaluating competing conceptual solutions, a number of methods are 
available, as discussed in, among other places, Dixon and Poli. The conceptual 
design of parts is a bit different from the issues in the design of products and sub- 
assemblies, and it is discussed separately in Dixon and Poll. 

An activity that permeates the engineering design process is the selection of 
the materials of which the parts are to be made, as well as the processes by which 
they are to be manufactured. Because there are literally thousand of materials 
and hundred of processes, these problems of choice are complex. Moreover, 
materials, processes, and the functional requirements of parts must all be com- 
patible. Though most often it is only necessary at the conceptual design stage to 
select the broad class of material and process (e.g., plastic or thermoplastic injec- 
tion molded, or aluminum die cast), we will cover the subject of materials and 
process selection rather fully in Chapter 13, "Selecting Materials and Processes 
for Special Purpose Parts." 

Configuration Design of Parts and Components 

During the conceptual design of products and their subassemblies, a number of 
components (that is, standard modules, standard parts, and special purpose parts) 
are created as concepts. 

In the case of standard modules and standard parts, configuration design 
involves identifying and selecting their type or class. For example, if a standard 
module is a pump, then configuration design involves deciding whether it is to be 
a centrifugal pump, a reciprocating pump, a peristaltic pump, or some other type. 
Another example: if a standard part is to be a spring, then configuration design 
involves deciding whether it is to be a helical spring, a leaf spring, a beam spring, 
or another type. 
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For special purpose parts, configuration design includes determining the geo- 
metric features (e.g., walls, holes, ribs, intersections, etc.) and how these features 
are connected or related physically; that is, how the features are arranged or con- 
figured to make up the whole part. In the case of a beam, for example, configu- 
ration design makes the choice between I-beam or box beam and all the other 
possible beam cross-section configurations. The features in an I-beam are the 
walls (called flanges and web), and they are configured as in the letter "I." 

At the configuration design stage, exact dimensions are not decided, though 
approximate sizes are generally quite obvious from the requirements of the 
Engineering Design Specification. 

More information about material classes and manufacturing processes may 
be added at the configuration stage if the information is relevant to evaluating 
the configuration during the guided iteration process. For example, it may be 
necessary for evaluation to know that a high-strength engineering plastic is to 
be used, or that an aluminum extrusion is to be heat-treated to a high level of 
strength. However, this more detailed information should be generated only if it 
is really needed; least commitment is always the basic policy. 

Configuration design of special purpose parts begins with problem formula- 
tion, usually in the form of a part requirements' sketch. Once the requirements 
are established in a sketch, then alternative configurations are sketched and 
evaluated with important help from qualitative reasoning based on physical 
principles and, it is hoped, DFM concepts. 

Parametric Design 

In the parametric design stage, the initial state of information is the configura- 
tion. In other words, just about everything is known about the designed object 
except its exact dimensions and tolerances. It may also be in some cases that the 
exact material choice is also unknown, though the basic class of material will 
usually be included in the configuration information. 

The goal of parametric design, therefore, is to add the dimensions and any 
other specific information needed for functionality and manufacturability. The 
specific material is also selected if it has not previously been designated. In other 
words, parametric design supplies all the dimensions, tolerances, and detailed 
materials information critical to the design consistent with both the marketing 
concept and the Engineering Design Specification. 

In the spirit of least commitment design, parametric design need not and 
should not specify information to any degree of precision that is not actually 
required by the Specifications, but most dimensions are in fact usually determined 
at the parametric stage. 

Detail Design 

Detail design supplies any remaining dimensions, tolerances, and material infor- 
mation needed to describe the designed object fully and accurately in prepara- 
tion for manufacturing. As every manufacturing engineer knows, in a large 
complex product, the result seldom provides all the dimensions and tolerances 
that exist. The rest of the details, if needed, are established in the manufacturing 
design phase. 

1.6 PRODUCTION DESIGN 

Production design overlaps with detailed design. It involves, for example, finish- 
ing any of the design details left undone by detailed design, detailed design of 
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the tooling, planning the manufacturing process, planning for quality control, 
"ramping up" the actual production, planning for quality and process control, and 
supporting the initial production runs. It is a substantial design task, though it is 
usually referred to as a part of the overall manufacturing or production process. 

1.7 SCOPE OF THE BOOK 

1.7.1 Mode of Operation in Industry 

The sequential mode of operation depicted in Figure 1.2 is still the prevalent 
mode of operation found in industry today. Although changes are taking place, 
"old habits are hard to break," and the linear sequence displayed still seems to 
prevail. 

As shown in Figure 1.2, the sequence begins with the conception of an idea 
for a new or revised product. These ideas for new and improved products com- 
monly come from customers, employees, and new technology. 

Customers 

Competitive manufacturing businesses require constant feedback from the cus- 
tomers who buy, sell, repair, or use the company's products. Getting such feed- 
back cannot be left to chance or to mail surveys, or even to formal complaint 
records, though such mechanisms are certainly a part of the process. There are 
marketing professionals who know how to get this information. But in addition, 
if a design engineer is looking for positive new ideas as well as for shortcomings 

Conception of an idea 

IL 
v D e ~  

I" 

Engineer 

Analyze 

Detail 

M aterial specification 
Tool/Process Design 

Production ~iiii~iii~ ~ii~,~i, ~: ~ : l  �84 ' 

FIGURE 1.2 Sequence of events prevalent in industry for the design and manufacture of 
products. 
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of current products, then he or she must get out personally and talk to the 
customers. 

A famous example is the Japanese automaker who sent design engineers to 
talk to a large number of American shoppers in supermarket parking lots dis- 
covering, among other things, that making it easy to get heavy grocery bags into 
and out of car trunks was a convenience valued by many potential customers. 

Design and product development engineers must also get out and talk to 
their "customers" within the company. These include not only marketing people, 
but also manufacturing engineers, analysts, draftsmen, accountants, and others. 

Employees 
Employees in the factory, shops, and offices are also an extremely valuable source 
of new ideas for products and product improvements. Good practice requires that 
there must be a believable, financially rewarding, well understood, and low 
threshold (i.e., easy) mechanism for employees to get their new product, product 
improvement, and process improvement ideas heard and seriously considered. 

Employees must also get rapid feedback on what happens to their ideas 
(good and bad), and why. 

New Technology 
Keeping abreast of new technologies and methodologies in materials, manufac- 
turing, design, engineering, and management is another important source of ideas 
for new and improved products. Coupling new technological information with 
the search for new or improved product ideas is an essential part of the product 
development process that is not, strictly speaking, engineering design as we have 
defined it. But it is important for engineering designers to be able to contribute 
for best results within a company. 

Upon approval of the idea, the new or improved product is then designed, 
engineered, and analyzed for function and performance. The design phases in this 
case consist of (a) an industrial or product design phase in which artistic ren- 
derings or nonfunctional models are produced, and (b) an engineering design 
phase. In the engineering phase of the design the decision of whether to use stan- 
dard or special purpose parts is made. In the case of special purpose parts, the 
overall geometric configuration of the parts is first determined (box-shaped, flat, 
etc.), as well as the presence and location of various features such as ribs, holes, 
and bosses. Following this configuration design, a parametric design phase takes 
place in which more detailed dimensions and tolerances are added. 

Next an analysis of the design from the point of view of function and per- 
formance takes place. Subsequently the design is detailed as the remaining 
dimensions and tolerances are added, the material is specified, and production 
drawings are produced. Finally, the product is turned over to manufacturing 
where both production design and process design takes place. 

1.7.2 Goals of This Book 

According to high-ranking representatives from industry, there are two main 
problems with the sequential approach depicted in Figure 1.2: 

o Decisions made during the early conceptual stages of design have a great 
effect on subsequent stages. In fact, quite often more than 70% of the 
manufacturing cost of a product is determined at this conceptual stage, yet 
manufacturing is not involved. 
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FIGURE 1.3 The team approach often used in industry. 

, No single person or group is in charge. Each group blames the other for 
problems. Subsequently, difficulties and delays occur and the design and 
manufacturing process goes out of control. 

Two possible solutions that have been proposed are: 

1. Form teams (Figure 1.3) that involve everyone from the beginning to the end 
of the entire life cycle. In the team approach, product design and process 
design take place concurrently. With the team approach, an approach often 
used with success in industry, the team is in charge of the product from cradle 
to grave. 

2. Educate designers about manufacturing. In other words, make designers 
more manufacturing literate. 

The overall goals of this book are centered on this latter solution, namely to 
educate students as to how parts are manufactured and to train them to recog- 
nize costly-to-produce features (cost-drivers) so that they can be avoided. 

1.7.3 Manufacturing Processes Considered 

The vast majority of consumer products today consist of both standard parts and 
special purpose parts. Many of the special purpose parts are thin-walled parts 
produced by injection molding, die casting, and stamping. Occasionally a forged 
component is present as well. For this reason, and in order to best meet the goal 
of making designers more manufacturing literate, the emphasis in this book is on 
the study of these four processes. In particular, we will study the effect of part 
geometry on the ease or difficulty of creating the tooling required to produce the 
part and the effect that geometry and production volume have on both process- 
ing costs and overall part costs. 

There are obviously other important manufacturing processes. For example, 
machining is used to create the dies and molds needed to produce parts by the 
processes mentioned above and one-of-a-kind parts. Rolling is used to produce 
structural shapes, rails, sheets, large diameter tubes, strips, and plates, and drawing 
is used to produce bars, wires, and small diameter tubes. Extrusion plays an impor- 
tant role in the production of long metal objects whose cross-sectional shapes are 
constant. And, of course, there are also a whole host of other casting processes 
(sand casting, investment casting, etc.) and polymer processing methods (extru- 
sion, compression molding, transfer molding, etc.) used to produce thin-walled 
parts. Since these processes are adequately treated elsewhere (American Society 
of Metals Handbook, Vols. 14, 15, and 16), their treatment here will be limited. 
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The emphasis, as indicated above, will be on those processes used to produce the 
vast majority of special purpose parts found in consumer products today. 

1.8 SUMMARY 

This chapter has described the product realization process and to the three main 
stages of engineering design, namely, engineering conceptual design, part config- 
uration design, and parametric design. All of these design stages use guided iter- 
ation, a method discussed in greater detail in Dixon and Poli, 1995, as a problem 
solving methodology and all involve design for manufacturing (DFM). 

In the chapters that follow, a number of common manufacturing processes 
and their associated qualitative DFM guidelines are described. Of course, whole 
books are written that describe each of these processes in much more detail. 
The purpose of this book is limited, however, thus, we need only present suffi- 
cient information for a reasonable understanding of the rationale for the DFM 
guidelines. 

Before beginning our discussion of DFM, we review, in the next chapter, 
tolerances, mechanical properties, and physical properties. 
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QUESTIONS AND PROBLEMS 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

What is the smallest functional designed object you have heard of? The 
largest? 
In a bicycle (or thermostat or other product of your choice), give an example 
of a standard part, a special purpose part, a special purpose subassembly, a 
standard module, and a component. 
Have you ever used the basic guided iteration process to solve a design 
problem? If so, describe your experience, noting especially how you imple- 
mented each of the steps. 
Have you ever used the basic guided iteration process to solve a problem 
other than a design problem? If so, describe your experience, noting espe- 
cially how you implemented each of the steps. 
Go to your library and find at least one book on design for manufacturing 
and read its introductory chapter and the preface. Report back to the class 
on how it is the same and how it is different from this chapter. 
In Figure 1.1, identify the stages that constitute "product development" as 
defined in this chapter. 
What are the disadvantages to the sequential mode of operation depicted 
in Figure 1.2? 
Can you think of any disadvantages to the mode of operation depicted in 
Figure 1.3? 



Chapter 2 
Tolerances, Mechanical 

Properties, Physical 
Properties A Review 

2.1 INTERCHANGEABILITY OF PARTS 

At first glance it might appear that a car's fuel pump, a laser jet printer cartridge, 
and an ordinary lightbulb have nothing in common. This is because what they do 
have in common we simply take for granted. For example, when our fuel pump 
goes we assume that we can go to our local auto parts supplier, and that, upon 
supplying the make, model, and year of our car, we can pick up a pump and 
"easily" replace the old pump with the new one. The same is true of our printer 
cartridge and lightbulb. We assume that we can purchase a replacement part and 
that it will fitmwe assume that the parts will be interchangeable. 

It has not always been possible to interchange parts. In the early days of 
manufacturing, each assembly operator was responsible for producing every 
individual piece-part and then making adjustments to the parts in order to com- 
plete the final assembly. Components on one assembly could not be interchanged 
with those on another assembly. For example, during the Revolutionary War, 
components from one musket would not be interchangeable with "identical" 
components from another musket. 

Modern manufacturing, be it the high-volume mass production of cars, pens, 
or watches, or the low-volume batch production of computers, copy machines, or 
printers, depends on the interchangeability of parts. 

2.1.1 Size Control 

Interchangeability depends on size control, and size control depends upon the 
existence of a standard unit of length and suitable measuring equipment such as 
gage blocks, dial gages, calipers, steel rules, and other measuring instruments 
(Figures 2.1 and 2.2). Size control also depends upon the inspection of parts and 
quality control. 

2.2 TOLERANCES 

2.2.1 Introduction 

A tolerance is a designer-specified allowed variation in a dimension or other 
geometric characteristic of a part. Proper tolerances are crucial to the proper 

13 
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D ewloped by C ~rl Johansson of Sweden aromd 1900, gage blocks saw limited use in World Wtt I. Henry 
Ford brought him to the U.S. @ter WWI and was responsible for the large scale production and use of gage 
blocks. G age blocks are end-standarde and c• be used foe direct measttrem er~ as in meast~ring tl~ width 
of a groove or keyway(top ri~lat), orfcr calibrating line standard measuringinstnuaents(Fig. 2.2). The 
insect on the bottom right shows several gages blocks wnmg together in order to produce a special purpose 
~a~e block dimmsiort 

FIGURE 2.1 Gage blocks. 

FIGURE 2.2 Some line standard measuring instruments (micrometer on left, vernier 
caliper on the right) used for size control 

functioning of products. However, the most common cause of excessive manu- 
facturing cost is the specification by designers of too many tolerances or toler- 
ances that are tighter than necessary. 

On part drawings, simple dimensional tolerances are usually attached to 
dimensions, as shown in Figures 2.3 and 2.4. 

The issue of tolerances may be found at the intersection between the require- 
ments of functionality and the capabilities of manufacturing processes. Mass- 
produced parts cannot all be produced to any exact dimensions specified by 
designers. In a production run, regardless of the process used, there will always 
be variations in dimensions, from the nominal; that is, not all parts produced will 
have the same dimensions. Some of the reasons are: tools and dies wear; pro- 
cessing conditions change slightly during production; and raw materials vary in 
composition and purity. Modern methods for controlling processes are achieving 
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FIGURE 2.3 Examples of limit tolerances. 

ever more consistent and accurate dimensions, but variations of some frequency 
and magnitude are inevitable. Different manufacturing processes are also inher- 
ently more capable of reducing these variations, and hence holding tighter 
tolerances, than others. 

Tolerances can be specified by designers to limit the range of dimensions on 
parts that are to be considered acceptable. That is, designers can, in order to get 
the functionality required, limit the range of dimensional variations in those parts 
that reach the assembly line. However, the more strict these limitations are, and 
the more dimensions that are subject to special tolerance limitations, the more 
expensive the part will be to produce. 

Fortunately, the functionality of parts seldom, if ever, requires that all or even 
most dimensions of parts be controlled tightly. To achieve the desired function- 
ality (and other requirements) of a part, a few dimensions and other geometric 
characteristics (e.g., straightness or flatness) may require quite accurate control, 
while others can be allowed to vary to a greater degree. Thoughtful design can 
result in parts and assemblies configured so that the number of characteristics 
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FIGURE 2.4 More limit tolerances. 

requiring critical control is minimal. Also, those dimensions that do require 
critical control may be of a type or at a location where they are more easily 
controlled during manufacturing. 

Every manufacturing process has what are most often called standard or 
commercial tolerances. These are the tolerance levels that can be produced with 
the normal attention paid to process control and inspection. Though standard tol- 
erance values are not always completely and accurately definedmand available 
in print for designersmthey are well known to manufacturing process engineers. 
There is no need to guess; designers can go visit their friendly manufacturing 
colleague. 

Parts designed so that there are no tolerance requirements tighter than stan- 
dard will be the least expensive to produce. Moreover, and this is an important 
point for designers, the number of tolerances that must be critically controlled, 
whether standard or tighter, is crucial to the ease and cost of manufacturing. Con- 
trolling one or two critical dimensions, unless they are of an especially difficult 
type or extremely tight, is often relatively easy to do if the other dimensions of 
the part do not need special control. 

2.2.2 Some Definitions 

Before providing a precise definition of tolerance we must first understand some 
preliminary definitions. The limits of  size are the two extreme permissible sizes 
of a part between which the actual size must lie. For the part shown in Figure 2.3 
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the maximum limit o f  size is 2.01. The minimum limit o f  size for this same part is 
1.99. Tolerance is the difference between the maximum limit of size and the 
minimum limit of size. For the part shown in Figure 2.3 the tolerance, Ta, is 0.02. 

The size by reference to which the limits of size are fixed is called the basic 
size. For the parts shown in Figure 2.4 the basic size is 2. 

Tolerances can be applied bilaterally, as shown in Figure 2.4, or unilaterally 
as indicated below. 

+0.02 
2-0.00 

When parts must fit together (a shaft inside a hole, for example), the toler- 
ances on both parts must be considered simultaneously. The relationship result- 
ing from the difference, before assembly, between the sizes of the two parts to 
be assembled is called the fit. 

A clearance exists if the diameter of the hole is greater than the diameter 
of the shaft. This allows for relative movement (translation or rotation) between 
the two parts. An interference exists if the diameter of the hole is less than the 
diameter of the shaft. This is used when an alignment of parts is required or 
stiffness is needed. 

As stated above, regardless of the process used, there will always be varia- 
tions in dimensions from the nominal, and not all parts produced will have the 
same dimensions. Hence, in the case of a shaft and hole, a clearance fit exists if 
the minimum hole diameter is greater than the  maximum shaft diameter. An 
interference fit is said to exist if the maximum hole diameter is less than the 
minimum shaft diameter. A transitional fit is said to exist if we sometimes get 
clearance and sometimes get interference. 

At times there is a tendency to confuse tolerance with allowance. Allowance 
is the intentional desired difference between the dimensions of two mating parts. 
It is the difference between the dimensions of the largest interior-fitting part and 
the smallest exterior-fitting part. In the case of a clearance fit, allowance is the 
minimum clearance between the two parts. In the case of an interference fit, 
allowance is the maximum interference between two mating parts. 

Example 
If DH represents the diameter of a hole and Ds represents the diameter of a shaft, 
then can you explain why the following hole-shaft combination results in a 
transitional fit? 

+0.10 

DH = 50.00 -o.oo 

+0.10 

Ds = 50.00 -0.00 

2.3 MECHANICAL AND PHYSICAL PROPERTIES 

2.3.1 Introduction 

The design of special purpose parts involves the determination of a material class 
(steel, aluminum, thermoplastic, etc.) and the basic manufacturing process to be 
used (injection molding, forging, die casting, etc.). A part 's size, shape, and geom- 
etry, and the material's mechanical and physical properties, affect the choice of 
material-process combination. Chapters 3 to 11 are devoted to a discussion of 
how a part's size, shape, and geometry affect the ease or difficulty of producing 
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a part by various processes. Chapter 13, "Selecting Materials and Processes for 
Special Purpose Parts," presents a general methodology for selecting one or more 
material-process combinations for special purpose parts at the conceptual design 
stage. In the remainder of this chapter we will briefly review what is meant by 
the mechanical and physical properties of materials. 

2.3.2 Mechanical Properties 

Mechanical properties of materials are generally expressed in terms of the elastic 
behavior of the material, the yield stress, Oy, and the ultimate stress, ~u. The elastic 
behavior is characterized by Young's modulus, E, and the engineering stress, ~e. 

The most common method for determining these properties is via a uniax- 
ial tension test. In this test a test specimen is placed in a tensile testing machine 
(Figure 2.5) and subjected to increasing loads in order to elongate it until it 
fractures. 

Engineering stress, we know, is defined as 

P 
O'e m 

Ao 

and engineering strain is defined as 

1 - - l o  
Ge m 

1o 

In this case P is the tensile load applied to the specimen, Ao is the initial cross- 
sectional area of the specimen, lo is the original gage length of the specimen, and 
1 is the final length. 

Also in common use are the true stress, defined as 

P 

A 

and the natural strain, defined as 

FIGURE 2.5 A test specimen being subjected to uniaxial loads. 
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FIGURE 2.6 Plots of engineering stress versus engineering strain for some specimens 
tested using the apparatus shown in Figure 2.5. 

In this case the true cross-sectional area is represented by A. 
It is easy to show that the natural strain and engineering strain are related 

by the following expression, namely, 

= in(1  + I~ e ) 

Figure 2.6 shows some test results obtained using the setup shown in Figure 
2.5. The actual shape of the curve depends upon the specific material or alloy 
used. Figure 2.7 shows a plot of true stress versus natural strain superimposed 
upon a plot of the engineering stress versus engineering strain curve for the 6061 
aluminum specimen shown in Figure 2.6. 

Figure 2.7 shows that while the engineering stress reaches a maximum, 
referred to as the ultimate tensile stress (UTS), and then decreases until the spec- 
imen fractures, the true stress always increases. This is due to the fact that the 
actual cross-sectional area continually decreases. 

A study of the curves shown in Figure 2.7 shows that both curves have linear 
and nonlinear regions and that initially the two curves coincide. In the linear 
region where E is the slope of the curve and is referred to as Young's modulus 

(Ye = E E e  

Young's modulus is a measure of the stiffness of the beam and is used in the 
calculation of the deflection of beams. In this region, if the load is released the 
specimen returns to its original length. 

Beyond the elastic limit, the test specimen will not return to its original length 
upon removing the load. In this nonlinear region the specimen is said to deform 
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FIGURE 2.8 Determination of  the offset yield stress. 

plastically. In general it is difficult to determine the exact value of the stress when 
elastic deformation no longer takes place. The offset yield stress, Oy, is used 
to indicate where plastic deformation begins. It is determined as indicated in 
Figure 2.8. 

Knowing the value of the yield stress is important in design where in general 
we prefer not to obtain stresses that will result in permanent deformation of our 
product. Knowing the value of the yield stress is also important in metal forming 
where in general we do wish to obtain permanent  deformation. 

The true stress-natural strain curve is often represented by the following 
expression, namely, 

(Y = KE n 

where K is a constant (= E in the elastic region) and n is referred to as the strain- 
hardening coefficient (= 1 in the linear region; varies between 0.1 and 0.5 in the 
nonlinear or plastic region). At  necking, which begins when the engineering stress 
becomes equal to the ultimate tensile stress, it can be shown that the natural 
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FIGURE 2.10 Stress-strain curves for a typical aluminum alloy (plots on the left) at 
various temperatures and the stress-strain curve for nylon 66. 

strain, e, is equal to n. Thus, the higher the value of n the greater the amount of 
elongation that can take place before the onset of neckingmthat is, the more 
ductile the material. 

When the specimen is stretched beyond the yield point and then unloaded, 
it follows a path parallel to the linear region (Figure 2.9). Reloading the specimen 
will result in retracing our steps along the same curve we followed when 
unloading the specimen. As seen in Figure 2.9 the new yield stress is increased in 
value. This phenomena is referred to as strain hardening. Springback, which is 
the difference in the value of the strain when the specimen is loaded and the 
value of the strain when the specimen is unloaded, places an important role in 
the creation of stamped sheet-metal parts. For example, because of springback, 
a part that is to be bent, say 30 ~ must be over bent in order to accommodate 
springback. 

2.3.3 Metals versus Plastics 

In this section we briefly review some of the basic differences between metals 
and plastics. Figure 2.10 helps explain some of these differences. 

Figure 2.10 shows that as the temperature changes the shape of the curve 
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and the modulus of elasticity, E remains essentially the same. Figure 2.10 also 
shows that the yield stress, eye, the ultimate tensile stress, UTS, and strain hard- 
ening all decrease. In addition, it turns out that over a reasonably wide temper- 
ature range around room temperature, the value of E varies only slightly. 

On the other hand, the modulus for plastics can change dramatically with 
both time and temperature, even for temperature changes of as little as 20~ In 
addition, the shape of the curve changes with temperature and the material 
"creeps." Hard plastic generally refers to a plastic with a high modulus, a strong 
plastic is one with a high tensile yield stress. 

2.4 PHYSICAL PROPERTIES OF MATERIALS 

The physical properties of materials also play a significant role in the selection 
of a material-process combination for the production of special purpose parts. 
By physical properties we mean such characteristics as the melting point, thermal 
conductivity, density, specific heat, thermal expansion, electrical conductivity, elec- 
trical resistivity, and corrosion resistance. 

The melting point of a material can affect energy costs for shaping parts via 
injection molding and casting. Thermal conductivity, which is a measure of the 
ease with which heat flows through a material, affects cycle time, hence, pro- 
cessing costs. Metals have high values of thermal conductivity, and ceramics and 
plastic have low thermal conductivity. 

Density, of course, is important when considering strength-to-weight ratios 
as well as stiffness-to-weight ratios and weight savings. Low values of specific 
heat, which is a measure of the energy required to raise the temperature of a unit 
mass of material by one degree, cause temperatures to rise while processing the 
material. This can have a detrimental effect while machining because the work- 
piece can become too hot to handle and can result in a poor surface finish. 

The amount of thermal expansion that takes place depends on the value of 
the coefficient of thermal expansion. The amount of thermal expansion that takes 
place is important when clearances and running fits are needed in an assembly. 

Corrosion resistance or degradation is a measure of the ability of a metal or 
plastic to resist deterioration. This plays an extremely important role in the selec- 
tion of a material for a given part and in turn affects which processes can or 
cannot be used to produce the part. For example, steel has poor resistance to 
corrosion and stainless steel has high resistance to corrosion. 

In summary, selecting a material based on physical properties affects the 
choice of the process and the ease or difficulty of forming the material. For 
example, stainless steel resists corrosion but, as we will find out in Chapter 6, 
"Metal Casting Processses," it cannot be die cast. Also, stainless steel has a higher 
melting temperature than plastics, which implies that more energy is required to 
melt stainless steel. Although in some applications titanium may be a good choice 
based on its physical and mechanical properties, titanium is also more difficult to 
forge than aluminum due to its higher yield strength. 

2.5 SUMMARY 

This chapter has described the importance of the interchangeability of parts 
to modern manufacturing. In addition, this chapter has also discussed how the 
physical and mechanical properties of materials can effect the choice of process 
to be used to manufacture a part, and how these properties can affect the ease 
or difficulty of creating the part via a particular process. 
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QUESTIONS AND PROBLEMS 

2.1 

2.2 
2.3 

2.4 

2.5 

2.6 

2.7 

Why is the interchangeability of parts important in the production of con- 
sumer products? 
Explain the difference between tolerance and allowance. 
What type of fit would best describe the following: 
a) Cork in a wine bottle. 
b) Floppy disk at the entrance to a floppy drive. 
c) Cover of a ballpoint pen. 
d) Laser printer cartridge and the printer. 
Discuss the difference between true stress and engineering stress, and 
natural strain and engineering strain. Which stress-versus-strain curve 
makes more sense? 
Imagine you are faced with the situation of choosing a metal that has high 
ductility. Can you define what is meant by ductility? How would you 
recognize which material has the higher ductility? 
Name a product or component of a product for which physical properties 
are more important than mechanical properties. Explain! 
Describe situations where it would be desirable to have a part that has: 
a) high density, 
b) low density, 
c) high melting point, 
d) low melting point, 
e) high thermal conductivity, 
f) low thermal conductivity. 

2.8 Imagine you are faced with the decision of choosing between a plastic or a 
metal for a part you are designing. What are some of the reasons you would 
use for selecting plastic? What are some of the reasons you would use to 
select a metal? 



Chapter 3 
Polymer Processing 

3.1 THE PROCESSES 

A large number of polymer processing techniques exist; among the most common 
are injection molding, compression molding, transfer molding, extrusion, and 
extrusion blow molding. 

Injection molding, compression molding, and transfer molding are capable 
of the economical production of complex parts (with significant levels of geo- 
metric detail) and simple parts (with little detail). Extrusion is limited to the pro- 
duction of long parts with a uniform cross-section. Extrusion blow molding is 
confined primarily to relatively simple hollow objects such as bottle containers. 
Each of these processes is described in more detail later in this section. 

3.2 MATERIALS USED IN POLYMER PROCESSING 

There are literally hundredsmmaybe thousands--of polymeric materials avail- 
able for processing, and more will continue to be developed. In general, these 
materials fall into two broad classes: thermoplastics and thermosets. Some poly- 
mers are available in both thermoplastic and thermoset formulations. 

Thermoplastic materials, like water and wax, can be repeatedly softened by 
heating and hardened by cooling, and are formed into parts primarily by injec- 
tion molding, extrusion, and extrusion blow molding. 

For common product applications, most parts made by injection molding use 
thermoplastic materials. Examples are gears, cams, pistons, rollers, valves, fan 
blades, rotors, washing machine agitators, knobs, handles, camera cases, battery 
cases, telephone and flashlight cases, sports helmets, luggage shells, housings and 
components for business machines, power tools, and small appliances. 

Thermoplastics are divided into two classes: crystalline and amorphous. Crys- 
talline thermoplastics have a relatively narrow melting range. They are opaque, 
have good fatigue and wear resistance, high but predicable shrinkage, and rela- 
tively high melt temperatures and melt viscosities. Reinforcement of crystalline 
polymers with glass fibers or other materials improves their strength significantly. 
(Such reinforced plastics are often called composites.) Examples of crystalline 
plastics include acetal, nylon, polyethylene, and polypropylene (PP). 

Amorphous thermoplastics melt over a broader temperature range, are 
transparent, and have less shrinkage, but they have relatively poor wear and 
fatigue resistance. The use of reinforcing fibers does not significantly improve 
the strength of amorphous thermoplastics at high temperatures. Examples of 
amorphous materials are ABS, polystyrene, and polycarbonate. 

It should be noted that although amorphous polymers have no crystallinity, 
no polymer is more than about 90% crystalline. Thus, many thermoplastic 
polymers exhibit a mixture of amorphous as well as crystalline properties. 
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The small number of thermoplastics noted above include some that are 
called commodity or general purpose plastics (polystyrene, polyethylene, and 
polypropylene) as well as engineering thermoplastics (ABS, polycarbonate, 
acetal, and nylon-6). The largest proportion of thermoplastics used are com- 
modity plastics used to produce film, sheet, tubes, toys, and such throwaway 
articles as bottles and food packaging. Compared to the commodity plastics, engi- 
neering thermoplastics are capable of supporting higher loads, for longer periods 
of time, and at higher temperatures. 

Thermoset materials are polymeric materials that, similar to an egg, trans- 
form permanently on heating and cannot be remelted. Thermosets are formed 
primarily by compression molding and transfer molding. Parts made of thermoset 
materials can be subjected to higher temperatures without creeping, tend to have 
a harder surface, and are more rigid than thermoplastic parts made by injection 
molding. For this reason, parts used at higher temperatures (molded fryer pan 
housings, electrical connections, etc.), or parts that may be subjected to harsher 
environments (automotive carburetor spacers, automatic transmission thrust 
washers, etc.) are made of thermoset materials. Thus, such parts are formed by 
compression or transfer molding. 

Typical thermosets include phenolics, ureaformaldehyde, epoxies, polyesters, 
and polyurethanes. Thermoplastics and thermosets can both be combined with 
one or more additives (colorants, flame retardants, lubricants, heat or light stabi- 
lizers), fillers or reinforcements (glass fibers, hollow glass spheres), or with other 
polymers to form a blend or alloy in order to increase dimensional stability and 
improve their mechanical properties. Some of the commodity plastics, such as 
polypropylene, are reclassified as engineering plastics when they are reinforced 
with glass fibers. 

With all the basic polymer materials available, together with all the possible 
combinations of fillers and additives, there is a dizzying array of possibilities for 
designers to choose from. There are also pitfalls, as not all the properties of all 
these combinations are well known. Consultation with a polymer materials 
expert is well advised! 

3.3 INJECTION MOLDING 

In injection molding, thermoplastic pellets are melted, and the melt is injected 
under high pressure (approximately 10,000psi or about 70MPa) into a mold. 
There the molten plastic takes on the shape of the mold, cools, solidifies, shrinks, 
and is ejected. Figure 3.1 shows a stripped down version of an injection-molding 
machine along with a mold used to form a simple box-shaped part. 

Molds are generally made in two parts: (1) the cavity half gives a concave 
part its external shape, and (2) the core half gives such a part its internal shape. 
As the geometry of a part becomes complex, molds of course increase in com- 
p lex i ty -and  hence in cost. 

As a part cools, it shrinks onto the core. Therefore, an ejector system is 
needed to push the part off. Because the fixed (cavity) half of the mold contains 
the "plumbing system"melements called runners, sprues, and gates--used to 
transfer the melt to the mold, the ejector system is usually in the core (moving) 
half of the mold. The ejector system generally consists of pins that are used to 
push the part off the core. Careful examination of most injection-molded parts 
will reveal the marks of the ejection pins--slight circular depressions about 3/16 
of an inch in diameter. If a satisfactory fiat part surface area does not exist to 
accommodate a pin, then a blade may be used to press against a narrow rib or 
part edge to eject the part. 
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FIGURE 3.1 Screw-type injection-molding machine. 
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FIGURE 3.2 Example of  a part with an external undercut. 

FIGURE 3.3 Example of  a part with an internal undercut. 

A through-hole feature in the vertical wall, such as the one shown in Figure 
3.2, is referred to as an external undercut. To produce it requires a relatively costly 
side core to form the hole; the core is made to slide out of the way to permit ejec- 
tion of the part. In general, external undercuts are features that will, without 
special provisions, prevent the part from being extracted from the cavity half of 
the die. 

An internal undercut, such as the one caused by the projection that exists on 
the inner wall of the boxed-shaped part shown in Figure 3.3, is one that prevents 
the core mold half of the part from being extracted. In general, internal under- 
cuts require even more costly molds than external undercuts. 

Undercuts and their effect on tooling and processing costs for injection- 
molded parts are discussed in more detail in Chapter 4, "Injection Molding: 
Relative Tooling Cost," and Chapter 5, "Injection Molding: Total Relative Part 
Cost." 

Per-part processing time (or cycle time) for an injection-molded part is pri- 
marily dependent on the time required for solidification, which can account for 
about 70% of the total cycle time. Solidification time in turn depends primarily 
on the thickness of the thickest wall. Typical solidification times for thermoplas- 
tic parts range from 15 seconds to about 60 seconds. Other part features that 
also influence cycle time are discussed in Chapter 5, "Injection Molding: Total 
Relative Part Cost." 

3.4 COMPRESSION M O L D I N G  

Compression molding for forming thermoset materials uses molds similar to 
those for injection molding. The mold (Figure 3.4), mounted on a hydraulic press, 
is heated (by steam, electricity, or hot oil) to the required temperature. A slug of 
material, called a charge, is placed in the heated cavity where it softens and 
becomes plastic. The mold is then closed so that the slug is subjected to pressures 
between 350kPa (50psi) to 80,000kPa (12,000psi) forcing the slug to take the 
shape of the mold. 
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FIGURE 3.4 Tooling for compression molding. 
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FIGURE 3.5 Two-plate mold showing sprue, gate, and runner system. 

The mold remains closed under pressure until the part hardens (cures). The 
mold is then opened, the part removed, and the cycle repeated. The cure time for 
parts can be as low as 20 seconds for small, thin-walled parts, from i to 3 minutes 
for larger parts, and as long as 24 hours for massive, thick-walled parts such as 
an aerospace rocket nozzle. 

Compression molded parts may have external undercuts, but as in injection 
molding, undercuts increase tooling cost and should be avoided if possible. Com- 
pression molds, however, are somewhat simpler than injection molds since the 
compression molds do not need a "plumbing system" (sprue, runner, and gates) 
to feed and distribute the melt. Figure 3.5 shows a two-plate injection molding- 
type mold with sprue, gate, and runner system. 

3.5 TRANSFER M O L D I N G  

The main difference between compression molding and transfer molding is in the 
mold. In a transfer mold (Figure 3.6), the upper portion of the mold contains a 
pot where a slug (or charge) is placed, heated, and melted. After the charge is 
melted the mold is closed, forcing the liquid resin through a sprue into the lower 
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FIGURE 3.7 A screw-type extruder. 

portion of the mold. The melt then takes the shape of the mold, hardens, and is 
removed. 

3.6 EXTRUSION 

Plastic extrusion is a process in which thermoplastic pellets are placed into a 
hopper that feeds into a long cylinder (called a barrel) that contains a rotating 
screw (Figure 3.7). The screw transports the pellets into a heated portion of the 
barrel where the pellets are melted and mixed to form a uniform melt. The result- 
ing melt is then forced through a die hole of the desired shape to form long parts 
of uniform cross-section such as tubes, rods, molding, sheets, and other regular or 
irregular profiles. Figure 3.8 shows some common structural shapes produced by 
extrusion. 

Extruded parts are generally long in comparison with their cross-section. 
Short parts with uniform cross-sectional shapes can also be produced by injec- 
tion molding as well as extrusion, but the longer the part, the more advantageous 
the use of extrusion. 
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FIGURE 3.8 Some common structural shapes produced by extrusion. 
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FIGURE 3.10 Extrusion blow molding. 

Shapes formed by extrusion can be subjected to post-processing techniques 
by passing them through rollers (Figure 3.9) or stationary blades or formers that 
modify the shape of the (still hot and soft) extrusion. Sheets, for example, can be 
embossed to form patterns on them. 

3.7 EXTRUSION BLOW MOLDING 

Extrusion blow molding is a process used to form hollow thermoplastic objects 
(especially bottles and containers). The process (Figure 3.10) takes a thin-walled 
tube called a parison that has been formed by extrusion, entraps it between two 
halves of a larger diameter mold, and then expands it by blowing air (at about 
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100psi) into the tube, forcing the parison out against the mold. The outside of 
the thin-walled part takes the shape of the inside of the mold. By controlling 
variations in the parison thickness along its length, the wall thickness of the final 
part can be approximately controlled. 

In addition to bottles and containers, blow molding is used to form such 
shapes as simple balls, lightweight baseball bats, dolls, and animal toys. Although 
items like carrying cases for instruments and tools, large drums, ducts, and auto- 
mobile glove compartments can also be made by blow molding, this process is 
not usually used to produce such "engineering" type parts. 

No further consideration is given to blow molding in this book. For more on 
this subject, the reader should consult the Modern Plastic Encyclopedia and the 
book by S. S. Schwarz and S. H. Goodman, Plastic Materials and Processes. 

3.8 OTHER POLYMER PROCESSES 

We have so far described only the most commonly used polymer processing tech- 
niques. Others exist--examples are calendering, foam processing, and rotational 
moldingmbut these processes tend to be used for rather specialized or low pro- 
duction runs. For example, calendering is used to produce film and sheeting, foam 
processing for disposable cups and food containers, and rotational molding for 
battery cases and for very large parts. 

For the production of shallow-shaped components, such as bus panels, boats, 
camper tops, lighting panels, trays, door and furniture panels, and other products, 
a process called thermoforrning is often used. Thermoforming involves heating 
to soften a previously made thermoplastic sheet, clamping it over a mold, and 
then drawing and forcing it (via air pressure or vacuum) so that it takes the shape 
of the mold. 

The books Modern Plastic Encyclopedia and Plastic Materials and Processes 
contain detailed description of these, as well as some other, polymer processing 
techniques. 

3.9 QUALITATIVE DFM GUIDELINES FOR 
INJECTION MOLDING, COMPRESSION MOLDING, 
AND TRANSFER MOLDING 

Injection molding, compression molding, and transfer molding are all internal 
flow processes that are followed by cooling and solidification, which are followed 
by ejection from the mold. That is, in each of these processes, a liquid (plastic 
resin) flows into and fills a die cavity. Then the liquid is cooled to form a solid, 
and finally the part is ejected. The physical nature of these processesmflow, 
cooling to solidify, and ejectionmprovides the basis for a number of the qualita- 
tive DFM guidelines or rules of thumb that have been established. Parts should 
ideally be designed so that: (1) the flow can be smooth and fill the cavity evenly; 
(2) cooling, and hence solidification, can be rapid to shorten cycle time and 
uniform to reduce warpage; and (3) ejection can be accomplished with as little 
tooling complexity as possible. 

To design parts properly for these manufacturing processes, designers 
must at least understand the meaning of (1) mold closure direction and (2) 
parting surface. Dies are made in two parts forming a cavity that is very close 
to the shape of the part. (The cavity may be slightly different from the part to 
allow for inevitable shrinkage and warping.) Thus there is a closure direction 
for the die halves, and a parting "surface" (not necessarily planar) created where 
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FIGURE 3.11 External undercut created by choice in the direction of mold closure. 
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FIGURE 3.12 External undercuts created by location of the parting plane between the die 
halves. 

the die sections meet when they are closed. The location of the parting surface, 
the direction of closure, and the design of the part must be considered simul- 
taneously in order to provide for ejection of the part from the mold after 
solidification. 

Knowing the mold closure direction enables designers to recognize and thus 
possibly avoid designing unnecessary undercuts. A fairly easy way to identify a 
potential undercut is to consider the shadows that would be created on the part 
from a light shining in the mold closure direction. If a part casts shadows onto 
itself, then the feature causing the shadow is an undercut. This is discussed again 
in the next chapter. 

Figures 3.11 and 3.12 illustrate how the choice of mold closure direction and 
the location of the parting surface influence design and, in particular, tool design 
and tool cost. 

With knowledge of mold closure direction and the location of the parting 
surfacemand keeping in mind that the material should flow smoothly into and 
through the mold, solidify rapidly and uniformly, and then be easily ejected 
designers can well understand and make good use of the following DFM 
guidelines: 

In designing parts to be made by injection molding, compression molding, 
and transfer molding, designers must decide~as a part of their design--the 
direction of mold closure and the location of the parting surface. Though 
these decisions are tentative, and advice should be sought from a manufac- 
turing expert, it is really impossible to do much design for manufacturing in 
these processes without considering the mold closure direction and parting 
surface location. 
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2. An easy to manufacture part must be easily ejected from the die, and dies 
will be less expensive if they do not require special moving parts (such as 
side cores) that must be activated in order to allow parts to be ejected. Since 
undercuts require side cores, parts without undercuts are less costly to mold 
and cast. Some examples of undercuts are shown in Figures 3.2 and 3.3. With 
knowledge of the mold closure direction and parting surface, designers can 
make tentative decisions about the location(s) of features (holes, projections, 
etc.) in order to avoid undercuts wherever possible. 

3. Because of the need for resin or metal to flow through the die cavity, 
parts that provide relatively smooth and easy internal flow paths with low 
flow resistance are desirable. For example, sharp corners and sudden 
changes or large differences in wall thickness should be avoided because 
they both create flow problems. Such features also make uniform cooling 
difficult. 

4. Thick walls or heavy sections will slow the cooling process. This is especially 
true with plastic molding processes since plastic is a poor thermal conductor. 
Thus, parts with no thick walls or other thick sections are less costly to 
produce. 

5. In addition, every effort should be made to design parts of uniform, or nearly 
uniform, wall thickness. If there are both thick and thin sections in a part, 
solidification may proceed unevenly causing difficult to control internal 
stresses and warping. Remember, too, that the thickest section largely deter- 
mines solidification time, and hence total cycle time. 

6. We will not discuss gate location in this book except in this paragraph. 
However, in large or complex parts, two or more gates may be required 
through which resin will flow in two or more streams into the mold. There 
will, therefore, be fusion lines in the part where the streams meet inside the 
mold. The line of fusion may be a weak region, and it may also be visible. 
Therefore, designers who suspect that multiple gates may be needed for a 
part should discuss these issues with manufacturing experts as early as pos- 
sible in the design process. With proper design and planning, the location 
of the fusion lines can usually be controlled as needed for appearance and 
functionality. 

These DFM "rules" are not absolute, rigorous laws. Note, for example, how 
the molded-in, very thin hinge, referred to as a "living hinge" by custom molders, 
in a computer disk carrying case (Figure 3.13) violates the general thrust of the 
fifth rule above. If there are designs that have great advantages for function or 
marketing, then those designs can be given special consideration. Manufacturing 
engineers can sometimes solve the problems that may be associated with highly 
desirable functional but difficult to manufacture designs at a cost low enough to 
justify the benefit. 
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FIGURE 3.13 Living hinge on computer disk carrying case. 
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However, relatively easy to manufacture designs should always be sought. 
More often than not, a design can be found that will be both efficient from a 
functional viewpoint and relatively easy to manufacture. 

3.10 SUMMARY 

This chapter has described some of the most common polymer processing 
methods and materials used for the economical production of both complex parts 
(with significant levels of geometric detail) and simple parts (with little geomet- 
ric detail). Included in this chapter was a discussion of design for manufacturing 
issues as they apply to the production of plastic parts. The chapter concluded with 
a set of qualitative DFM guidelines for injection molding, compression molding, 
and transfer molding. 
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QUESTIONS AND PROBLEMS 

3.1 Figure P3.1 shows the sectional view of two proposed alternative designs 
for an injection-molded box-shaped part that is enclosed on four sides. From 
the point of view of tooling cost, which design is more costly to produce? 
Why? Assume that the wall thickness is the same in both designs. 

FIGURE P3.1 
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3.2 Figure P3.2 shows the sectional view of two proposed alternative designs 
for an injection-molded box-shaped part that is enclosed on four sides. From 
the point of view of tooling costs, which of the two designs is the most costly? 
Assume that the wall thickness is the same in all designs. 

FIGURE P3.2 

3.3 Figure P3.3 shows the preliminary sketch of two proposed designs. Assum- 
ing the part is to be injection molded, which of the two designs is less costly 
to produce? Why? Assume that the wall thickness is the same in both 
designs. 

J 
�9 

FIGURE P3.3 

3.4 Figure P3.4 shows the preliminary sketch of two proposed injection-molded 
designs. From the point of view of tooling, which of the two designs is least 
costly to produce? Why? Assume both parts have the same wall thickness. 
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In an effort to become more competitive, a large automotive company has 
decided to expand its design for manufacturing group. Assume that you 
have applied for a position with that group. As part of the interview process 
you have been shown the proposed design of a compression-molded part 
similar to the part shown in Figure P3.5. What suggestions would you make 
in order to reduce the cost to mold the part? What suggestions would you 
make if the part were to be injection molded? 

J 

FIGURE P3.5 

3.6 Repeat Problem 3.5 for the part shown in Figure P3.6. 

FIGURE P3.6 

3.7 Name two or three "engineering" parts that  are better suited for plastics 
than for metals. 

3.8 How do thermoplastics differ from thermosets? 
3.9 How do engineering plastics differ from commodity plastics? 



Chapter 4 
Injection Molding: 

Relative Tooling Cost 

4.1 INTRODUCTION 

Generally during the early stages of part design the procedures followed by a 
designer will result in several possible part configurations whose generation has 
been guided by qualitative reasoning related to both function and, it is hoped, 
manufacturability. In this chapter, we will discuss methods by which designers 
can perform more formal quantitative manufacturability evaluations of injection- 
molded parts at the configuration stage. In Chapter 5, "Injection Molding: Total 
Relative Part Cost," we will make use of the near final dimensions, locations, and 
orientation of features to evaluate the relative cost to process a part by injection 
molding. 

The ability to evaluate part manufacturability at the configuration s t age~  
before exact dimensions have been determined~is  important because, in 
practice, design decisions made at this stage often become essentially irre- 
vocable. Thus, before moving on to the sometimes computationally difficult 
and time-consuming task of assigning values to attributes (i.e., to parametric 
design), it is important for designers to be as certain as possible that the config- 
uration selected is the best possible one considering both function and 
manufacturability. 

In this book, we present detailed, quantitative manufacturability methods 
for three manufacturing domains: injection molding, die casting, and stamping. 
Design for manufacturability issues in other processes~such as assembly, 
forging, extrusion, and others~are  also covered, but not in as much detail as 
these three. The essential reason for concentrating on these particular manufac- 
turability domains is that they account for more than 70% of the special purpose 
parts found in consumer products. 

It should always be remembered that the best method for reducing 
assembly costs is to reduce the number of parts in an assembly. This is often 
accomplished by combining several individual parts into one (sometimes 
more complex) part using either injection molding, die casting, or stamping. To 
do this by taking full advantage of the capabilities of the process, but without 
exceeding those capabilities, requires that designers be able to perform detailed 
DFM analyses. 

This chapter is devoted to DFM methods for the ease of tool design for injec- 
tion molding. Chapter 7, "Die Casting: Total Relative Part Cost," and Chapter 9, 
"Stamping: Relative Tooling Cost," deal with DFM for ease of tool designs for 
die casting and stamping. 

39 
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4.2 ESTIMATING RELATIVE TOOLING COSTS FOR 
INJECTION-MOLDED PARTS 

The cost of an injection-molded part consists of three subcosts: (1) tooling (or 
mold) cost, Kd/N; (2) processing cost (or equipment operating cost), Ke; and (3) 
part material cost, Km. 

Total Cost of a Part = Kd/N + Ke + Km (Equation 4.1) 

where Kd is the total tooling cost for a part and N is the number of parts to be 
produced with the mold--that  is, the production volume. 

At low production volumes (N less than, 20,000, e.g.), the proportion of the 
part cost due to tooling is often relatively high compared with processing costs, 
since the total cost of tooling, Kd, is divided by a small value of N. As the pro- 
duction volume increases, however, the total tooling cost (Kd) does not change; 
consequently, the tooling cost per part decreases, while the material and pro- 
cessing cost per part remains essentially the same. Thus, at high production 
volumes the proportion of total part cost due to tooling is relatively low, and the 
major costs are due to processing and materials. 

With only configuration information available, we can do little to estimate 
processing costs (Ke) or part material costs (Km). However, we can make a rea- 
sonably accurate estimate of tooling costs (Kd). In fact, if we restrict ourselves to 
relative tooling cost, then the analysis is accurate enough to permit a compari- 
son between competing designs. As pointed out above, tooling costs are often 
important, and the fact that we can perform a DFM analysis of them at the 
configuration stage (before parametric design) is useful. The analysis helps 
designers identify the features of proposed configurations that contribute most 
significantly to tooling costs so that the features can be eliminated, or at least so 
that their negative impact on manufacturing cost can be reduced. 

4.2.1 Relative Tooling Cost (Cd) 

The DFM methodology to be presented here determines the tooling cost of injec- 
tion-molded parts as a ratio of expected tooling costs to the tooling costs for a 
reference part. This ratio is called relative cost. Actual costs depend upon local 
practices and methods and can vary considerably from one location to another. 
To eliminate these effects costs relative to a reference part are used. Thus, rela- 
tive to a reference part, total die costs are 

Cd -- Cost of Tooling for Designed Part/Cost of Tooling for Reference Part 

Cd - -  (Kdm + Kdc)/(Kdmo + Kdco) (Equation 4.2) 

where Kdmo and Kdco refer to die material cost and die construction cost for the 
reference part. (In this case, the reference part is a flat 1 mm thick washer with 
OD - 72 mm and ID - 60mm. The approximate tooling cost for this reference 
partmin the 1991-1992 time framemis about $7,000, including about $1,000 in 
die material costs.) 

Equation (4.2) can be written as 

Cd- Kdm/(Kdmo + Kdco)- Kdc/(Kdmo + Kdco) 
= A (Kdm/Kdmo) + B (Kac/Kdco) (Equation 4.3) 

where 
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A = Kdmo/(Kdmo + Kdco) 

B = Kdco/(Kdmo + Kdco) 

Based on data collected from mold-makers, a reasonable value for A is 
between 0.15 and 0.20 and a reasonable value for B is between 0.80 and 0.85. 
For our purposes we will take A and B to be 0.2 and 0.8, respectively. Hence, 
Equation 4.3 becomes 

C d -~ 0.8Cdc -1- 0.2Cdm (Equation 4.4) 

where C d is the total die cost of a part relative to the die cost of the reference 
part, Cdc is the die construction cost for the part relative to the die construction 
cost of the reference part, and Cam is the die material cost for the part relative to 
the die material cost of the reference part. 

In this section, we show how to determine the relative tooling construc- 
tion costs (Cdc). The following section deals with the relative tool material costs 
(Cdm). 

4.2.2 Relative Tooling Construction Costs (Cdc) 

To estimate relative tool construction costs for a part, designers must understand 
in some detail the complex relationships between the part and its mold. Certain 
features and combinations of features result in more complex molds and, hence, 
higher tooling costs. It may be that, in order to meet a part's function, such fea- 
tures or their combinations cannot be changed or eliminated, but in many cases 
they can be--saving time and money. In any case, designers should know the 
tooling costs their designs are causing, and they should make every attempt to 
reduce them. 

The time required for tooling to be designed, manufactured, and tested is 
also a factor. In general, however, the higher the cost of tooling, the longer the 
time required for making the tool. 

Relative tooling construction cost, Cdc, is computed here as the product of 
three factors: 

Cd c -- CbCsCt (Equation 4.5) 

where Cb=The approximate relative tooling cost due to size and basic 
complexity; 

Cs = A multiplier accounting for other complexity factors called sub- 
sidiary factors; 

Ct = A multiplier accounting for tolerance and surface finish issues. 

We will now discuss how to compute each of these factors, and look at exam- 
ples of their use with actual parts. Readers of this chapter will be rewarded 
with an easy-to-use understanding of design for manufacturing principles and 
practices for injection-molded parts. Much of what is learned will be useful in 
understanding other manufacturing domains as well. In order to use the method- 
ology, however, a reader must be familiar with a number of concepts related 
specifically to the manufacture of injection-molded parts. Though there appears 
to be a large number of them (they are explained in the next subsections), the 
concepts are individually relatively easy to understand. All are explained as they 
are introduced. 
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4.3 DETERMINING RELATIVE TOOLING 
CONSTRUCTION COSTS DUE TO BASIC PART 
COMPLEXITY (C0 

4.3.1 Overview 

Values for Cb--the relative tooling cost factor due to basic part complexity--are 
found in the interior boxes of the matrix in Figure 4.1. 

The numbers above the slanted lines in the boxes in Figure 4.1 apply to flat 
parts; those below the slanted line apply to box-shaped parts. Note that the value 
for C b in the upper left corner of the matrix for a flat part is 1.00--thus this box 
corresponds to the cost of the reference part. 

Readers should note that, in general, values for Cb decrease significantly as 
one moves up and to the left in the matrix. This fact will help guide designers to 
redesigns that can reduce tooling costs. 

4.3.2 The Basic Envelope 

Figure 4.1 requires that the part to be evaluated be classified as either flat or box- 
shaped. (This is done because, in general, box-shaped parts require more mold 
machining time and, hence, result in higher tool construction costs, than fiat 
parts.) In order to determine whether a part is flat or box-shaped, we determine 
the ratio of the sides of the basic envelope for the part. The basic envelope is the 
smallest rectangular prism that completely encloses the part. 

The lengths of the sides of the basic envelope are denoted by L, B, and H, 
where L > B ___ C. (See Figure 4.2.) A part is considered flat if L/H is greater than 
about 4; otherwise it is considered box-shaped. 

In order not to overestimate the amount of mold machining time required, 
in determining the basic envelope, small, isolated projections are ignored. Iso- 
lated projections are considered small if their greatest dimension parallel to the 
surface from which they project is less than about one-third times the envelope 
dimension in the same direction (as shown in Figure 4.3). This is done so that a 
part that is basically flat when the projection is ignored is not classified as a 
box-shaped part. If more than one projection exists, each should be examined 
separately. 

4.3.3 The Mold Closure Direction 

As noted briefly in Chapter 3, "Polymer Processing," designers of injec- 
tion-molded parts must consider the direction of mold closure in order to be able 
to design for ease of manufacturability. The reason is that the orientation of 
certain part features and configurations in relation to the mold closure direction 
can have an important influence on tooling construction costs. This is also reflected 
in the fact that knowledge of the mold closure direction is essential in order for 
designers to use Figure 4.1, and hence to estimate tooling construction costs. 

Knowledge of the mold closure direction is also essential in order to 
identify and possibly redesign the features that may be causing high tooling 
costs. 

Recessed Features 

In order to determine the best or most l ikely direction of mold closure, it is 
necessary to understand the meaning of a recessed feature. A recessed feature is 
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FIGURE 4.2 Basic envelope for a part. 

c/L >1/3 => Not an isolated projection 
of  small volume 

k L 
H=h+t 

c/L < 1/3 => An isolated projection of  
small volume 

k L ~ 
B 

Basic envelope ~ 

"4 

Basic envelope 

~ L 4 

FIGURE 4.3 Isolated projections of small volume. 

any depression or hole in a part, including also depressed features that come 
about due to closely spaced projecting walls. Figure 4.4 shows some examples of 
recessed features. Also shown in Figure 4.4 are sectional views of the molds that 
can be used to produce these features. The part shown in Figure 4.4d is not con- 
sidered to have a recess because the direction of mold closure does not affect 
basic tool construction difficulty. 

Holes and Depressions 

Depressions are pockets, recesses, or indentations of regular or irregular contour 
that are molded into a portion of an injection-molded part. Holes are the pro- 
longation of depressions that completely penetrate some portion of the molding. 

Circular holes and depressions can be formed either by an integer mold in 
which the projections required to create the two holes are machined directly into 
the core half of the mold as shown in Figure 4.4f, or by an insert mold. In the 
case of an insert mold, as in Figure 4.4g, the projections shown in the first version 
of the mold are replaced by a core pin that is inserted into the core. 
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Not a recessed Recessed 
f e a t u r e  - 7  _ Recessed feature feature 

(a) (b) (c) (d) 

cor~ core backplate 
cor~ .. ~ ~ ~ N  "~ 

(e) Integer mold for (f) Integer mold for (g) Insert mold for 
part shown in (a) part shown in (c) part shown in (c) 

FIGURE 4.4 Examples of parts with recessed features and section views of the molds used 
to produce them. 

FIGURE 4.5 Photograph of an injection-molded part showing ribs and shutoffs. 

Rectangular  holes and irregularly shaped holes can also be formed by either 
the use of integer molds or insert molds, but the cost to create the tooling to form 
these holes is more costly (See "Questions and Problems" in Chapter  11, "Other  
Metal Shaping Processes.") 

Projections 
A feature that protrudes from the surface of a part  is considered a projection. 
The most common examples are ribs and bosses. 

A rib is a narrow elongated projection with a length generally greater than 
about three times its width (thickness), both measured parallel to the surface 
from which the feature projects (see Figure 4.5) and a height less than six times 
its width. Ribs may be located a t  the periphery or on the interior of a part  or 
plate. A rib may run parallel to the longest dimension of the part  (a longitudinal 
rib), or it may run perpendicular to this dimension (a lateral rib). Radial  ribs and 
concentric ribs are also common. A rib may be continuous or discontinuous, or 
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it may be part of a network of other ribs and projecting elements. If the height 
of a narrow elongated projection is greater than six times its width, then the 
projection is considered a wall. 

Nonperipheral ribs and nonperipheral walls are generally created by milling 
or by electrical discharge machining (EDM) a cavity in either the core half or 
cavity half of the mold (see Figure 4.6a). If the minimum rib thickness is greater 
than or equal to about 3 mm (0.125 inches), then the cavity is machined by milling; 
otherwise it is machined by the EDM process. 

Two closely spaced longitudinal or lateral ribs, that is two ribs whose spacing 
is less than three times the rib width, are usually formed by first milling a cavity 
in the core half of the plate and then using an insert to form the two closely 
spaced ribs (see Figure 4.6b). The cost to create this cluster of two closely spaced 
ribs is about equal to the cost to create a single rib. 

A boss is an isolated projection with a length of projection that is generally 
less than about three times its overall width, the latter measured parallel to the 
surface from which it projects (Figure 4.7). A boss is usually circular in shape 
but it can take a variety of other forms called knobs, hubs, lugs, buttons, pads, or 
"prolongs." 

Bosses can be solid or hollow. In the case of a solid circular boss, the length 
of the boss and its width are both equal to the boss diameter. A boss is created 
by simply milling a hole in the core half of the mold (Figure 4.6c). In the case of 

rib 
. ~ ~  \width 

s p a c e  less than boss width 
~ three rib widths _~ 

J 
insert to create ribs 

~x.~.~.~.~~~.~,~.~.~,~,X ~ 

part_. 

(a) Part ~ t h  Co)Part with two 
longitudinal rib closely spaced ribs 

c o r e  part 
\ 

(c) Part with solid boss 

boss width~ t--)oss wall 

c o r e  backplate 

\ ":i 
�9 i 

corepm cavity 

(d) Part with hollow boss 

plates 
radially spaced 

90 dell apart 

(e) Boss with c l u s t e r  

of gusset plates 

FIGURE 4.6 Example of parts with ribs and bosses and sectional views of the molds used 
to produce them. 
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FIGURE 4.7 Photograph of a part with bosses. 

a circular hollow boss, a pin is used to create the hole (Figure 4.6d). Al though 
the width of the boss is still equal to the outside diameter,  the boss thickness is 
equal to the difference between the outside and inside radii. 

Bosses, and sometimes ribs, are supported by ribs of variable height called 
gusset plates. In the case of bosses, these supports are radially located, as shown 
in Figure 4.6e. These ribs are machined in simultaneously using the E D M  process. 
For this reason this cluster of ribs costs about  the same to create as a single rib. 

Dividing and Parting Surfaces 

One reason the determinat ion of the direction of mold closure is so crucial to 
tooling cost evaluation is that it affects the location of the parting surface 
between the mold halves. The mold closure direction and the parting surface loca- 
tion together  establish which recessed features can be molded in the direction of 
mold closure, and which (because they are not parallel to the mold closure direc- 
tion) will require special tooling in the form of side action units or lifters in order  
to permit  ejection of the part. (These subsidiary features, i.e., holes, projections, 
etc., are often referred to as add-ons.) 

In order  to determine where a parting surface should be located, we 
will introduce the concept of dividing surface. Given a direction of mold closure, 
the dividing surface (Figure 4.8) is defined as an imaginary surface, in one or 
more planes, through the part  for which the port ion of the part  on either side 
of the surface can be extracted from a cavity conforming to the form of the 
outer shape of the port ion in a direction parallel to the direction of mold 
closure. 

If the dividing surface is in one plane only, it is called a planar dividing 
surface. In general, the dividing surface that results in the least costly tooling is 
the one that should be used as the parting surface in the actual construction of 
the tooling. Figure 4.9 shows the parting surface that was used in the tooling 
for the box-shaped part  shown in Figure 4.8. Figure 4.10 shows the tooling used 
to produce an L-bracket  similar to the one shown in Figure 4.8. 

A dividing surface is a potential  parting surface. A part  may have several 
dividing surfaces, but of course a mold when constructed has only one parting 
surface. 

Designers who unders tand the process of injection molding can usually plan 
for a convenient  mold closure direction quite readily with just a little thought  
and study of the part. 

4.3.4 Undercuts 

In general, undercuts are combinations of part  features created by recesses or by 
projections whose directions are not parallel to the mold closure direction. 
Undercuts  are classified as either internal or external. 
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to eject the part from 
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FIGURE 4.8 Dividing surface of a part. 

Cavity / - . . ~  Core 

FIGURE 4.9 Tooling for box-shaped part--shows parting surface between the core and 
cavity halves of the mold. 

By reference to Figure 4.1, readers should note how the number of external 
undercuts increases the part's tooling cost by moving the part's location to the 
right in the Figure. Similarly, note how the number of internal undercuts moves 
a part's place in the matrix downward, thus also increasing tooling cost. 
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FIGURE 4.11 Examples of internal undercuts. 
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FIGURE 4.12 Form pin used to form internal undercut. 

Internal Undercuts 

Internal undercuts are recesses or projections on the inner surface of a part 
which, without special provisions, would prevent  the mold cores from being with- 
drawn in the line of closure (often called the line of  the draw). (See Figure 4.11.) 

To permit  withdrawal of the core when there is an internal undercut,  hard- 
ened steel pins (called form pins) must be built into the cores. Figure 4.12 shows 
an illustration of a form pin. When the part  solidifies, it shrinks onto the core. 
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The mold then opens and the core and part are withdrawn from the cavity. As 
the ejector assembly plate moves to the right, relative to the core (see vector Se), 
the form pin slides in the direction shown by vector Sfp. The part then moves in 
a direction parallel to the motion of the ejector plate (see vector Sp) and the inter- 
nal projection is lifted from the core pin cavity and the part removed or blown 
off. Alternatively, cores called split cores must be constructed in two or more 
parts. Both split cores and form pins add to the complexity and hence the cost 
of the tooling. Figure 4.13 shows a screen capture from an animation used to illus- 
trate how internal undercuts are formed. 

External Undercuts 

In general, external undercuts are holes or depressions on the external surface 
of a part that are not parallel to the direction of mold closure (Figure 4.14). Some 
exceptions to this generalization are discussed below. 

The number  of external undercuts in a part is equal to the number  of sur- 
faces that contain external undercuts. For example, Figure 4.14a shows a part with 
only one surface that contains an external undercut; thus, the number  of under- 
cuts is 1. In Figure 4.14b, however, the part has two surfaces with external under- 
cuts; thus, the number  of external undercuts is 2. 

In addition, projections located on the external surface of a part such that a 
single mold-dividing surface (planar or nonplanar) cannot pass through them all, 
are also considered external undercuts. 

As with internal undercuts, the presence of external undercuts requires 
special provisions to allow for ejection of parts from the mold cavity. To permit 
ejection, a steel member  called a side cavity or side core must be mounted and 
operated at right angles to the direction of mold closure. However, this solution 
also adds to tooling complexity and cost. See Figure 4.15. 

Side Shutoffs 

In some situations, a hole or a groove in the side wall of a part can be molded 
without the need for side action cores. Figure 4.16 shows two examples. In these 
cases, a portion of the core abutting the face of the cavity forms the hole. Such 
holes are called simple side shutoffs because contact between mold halves occurs 
on one surface only. Complex side shutoffs occur when contact between mold 
surfaces occurs on more than one plane. A tab (Figure 4.16) is an example of a 
complex side shutoff. Figure 4.17 shows a part with other features that are also 
considered to be complex side shutoffs. 

Fc 

Par t  

Cor  

Cavi ty  H a l f  E j ec to r  Pin 

FIGURE 4.13 A screen capture from an animation showing the formation of a part with 
an internal undercut. 
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FIGURE 4.14 External undercuts. 
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Part with external 
undercut 

Side core used to create an external undercut created by a circular hole. 

To determine whether a hole or depression is a side shutoff or an undercut, 
the following test can be applied: With a solid plug conforming to the exact shape 
of the inner surface of the part already inserted, imagine the part inserted into a 
plug conforming to the exact shape of the outer surface of the part. If the outer 
plug can now be removed, by the use of straight-line motion parallel to the direc- 
tion of mold closure, the hole is considered a side shutoff. If the outer plug cannot 
be removed, the hole is considered an undercut. 

A part with isolated grooves and cutouts on the external surface of a part 
can also sometimes be considered a part with side shutoffs and constant periph- 
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(a) Simple side shutoff. Contact between 
molds on one surface only and c<0.33B. 
Note: If c>~0.33B, peripheral height is 
not treated as constant and side shutoff  
is ignored in determining cavity detail. 

a ~  
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along three side surfaces, 
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FIGURE 4.16 Simple and complex side shutoffs. 
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FIGURE 4.17 

"ComD d si e shutoff 

Photograph of part with complex side shutoffs. 

eral height, rather than a part whose peripheral height is not constant. A groove 
or cutout is considered isolated if its dimension normal to the direction of mold 
closure is less than 0.33 times the envelope dimension in the same direction (see 
Figure 4.16). 

4.3.5 Other Factors Influencing Cb 

Parts Molded in One-Half the Mold 

Mold costs are influenced to some extent by the amount of machining that must 
be done to create the core and cavity hollow sections. If the part cavity can be 
molded entirely in one-half of the mold, then the other part of the mold needs 
no special machining. A part is said to be in one-half the mold (Figure 4.18) when 
the entire part is on one side of a planar dividing surface. 
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Part in 
one half 

Part in 
both halves 

Part with cavity in one-half of die. 

Peripheral Height 
Although the L-shaped part shown in Figure 4.8 does have a planar dividing 
surface and could be molded using a planar parting surface, in general this would 
not be done. To use a planar parting surface would require a taper (draft) on the 
vertical wall, the wall parallel to the direction of mold closure, so that the part 
can be easily removed from the mold (see Figure 4.8). 

To avoid the need for a taper, a nonplanar parting surface is generally 
used. To indicate situations where a nonplanar parting surface would probably 
be used, even if a planar dividing surface exists, the concept of a constant 
peripheral height is introduced. For the box-shaped part shown in Figure 4.8, a 
planar dividing surface exists and the peripheral height as measured from 
a planar dividing surface is constant (i.e. the wall height is constant); thus, a 
planar parting surface is used to produce the part (Figure 4.9). However, for 
the L-shaped part, the peripheral height from the planar dividing surface is 
not constant (i.e. the wall "height is zero on three of the four peripheral sur- 
faces) and, thus, a nonplanar parting surface would be used to construct the 
tooling. 

4.3.6 Entering and Using Figure 4.1 

The value of C b c a n  readily be determined from Figure 4.1 given the following 
information, all of which can be found easily by methods explained above in 
Sections 4.3.2 to 4.3.6: 

1. the longest dimension of the basic envelope, L; 
2. the number of external undercuts; 
3. the number and location (on one or more faces of the part) of internal 

undercuts; 
4. whether or not the part will be made in one-half of the mold; 
5. whether the dividing surface will be planar or not; 
6. whether or not the part's peripheral height from a planar dividing surface is 

constant or not; and 
7. whether the part is flat or box-shaped. 
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For example, refer to Figure 4.1 and consider two parts with the following 
characteristics: 

1. Longest dimension (mm) 
2. External undercuts 
3. Internal undercuts (faces) 
4. Dividing surface 
5. Peripheral height 
6. Part in one-half? 
7. Flat or box-shaped 

PART A PART B 
400 200 
0 3 
0 1 
Planar Planar 
Constant Constant 
Yes m 
Flat Box 

Readers should verify that the relative cost is 1.42 for Part A and 3.72 for 
Part B. 

4.4 DETERMINING Cs 

As noted previously, the relative tooling construction cost for a part is found from 

Cd c ---Cb Cs Ct (Equation 4.5) 

where Cb=Yhe approximate relative tooling cost due to size and basic 
complexity; 

Cs = A multiplier accounting for other complexity factors called sub- 
sidiary factors; 

C t -  A multiplier accounting for tolerance and surface finish issues. 

In the preceding section, we showed how Cb is determined. In this section, 
we show how to obtain an appropriate value for Cs. 

Features like ribs, bosses, holes, lettering, and other elements that are aligned 
with the mold closure direction contribute to mold complexity. We refer to the 

Fe atur e 

Holes 

or 

!Depressions 

Bosses 

Circular 

Re ctangul ar 

Irregular 

Solid {8} 

Hollow {8} 

Non-peripheral ribs and/or 
walls and/or rib clusters (81 

Side 
Shutoffs 

Simpl e (s} 

Complex (91 

Lettering (10) 

Number  Pena l t y  
of per 

Features  Features  
(n) 

2n 

4n 

7n 

3n 

2.5n 

4.5n 

n 

To ta l  
Pena l t y  

Peno l t y  
SMALL PARTS (L,< 250 ram) 

I 2  Total Penalty ,< 10 => Low cavity detail 
10< Total Penalty ,<20 => Moderate cavity detail I 

0 < Total Penalty ,,<40 => High cavity detail | 
Total Penalty >40 => Very high cavity detai l |  

MEDIUM PARTS [250 < L ,< 480 ram) 
r 

Total Penalty ,< 15 => Low cavity detail 
15 < Total Penalty ,< 30 => Moderate cavity detail 
30 < Total Penalty ,< 60 => High cavity detail 

Total Penalty > 60 => Very high cavity detail 

EAR G E PAR T S [ L > 480 mini 

f Total Penalty ,< 20 => Low cavity detail | 
20 < Total Penalty ,< 40 => Modelate cavity detail 

J 0 < Total Penalty ,< 80 => High cavity detail 
Total Penalty > 80 => Very high cavity detail 

~ in  = 25.4 urn; 100 mm/25.4mm = 3.94 in~ 

FIGURE 4.19 Determination of cavity detail. (The numbers in parentheses refer to notes 
found in Appendix 4.A.) 
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number and complexity of such features as cavity detail. Figure 4.19 shows the 
method for rating the cavity detail as low, moderate, high, or very high. Figure 
4.20 shows photographs of two parts, one with low cavity detail (on the left) and 
one with high cavity detail (on the right). 

In addition to the level of cavity detail, Cs is influenced by the complexity 
and number of external undercuts. Table 4.1 requires only that a judgment be 
made about whether extensive undercut complexity exists or does not exist. 
External undercuts other than unidirectional holes or depressions are con- 
sidered extensive since the creation of such tooling is more costly. Figure 4.21 
provides an example of a part that clearly has extensive external undercut 
complexity. 

4.5 DETERMINING C t 

The effects of surface finish requirements, sometimes referred to as surface 
quality, and the strictness of required tolerances on relative tool construction 

FIGURE 4.20 Photographs of parts with low (on left) and high (on right) cavity detail. 

Table 4.1 Subsidiary complexity rating, Cs. (The numbers in parentheses refer to notes 
found in Appendix 4.A.) 

Third 
Digit 

Fourth Digit 

Cavity 
Detail (6) 

Low 0 
Moderate 1 
High 2 
Very High 3 

Without 
Extensive (7) 
External 
Undercuts (5) 

0 

1.00 
1.25 
1.60 
2.05 

With 
Extensive (7) 
External 
Undercuts (5) 

1 

1.25 
1.45 
1.75 
2.15 
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costs are accounted for by the factor Ct, which is obtained from Table 4.2. Guide- 
lines relating the surface quality of the part and the various SPI (Society of the 
Plastics Industry) finishes of the mold are given below: 

SPI-SPE 1: Used on transparent moldings requiring minimum distortions and 
surface blemishes. Good for most optical lenses. 

SPI-SPE 2: Near optical. Used when require good transparent clarity and high 
gloss. Also good for bearing surface due to minimum of surface scratches. 

SPI-SPE 3: Finely abraded surface. Resembles very lightly brushed stainless 
steel. Used when high gloss not required. 

SPI-SPE 4: Medium, abraded surface resembling brushed steel. Used in 
nonaesthetic areas not usually seen. Inexpensive surface, yet provides easy 
ejection from the mold. 

SPI-SPE 5: 40 micro-inch textured surface that has the appearance of frosted 
glass. Good for areas needing adhesive bonding or products requiring smooth, 
nonglass surface that absorbs light. 

SPI-SPE 6: Medium-textured surface similar to 400-to-600-grit emery paper. 
Good for bonding and absorbing light. Inexpensive, appealing finish for indus- 
trial products and some consumer products. 

4.6 USING THE PART CODING SYSTEM TO 
DETERMINE Cb, Cs, AND Ct 

When analyzing a part for entry into Figure 4.1 and Tables 4.1 and 4.2, it is con- 
venient to make use of the part coding system that has been developed for this 
purpose. The coding system involves six digits that, in effect, describe the part in 
the fashion of group technology. 

Simple external 
undercut 

/ 
�9 

Direction + 
of mold 
closure ? 

Extensive external 
undercuts 

FIGURE 4.21 External undercuts caused by features other than circular, unidirectional 
holes are considered extensive external undercuts because the tooling is more costly to create. 

Table 4.2 Tolerance and surface finish rating, Ct. (The numbers in parentheses refer to 
notes found in Appendix 4.A.) 

Fifth 
Digit 

Sixth Digit 

Surface 
Finish, Ra 

SPI 5-6 0 
SPI 3-4 1 
Texture 2 
SPI 1-2 3 

Commercial 
Tolerance, Ta 

0 

1.00 
1.05 
1.10 

Tight 
Tolerance, Ta 

1 

1.05 
1.10 
1.15 
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In group technology, as can be seen in Figure 4.1, data is organized in the 
form of a matrix that gives one a qualitative feel for the impact of the part attri- 
butes on the ease or difficulty of producing, in this case, the tooling for the part. 
In addition, it provides a comprehensive checklist of cost factors and presents 
the user with a consistent and systematic method for analyzing part designs for 
manufacturability. It also facilitates implementation on a computer. 

Here are the descriptions of the meaning of the digits in the coding system 
and their interpretation. 

For Figure 4.1 

First Digit (0-6): The first digit in the coding system identifies the row in Figure 
4.1 (for Cb) that describes the part. It is fixed by (1) the number of faces with 
internal undercuts, (2) whether the part is in one-half the mold or not, 
(3) whether the dividing surface is planar or nonplanar, and (4) whether the 
peripheral height is constant from the dividing surface. 

Second Digit (0-9): The second digit identifies the column in Figure 4.1 that 
describes the part. It is thus fixed by (1) the part size (L), and (2) the number 
of external undercuts. 

Together, the first and second digits locate the place in Figure 4.1 where the 
value of Cb is found. (Remember: the values above the slanted line in that Figure 
refer to flat parts; values below the line refer to box shaped parts.) 

Readers should verify that the first two digits of the code for parts A and B 
just described are, respectively, 0-4 and 3-3. 

For Table 4.1 

Cs is determined from Table 4.1 by the third and fourth digits of the coding system 
as follows: 

Third Digit (0-3): The third digit in the coding system identifies the row in Table 
4.1 (for Cs) that describes the part. It is determined by the level of cavity detail 
as determined from Figure 4.19. 

Fourth Digit (0-1): The fourth digit identifies the column in Table 4.1 that 
describes the part. It is determined by the extent of external undercut 
complexity. 

As an example, readers should verify from Figure 4.19 that the penalty 
factor for a part with five radial ribs, three hollow bosses, three simple side 
shutoffs, and localized lettering is 32.5mresulting in a level of cavity detail 
for a large part (L >480mm) of Moderate. Also verify from Table 4.1 that Cs 
for such a part with extensive external undercuts and moderate cavity detail is 
1.45. (The third and fourth digits in the coding system for this part are 1 and 1, 
respectively.) 

For Table 4.2 

The coding system for entry into Table 4.2 is as follows: 

Fifth Digit (0-3): The fifth digit identifies the row in Table 11.2 (for Ct) that 
describes the part. It is fixed by the nature of the required surface finish. 

Sixth Digit (0-1): The sixth digit identifies the column in Table 4.2 that describes 
the part. It is fixed by whether the tolerances required are commercial or 
tight. 



4.7 TOTAL RELATIVE TOOLING 
CONSTRUCTION COST 

As defined earlier, the total relative mold construction cost is" 

Cdc -- CbCsCt  

4 . 8  RELATIVE MOLD MATERIAL COST 

(Equation 4.5) 

and it is determined, as shown above in section 4.6, at the configuration stage of 
part design, that is, prior to any detailed knowledge concerning part dimensions, 
rib sizes, wall thickness, and so on. The results show very clearly and simply the 
aspects of a part's design that contribute most heavily to tooling construction 
costs. In Figure 4.1, for example, designers can see clearly that parts should be 
redesigned if possible to move the rating up and to the left in the matrix, and 
they can compute approximately how much can be saved. Removing undercuts 
accomplishes this goal, as do other simplifying changes that reduce detail or 
eliminate the need for special finishes or tight tolerances. 

Bm + 2.Mws 

Part 

L 

~ Cavi ty  plate 

W$ 

In order to compute total relative tooling costs, we must be able to estimate the 
mold material cost as well as its construction costs. This is relatively easy to do 
from a knowledge of the approximate size of a partmwhich in turn dictates the 
required size of the mold. Referring to Figure 4.22, we define the following mold 
dimensions: 

. . . ~ ~  Core plate 

Lm+2M 

Mwf 

W$ 

G~ 

Runnq 
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bush 

Moving haJ 
. ha l f  

K 
Mt=  2Mwf§ H m 

FIGURE 4.22 Mold dimensions for two-plate mold. 
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Mws = Thickness of the mold's side walls (mm) 

Mwf = Thickness of core plate (mm) 

Lm and Bm --The length and width of the part in a direction normal to the 
mold closure direction (ram) 

Hm = The height of the part in the direction of mold closure (mm) 
(Hm not necessarily equal to H) 

Mt = The required thickness of the mold base (mm) 

With these definitions, the following equations can be used sequentially to 
determine the projected area of the mold base, Ma, and the required thickness of 
the mold base, Mt, which in turn are used to obtain the relative mold material 
cost (Cdm) from Figure 4.24. 

C = value obtained from Figure 4.23 

Mws = [0.006CHm4] 1/3 (Equation 4.6) 

0.15 - 

0 . 1  - 

0.05 

_ 

f J  

J 

1 1.5 2 2.5 3 3.5 4 4 .5  5 
Lm/Hm 

FIGURE 4.23 Value of  C for use in Equation 4.6. (If Lm/Hm <1, then use the value of  
Hm/Zm to determine C) 

120 
,g 

10.0 
5 ~  

o 8.0 

. * , , 4  
g , 4  6.0 

4.0 
. ,,....,.i 

0 .~ 2.0 

O 0.0 

Mt=275mm 
~ Mt=225mm 

. _ t ~ ~ ~  Mr--175mrn 
Mt=125mm 

. f . . S ~ ~ ~ ~ ~ ~  ~ M t = 7 5  nun 
.-- ___i . __-------~ Mt=25mm 

, ! ! i i i t i | t | | i ! | | i ! 

103 203 303 403 503 603 
Projected area of the mold base, Ma (x 1000 mm z) 

FIGURE 4.24 Relative die material cost. 
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Mwf = 0.04Lm 4/3 

Ma = (2Mws + Lm)(2Mws +Bm) 

Mt = (Hm + 2Mw0 

Cdm = value obtained from Figure 4.24 

(Equation 4.7) 

(Equation 4.8) 

(Equation 4.9) 

The data for the plot shown in Figure 4.24 is based on the assumption 
that a standard two-plate die block unit is being used. This corresponds to DME's 
A-series. It is also assumed that the highest quality steel, namely, P-20 and S-7, 
is used as the mold material. Using DME cost data, a parabolic curve was fit to 
the data and the plot shown in Figure 4.24 was obtained (see Juan R. Escudero, 
1991). 

4.8.1 Total Relative Mold Cost 

The total relative mold cost is determined from Equation 4.4, namely, 

Cd = 0.8Cdc + 0.2Cdm (Equation 4.4) 

where Cd is the total mold cost of a part relative to the mold cost of the standard 
part, Cdc is the mold construction cost relative to the standard, and Cdm is the 
mold material cost relative to the mold material cost of the standard part. 

4.9 MULTIPLE CAVITY MOLDS 

The above discussion and equations apply to single cavity molds only. For the 
case of multiple cavity molds, the mold construction costs for a mold consisting 
of nc cavities, Cdc(nc), is approximately given by the following expression: 

Cdc(nc) = Cdc(0.73nc + 0.27) (Equation 4.10) 

Although the projected area of the mold base depends on the actual layout of a 
multiple cavity mold, it is assumed here that the projected area is roughly given 
by the product of the projected area for a single cavity mold, Ma, times the 
number of cavities nc, that is, 

Ma(nc) = Manc (Equation 4.11) 

4.10 EXAMPLE lmRELATIVE TOOLING COST FOR 
A SIMPLE PART 

4.10.1 The Part 

As our first example we will consider the part shown in Figure 4.25. The only 
dimensions shown are those that indicate the general overall size of the part. Also 
shown are the rough location of the ribs that appear on the side walls of the part. 

Commercial tolerances will be satisfactory, and the required surface finish is 
(Society of the Plastics Industry) SPI-3, which coincides with the low-gloss finish 
found on most industrial products. 



Injection Molding: Relative Tooling Cost 61 

Top view 

L 

Front view 

h 

1' I 
1 1 

Right side view 

i I I I  ~1 ~ 
I I 
I I 
I I 

FIGURE 4.25 Original Design--Example 4.1. (L = 180mm, B = H = 50mm.) 

4.10.2 Relative Tooling (Mold) Construction Cost 

Basic Complex i ty  

The dimensions of the basic envelope of this part are: 

L = 1 8 0 m m ,  B = 5 0 m m ,  H = 5 0 m m  

Since L/H is less than 4, the part is box-shaped. 
If the direction of mold closure is assumed to be in the direction of the recess, 

then a planar dividing surface exists for the part. Planes AA and BB are just two 
of the many planar dividing surfaces that exist for this part (i.e., just two of the 
many surfaces that could be used to separate or part the two halves of the mold). 
Initially, dividing surface AA is taken as the parting surface. In this case there 
are no internal undercuts, the peripheral height from the planar dividing surface 
(AA) is constant, and the part is in one-half of the mold. Thus, the first digit of 
the coding system is 0. 

With dividing surface AA, there are two surfaces that contain external under- 
cuts, hence there are two undercuts. Since L is less than 250mm, the second 
digit is 2. 

With the first two digits being 0 and 2, Figure 4.1 indicates a value for Cb 
of 2.02. 

Since one of the major methods available for reducing mold manufac- 
turability costs is to reduce the number of external and internal undercuts, the 
tooling cost for the part is reexamined using B B as the planar dividing surface. 

In this case, the peripheral height from BB is still constant; however, the part 
is no longer in one-half the mold. Thus, the first digit is 1. 

Since BB passes through both external projections, they are no longer con- 
sidered undercuts. Thus, the second digit is 0. 
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Therefore, with BB as the dividing plane, from Figure 4.1 we get a value for 
Cb of 1.86. This lower value of Cb indicates that the use of BB as the parting plane 
will result in a lower basic tool construction cost. 

Subsidiary Complexity 

Since there are no ribs, bosses, holes, depressions, or other elements in the 
direction of mold closure, cavity detail is low and the third digit of the coding 
system is 0. 

The fourth digit is also 0 since with BB as the parting plane there are no 
external undercuts. 

Thus from Table 4.1 we find the multiplying factor, Cs, due to subsidiary 
complexity is 1.00. 

Surface Finish~Tolerance 

The part has a surface finish of SPI-3 and commercial tolerances are used. Thus, 
the fifth and sixth digits are 1 and 0, respectively giving a value for Ct from 
Table 4.2 of 1.00. 

Total Relative Mold Construction Cost Cdc 

Cdc = C b C s C t  -- 1.86(1)(1) = 1.86 

4.10.3 Relative Mold Material Cost 

From Figure 4.23, for Lm/Hm of 3.6, C is 0.138. Thus, the thickness of the mold 
wall is given by: 

Mws = [0.006CHm4] 1/3= [0.006(0.138)(50)4] 1/3= 17.3 mm 

and the thickness of the base is: 

Mwf = 0.04 L m  4/3 = 0 . 0 4 ( 1 8 0 )  4/3 - 40.7 mm. 

Consequently, the projected area of the mold base is 

M a - - [ 2 ( 1 7 . 3 )  + 180][2(17.3) + 501 = 18155mm 2 

and the required plate height is 

Mt = [50 + 2(40.7)] = 131.4 mm. 

From Figure 4.24, the relative mold material cost, Cdm , for this part is approxi- 
mately 1.6, and the total relative mold cost is 

Cd = O.8Cdc + 0.2Cdm = 0.8(1.86) + 0.2(1.6) = 1.81 

4.10.4 Redesign Suggestions 

The mold manufacturability costs for this part can be reduced slightly if the part 
is in one-half the mold. This can be done by moving the two side projections to 
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--"- ~ / /dividing surface 

External undercuts 
on this surface 

External 

FIGURE 4 . 2 6  Original Design--Example 4.2. (L = 55mm, B = 40mm, H = 20mm.) 

the top; that is, so that the tops of the projections are tangent to plane AA. In 
addition, relocating the side projections in this manner avoids the need for 
"reverse" taper or draft. 

4.11 EXAMPLE 2--RELATIVE TOOLING COST FOR 
A COMPLEX PART 

4.11.1 The Part 

As a second example we will consider the part shown in Figure 4.26. We will 
assume that we are at the configuration stage of the design and that detailed 
dimensions concerning wall thickness, holes sizes, and other elements are not 
available. Thus, the only dimensions given are those that indicate the overall size 
and shape of the part. 

4.11.2 Relative Mold Construction Cost 

Basic Complex i ty  

The dimensions of the basic envelope of this part are: 

L = 5 5 m m ,  B = 4 0 m m ,  H = 2 0 m m  

It is possible that the projections indicated in Figure 4.26 are such that the largest 
dimensions parallel to the surface from which they project are less than 0.33 times 
the envelope dimension in the same direction. If so, they are isolated projections 
of small volume, and would consequently be ignored in determining the basic 
envelope. Since we are at the configuration stage of the design and the detailed 
dimensions are not yet known, it will be assumed that these are not isolated pro- 
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jections of small volume. Hence, the dimensions of the basic envelope of the part 
are those given above. Therefore, L/H is less than 4, and the part is box-shaped. 
(Even if the features were isolated projections of small volume, the part would 
still have been box-shaped.) 

If the direction of mold closure is assumed to be in the direction of the major 
recess (i.e., normal to the LB plane of the part), then a nonplanar dividing surface 
is required for the part. 

Since there are no internal undercuts, the first digit of the coding system 
is 2. 

There are two surfaces with external undercuts, hence, two external under- 
cuts are present, and L is less than 250mm. Thus, the second digit is 2. 

With the first digits of 2 and 2, the value of Cb from Figure 4.1 is 2.29. 

Subsidiary Complexity 

There is one set of concentric ribs, and one circular hole in the direction of mold 
closure. Thus the total penalty for this small part is 5, cavity detail is low, and the 
third digit is 0. 

The fourth digit is 1 because the external undercuts are extensive. Therefore, 
from Table 4.1, the factor Cs, due to subsidiary complexity, is 1.25. 

Surface Finish~Tolerance 

The part has a surface finish of SPI-3 and commercial tolerances are used. Thus 
the fifth and sixth digits are 1 and 0, respectively. Thus, from Table 4.2, Ct is 1.00. 

Total Relative Mold Construction Cost Cdc 

Cac = CbCsCt = 2.29(1.25)(1) = 2.86 

4.11.3 Relative Mold Material Cost 

Since Lm = 55mm and Hm = 20mm, then Lm/Hm = 2.75; and from Figure 4.23, 
C is 0.13. Thus, the thickness of the mold wall is 

Mws = [0.006CHm4] 1/3= [0.006(0.13)(20)4] 1/3= 5.0mm 

and the thickness of the base is 

Mwf -- 0 . 0 4  Lm 4/3 = 0 . 0 4 ( 5 5 )  4/3 = 8 .4  mm 

Consequently, the projected area of the mold base is 

M a = [2(5.0) + 55][2(5.0) + 40] = 3250mm 2 

and the required plate height is 

Mt = [20 + 2(8.4)] = 36.8mm 

Hence, from Figure 4.24, the relative mold material cost, C d m  , for this part is 
approximately 1.2. 
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External 

FIGURE 4.27 Redesigned part. 

4.11.4 Total Relative Mold Cost 

Ca = 0.8Cdc + 0.2Cdm = 2.53 

4.11.5 Redesign Suggestions 

The two features causing tooling complexity cost in this case are the two surfaces 
containing external undercuts. If external undercut (a) can be eliminated, as 
shown in Figure 4.27, then the new basic complexity code becomes B21, and Cb 
becomes 2.15. 

With this redesign, the cavity detail remains low, and the third digit is still 0. 
The remaining external undercut does not constitute an extensive undercut. 
Hence, the fourth digit is 0, and Cs is 1.00. 

With these values, the new total mold construction cost Cdc becomes 

Cdc = (2.15)(1)(1) = 2.15 

which is a 25 % reduction in mold construction costs, and about a 23 % reduction 
in total mold cost. 

4.12 WORKSHEET FOR RELATIVE TOOLING COST 

The determination of the relative die construction costs, the relative die material 
costs, and the overall relative die costs is a straightforward, though sometimes 
cumbersome, procedure. The following worksheet can be used to simplify the cal- 
culations. To illustrate the use of the worksheet, it has been filled out for the part 
shown in Figure 4.26 (Example 4.2). 

A blank version of the worksheet is shown in Appendix 4.B at the end of 
this chapter. The worksheet shown in Appendix 4.B may be copied for use with 
this book. 
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Worksheet for Relative Tooling Costs--Injection Molding 

Original Design 

Relative Die Construction Cost 

Basic  Shape  L = 55 B = 40 H = 16 Box /F la t  Box  

Bas ic  C o m p l e x i t y  i st Dig i t  = 2 2 nd Digi t  = 2 C b = 2.29 

Sub. C o m p l e x i t y  3 rd Digi t  = 0 4 th Digi t  = 1 Cs = 1.25 

Ta/R,  5 th Digi t  = 1 6 th Digi t  = 0 Ct = 1.00 

Tota l  re la t ive  die cons t ruc t i on  cost  Cdc 

Relative Die Material Cost 

-- C b C s C  t = 2 . 8 6  

Lm - 55  Bm - 4 0  Hm = 2 0  

Die  c losure  pa ra l l e l  to H Lm/Hm = 2.75 Thus,  C = 0.13 

Mws = [0.006CHm4] 1/3= 5 m m  

Mwf = 0.04Lm 4/3= 8.4 m m  

Ma = (2Mws + L)(2Mws + B) = 3 2 5 0 m m  

Mt = (Hm + 2Mwf) = 36.8 m m  

T h u s ,  

I Cdm 1.2  Cd = 0.8Cdc + 0.2Cdm = 2.53 

Redesign Suggestions 

E l i m i n a t e  e x t e r n a l  u n d e r c u t  ( a )  as  s h o w n  in  F i g u r e  4 .27 .  

Basic  Shape  L = 55 B = 40 H = 16 Box/F la t  Box  

Basic  C o m p l e x i t y  1 st Digi t  = 2 2 nd Digi t  = 1 C b = 2.15 

Sub. C o m p l e x i t y  3 rd Digi t  - 0 4 th Digi t  = 1 Cs = 1.0 

Ta/Ra 5 th Digi t  - 1 6 th Digi t  = 0 Ct = 1 

Total  re la t ive  die cons t ruc t ion  cost  Cdc 

Cd = 0 .8Cdc  + 0.2Corn = 1 . 9 6  

= C b C s C  t = 2 . 1 5  

% Savings = ( 2 . 4 9 -  1.96)/2.49 = 0.21 => 21% 
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4.13 SUMMARY 

This chapter has described a systematic approach for calling designers' attention 
to those features of injection molding that tend to increase the tooling cost to 
manufacture partsmand for estimating the relative costs of tooling. The system 
employs a six-digit coding system for determining total relative tooling cost, 
which groups parts according to their similarity in tool construction difficulty. The 
system highlights those features that significantly increase cost so that designers 
can minimize difficult-to-produce features. 

Using the methodology presented, designers can perform a tooling cost eval- 
uation of a proposed part using only the information available at the configura- 
tion stage of part design. That is, the evaluation can be performed from only the 
knowledge of whether certain features are present or absent and, if present, their 
approximate location and orientation. Detailed dimensions are not needed. The 
methodology points out what features or arrangements of features contribute to 
the cost so that the direction of improved redesign is made apparent. 
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QUESTIONS AND PROBLEMS 

4.1 

4.2 

As part of a training program that you are participating in at Plastics.com 
you are explaining to some new hires that the tooling cost . of transfer 
molded parts is a function of both basic complexity as well as subsidiary 
complexity. Explain in greater detail exactly which features of a part affect 
basic complexity and which features of a part influence subsidiary 
complexity. 
As part of the same training program described in Problem 4.1 you have 
decided to use the parts shown in Figures P3.1 to P3.4 of Chapter 3 as 
examples to illustrate both basic complexity and subsidiary complexity. 
Explain which features of these parts, if any, affect basic complexity, and 
which features, if any, affect subsidiary complexity. 
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4.3 Assume that you work for DFM.com, a large cap manufacturing company 
whose product line consists of a family of widgets of various sizes and 
shapes. In an effort to become more competitive, the company has decided 
to completely redesign Widget A. In addition, it has decided to organize 
the team responsible for redesigning Widget A along the lines described 
in Figure 1.3 in Chapter 1. As one of the lead designers on the team, you 
are responsible for commenting on the proposed designs of all Widget A 
components. What comments would you make concerning the tooling costs 
for the component part shown in Figure P4.3? In other words, what sug- 
gestions would you make to reduce mold costs? 

Top view 

L 

F r o n t  v iew 
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I i 
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FIGURE P4.3 

4.4 

4.5 

Some members of the integrated product and process design (IPPD) team 
formed in Problem 4.3 are unconvinced that your suggested redesign of 
the part shown in Figure P4.3 will yield significant savings in tooling cost. 
In an effort to convince them, calculate the savings in tool costs that you 
can achieve by redesigning the part. Assume that L -  180mm, B = H - 
50mm, the part has a surface finish of SPI-3, and that commercial toler- 
ances are to be used. 
As another alternative to your redesign suggestion for the part shown in 
Figure P4.3 (see Problem 4.3), another member of the team has suggested 
redesigning the part as shown in Figure P4.5. What are the savings in tool 
costs between the design shown in Figure P4.5 and your proposed redesign 
of the part shown in Figure P4.3? Again, assume that the part has a sur- 
face finish of SPI-3, that commercial tolerances are to be used, and that 
L - 180 mm, B - H - 50 mm. 
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Although the total tooling costs for a part can be distributed over the entire 
production volume of the product, tooling costs are up-front costs and 
must be paid for before the mold is delivered to the vendor and any injec- 
tion-molded parts can be produced. Therefore, as a lead member of the 
design team described in Problem 4.3, you are responsible for suggesting 
changes to the proposed design shown in Figure P4.6 so as to reduce 
tooling costs. What suggestions would you make? 
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4.7 

4.8 

Estimate the savings in tooling costs achievable by the redesign sugges- 
tions you made in Problem 4.6. Assume that the part has a surface finish 
of SPI-3, that commercial tolerances are to be used, and that L = 250mm, 
B = 130mm, and H = 120mm. 
As a continuation of the redesign efforts of Widget A, as outlined in 
Problem 4.3, what suggestions can you make in order to reduce tooling 
costs for the proposed design of the part shown in Figure P4.8? 
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FIGURE P4.8 

4.9 What are the savings in tool costs that can be achieved by redesigning the 
part shown in Figure P4.8 as you suggested in Problem 4.8? Assume that 
the part has a textured surface finish, that tight tolerances are to be used, 
and that L -  70mm, B - H = 50mm. 
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D e t e r m i n e  the relative die cost for the par t  shown in Figure P4.10. Assume  
that  the par t  has a surface finish of SPI-3, that  commercia l  to lerances  are 
to be used, and that  L = 160mm,  B - 130mm, and H = 13mm.  

Top v i e w  

L / 

Front v iew Right side v i e w  
., + 

II ~ ~ " ~ : - " ~ ,  H 

FIGURE P4.10 



APPENDIX 4.A 

Notes for Figures 4.1 and 4.19, 
and Tables 4.1 and 4.2 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

Internal undercuts are recesses or projections on the inner surface of a 
part that prevents solid plugs, conforming to the exact shape of the inner 
surface of the part, from being inserted. See Figure 4.11. 
Dividing Surface. Given a direction of mold closure, a dividing surface is 
defined as an imaginary surface, in one or more planes, through the part, for 
which the portion on either side of the surface can be extracted from a cavity, 
conforming to the complementary form of the outer shape of the portion, 
in a direction parallel to the direction of mold closure. If the dividing surface 
is in one plane only, it is regarded as a planar dividing surface. 

The peripheral height from a planar dividing surface is considered 
constant if the height does not vary by more than three times the wall 
thickness. See Figure 4.8. 
A part is said to be in one-half of the mold when the entire part is on one 
side of a planar dividing surface. See Figure 4.18. 
L is the longest dimension of the basic envelope of the part. If H is the 
smallest dimension of the basic envelope, then when L/H is greater than 4 
the part is considered flat; otherwise it is considered box-shaped. 
External undercuts are holes or depressions on the external surface of a 
part that are not parallel to the direction of mold closure. Projections that 
are on the external surface of a part and are such that a single dividing 
surface, planar or nonplanar, cannot pass through all of them are also con- 
sidered external undercuts. 

The number of external undercuts is equal to the number of surfaces 
bearing unidirectional holes or depressions not in the direction of mold 
closure, and projections that prevent a single dividing surface from passing 
through all of the projections. See Figure 4.14. 
Cavity detail is a measure of the concentration of features parallel to the 
direction of mold closure. Typical features that increase cavity detail are 
ribs, bosses, and holes. See Figure 4.19. 
External undercuts other than unidirectional circular holes or depressions 
are considered extensive external undercuts. See Figure 4.21. 
A rib is a narrow elongated projection with a length generally greater than 
about three times its width (thickness), both measured parallel to the 
surface from which the feature projects, and a height less than six times its 
width. Ribs may be located at the periphery or on the interior of a part or 
plate. Peripheral ribs are not included in the rib count. 

A narrow elongated projection with a height greater than six times its 
width is considered a wall. 

A cluster of two closely spaced longitudinal ribs or lateral ribs, that is 
two ribs whose spacing is less than three times the rib width, are counted 
as one rib. 
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(10) 

Injection Molding: Relative Tooling Cost 73 

A boss is an isolated projection with a length of projection that is 
generally less than about three times its overall width, the latter measured 
parallel to the surface from which it projects. A boss is usually circular in 
shape, but it can take a variety of other forms called knobs, hubs, lugs, 
buttons, pads, or "prolongs." 

Bosses can be solid or hollow. In the case of a solid circular boss, the 
length of the boss and its width are both equal to the boss diameter. 

Bosses, and sometimes ribs, are supported by a cluster of ribs of vari- 
able height called gusset plates. This cluster of ribs is treated as one rib or 
one cluster of ribs. See Figures 4.5, 4.6, and 4.7. 
Holes in a component  that do not need to be classified as undercuts are 
considered side shutoffs. Side shutoffs can be simple or complex. Isolated 
grooves or cutouts on the external surface of a part  are also considered 
side shutoffs. A groove or cutout is considered isolated if the dimension of 
the cutout normal to the direction of mold closure is less than 0.33 times 
the envelope dimension in the same direction. Penalties due to simple side 
shutoffs are not considered for parts whose first digit is 2, 4, or 6. See 
Figures 4.16 and 4.17. 
All words and symbols at one location on the part are classified as a single 
lettering entity since the entire lettering pat tern on the tooling will be 
made using one electrode. 



APPENDIX 4.B 

Worksheet for Relative Tooling Costs--injection 
Molding 

O r i g i n a l  Design 

Relative Die Construction Cost 

Basic  Shape  L -  �9 B -  ' H -  ' Box/Fla t  

Basic  C o m p l e x i t y  �9 I st Digit  - ' 2 nd Digi t  - C b -- 

S u b .  C o m p l e x i t y  �9 3 rd D i g i t -  �9 4 th D i g i t -  C s -  

Ta/Ra  �9 5 th D i g i t -  �9 6 th Digi t  = �9 C t -  �9 

Total  relat ive die cons t ruc t ion  cost C d c  

Relative Die Material Cost 

= C b C s C t  = 

Lm = Bm = Hm = 

D i e  c l o s u r e  para l le l  to Lm/Hm = T h u s ,  C = 

Mws = [ 0 . 0 0 6 C H m 4 ]  1/3 - -  

Mwf = 0 .04Lm 4/3= 

M a -- ( 2 M w s  d- t m ) ( 2 M w s  d- B m )  -- 

Mt = ( n m  + 2Mwf) = 

T h u s ,  

I Cdm 

Redesign Suggestions 

~ d = 0 " 8 C d c  d" 0.2Cdm = 

Basic Shape  �9 L -  B -  �9 H -  Box/Fla t  

Basic  C o m p l e x i t y  �9 1 st Digit  - ' 2 n~ D i g i t -  �9 C b - 

rd th Sub. C o m p l e x i t y  �9 3 D i g i t -  �9 4 D i g i t -  C s -  

Ta/Ra  �9 5 th D i g i t -  " 6 th Digit  = ' C t -  

Total  re la t ive  die cons t ruc t ion  cost Cue = CbCsCt = 

C d --  0 . 8 C d c  "4- 0.2Cam = 

% S a v i n g s -  
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Chapter 5 

Injection Molding: 
Total Relative Part Cost 

5.1 INJECTION-MOLDED PART COSTS 

5.1.1 Introduction 

As we learned in the previous chapter, the first stage of a manufacturability eval- 
uation for injection-molded parts is an evaluation of tooling costs. It can be done 
at the configuration design stage where only approximate dimensions, locations, 
and orientations of features are known. At the parametric stage, making use of 
the near final dimensions, locations, and orientation of features, a manufacturing 
evaluation of the relative cost to process a part can be made. Then the total cost 
of a part can be computed as the sum of the per part tooling costs, processing 
costs, and material costs. 

As in the previous chapter, throughout this chapter we will be dealing with 
the concept of relative part cost. Relative cost, you will recall, was defined as the 
cost of your current part compared with the cost of some standard part. The stan- 
dard or reference part used in the previous chapter was a 1 mm thick flat washer 
whose outer and inner diameters are 72 mm and 60mm, respectively. 

As was pointed out before, actual part costs depend upon local practices and 
methods and can vary considerably from one plant or location to another. Since 
the main objective here is to develop a methodology for making design decisions 
among various competing alternative designs, actual costs aren't necessarily 
required. In general, it suffices to have an appreciation for the cost drivers asso- 
ciated with the particular process under consideration so that the relative costs 
of competing designs can be compared. In this way informed design decisions 
can be made, better original designs will be proposed, and ultimately unneces- 
sary redesigns will be avoided. 

5.1.2 Processing Costs 

Processing costs (sometimes called operating costs) are the charges for use of the 
injection molding machine used to produce the part. They depend on the machine 
hourly rate, Ch ($/hr), and the effective cycle time of the process, tell. The effec- 
tive cycle time is the machine cycle time, t, divided by the production yield, Y. 
Production yield, or just yield, is the fraction of the total parts produced that are 
satisfactory and, hence, usable. Thus, 

Processing cost per part, Ke = Chteff = C,(t/Y) (Equation 5.1) 

where 
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Table 5.1 Data for the reference part. 

Material Polystyrene 

Material Cost (Kpo) 
gol (go) 
Die Material Cost (Kdmo) 
Die Construction Time 
(Includes design and build hours) 
Labor Rate (Die Construction) 
Cycle time (to) 
Mold Machine Hourly Rate (Cho) 

1.46 x 10 -4 cents/mm 3(1) 
1244 mm 3 
$980 (2) 
200 hours (z) 

$30/hr (2) 
16s (2) 
$27.53 (3) 

(1) Plastic Technology, June 1989; (2) Data from collaborating com- 
panies; (3) Plastic Technology, July 1989. 

Y = Production Yield (usable parts/total parts produced) 

Part surface "quality" requirements and tolerances are the main causes for 
variations in production yield. A low yield reduces the number  of acceptable 
parts that are produced in a given time, and thus increases the "effective cycle 
time" to a value higher than the actual machine cycle time, t. Increases of 10% 
to 30% in the effective cycle time for a given part are typical. The reasons for 
this increase are discussed in greater detail in Section 5.9. 

The relative processing cost is the cost of producing a part relative to the cost 
of producing a reference part. Relative processing cost, Ce, can be expressed as: 

tCh 
Ce = - t rCh, (Equation 5.2) 

toCho 

where to and Cho represent the cycle time and the machine hourly rate for the 
reference part, Chr represents the ratio CdCho, and tr is the total relative cycle 
time for the part compared with the reference part; that is: 

t 
tr = m  (Equation 5.3) 

to 

The reference part in this case is the same flat washer used as a reference 
part in Chapter  4: a 1-mm-thick flat washer whose outer and inner diameters are 
72mm and 60mm, respectively. Some additional data (part material, material 
cost, tooling cost, etc.) for the reference part are given in Table 5.1. 

5.1.3 Material Costs 

The material cost for a part, Km, is given by 

Km = VKp (Equation 5.4) 

where V is the part volume and Kp is the material cost per unit volume. Thus, if 
the subscript "o" is used to indicate the reference part, then the relative material 
cost can be expressed as 

Km V Kp V C Cm-Kmo -('~-o)('~po/"-('~o/ mr (Equat ion5.5)  
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Table 5.2 Relative material prices, Cmr , for engineering 
thermoplastics. (Based on material prices in Plastics 
Technology, June 1990.) 

Material Cmr 

ABS 1.71 
Acetal 2.92 
Acrylic 1.54 
Nylon 6 2.79 
Polycarbonate 2.96 
Polyethylene 0.71 
Polypropylene 0.62 
Polystyrene 1.00 
PPO 2.33 
PVC 0.62 

Table 5.2 contains the relative material prices for the most often used engi- 
neering thermoplastics. The prices are all relative to polystyrene. 

5.1.4 Total Cost 

The total production cost of a part, Kt, can be expressed as the sum of the mate- 
rial cost of the part, Km, the tooling cost, Ko/N, and processing cost, Ke, where Ko 
represents the total cost of the tool and N represents the production volume or 
total number of parts produced with the tool or mold. Thus, 

Kd 
Kt = Km + ..... + Ke (Equation 5.6) 

N 

If the manufacturing cost of a reference part is denoted by Ko, then the relative 
total cost of the part, Cr, can be expressed as: 

Km -t- Kd/N + Ke 
Cr - (Equation 5.7) 

Ko 

In the remainder of this chapter, we present methods for computing the rel- 
ative costs for injection-molded parts. We have already described, in Chapter 4, 
"Injection Molding: Relative Tooling Cost," how to estimate relative tooling costs 
for injection-molded parts. 

A prerequisite step to determining total relative processing cost is the deter- 
mination of the total relative cycle time. Thus we will begin in the next section 
with relative cycle time. 

5.2 DETERMINING TOTAL RELATIVE CYCLE TIME 
(t,) FOR INJECTION-MOLDED PARTSmOVERVIEW 

As noted in the previous chapter, statistical studies of tooling cost as a function 
of part geometries have shown that tooling cost is more a function of 

1. Overall part size (small, medium, or large) and shape (flat or box); 
2. Presence and location of holes and projections that, depending upon their 

location, can lead to undercuts; 
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FIGURE 5.1 

............... ~! ,~::; �9 
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Photographs of two injection-molded parts. 

Mold closure direction and parting surface location that can also, if poorly 
selected, lead to undercuts; 

and less a function of localized features and details. On the other hand, similar 
statistical studies of processing costs as a function of part geometries have shown 
that cycle times are more a function of the localized features and details of parts. 
For example, in the case of parts such as those shown in Figure 5.1, the question 
becomes, is there a particular part feature (rib, boss, wall, etc.) whose wall thick- 
ness, height, layout, and other features result in a solidification time for that 
feature to be greater than all other part features? For it is the feature that takes 
longest to solidify that determines the cycle time of the part. 

Efforts to emulate the conditioned knowledge possessed by molders, based 
upon years of experience, has led to a part-coding system for determining injec- 
tion-molding processing costs similar to the coding system used for tooling costs. 
The mechanics of using the system are explained in the next several subsections. 
The overall result, however, is that the total cycle time relative to the standard 
or reference part, tr, is obtained as a function of three parameters: 

1. The basic relative cycle time, tb 
2. An additional relative cycle time, te, due to the presence of inserts and inter- 

nal threads, and 
3. A multiplying penalty factor, tp, to account for the effects of part surface 

quality and tolerances. 

In terms of these parameters, the total relative cycle time, that is the cycle time 
relative to the reference part, tr, is given by 

tr = (tb + te)tp (Equation 5.8) 

The basic relative cycle time, tb, is given by values found in one of the three 
matrices shown in Figure 5.2, which define the first and second digits of the coding 
system. Note that to use this figure, the meaning of a number of basic terms must 
be understood, including: partitionable and non-partitionable parts; slender (S), 
non-slender (N), and frame-like parts; elemental plates; part thickness (w); grilles 
and slots; ribs and types of ribs; gussets; significant ribs and bosses; and easy- 
versus difficult-to-cool parts. We also must recall the definition of the basic enve- 
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Table 5.3 Additional relative time, te, due to inserts and internal threads. (The 
numbers in parentheses refer to notes found in Appendix 5.A.) 

Third Digit 

Parts without internal Without molded-in inserts (12) 0 0.0 
threads (11) With molded-in inserts (12) 1 0.5* 
Parts with internal Without molded-in inserts (12) 2 0.1" 
threads (11) With molded-in inserts (12) 3 0.1"/0.5" 

T a b l e  5.4 Time penalty, tp, due to surface requirements and tolerances. (The numbers 
in parentheses refer to notes found in Appendix 5.A.) 

Fourth 
Digit 

Fifth Digit 

Plate surface 
requirements 
(13) 

Tolerances Tolerances 
not difficult difficult to 
to hold (14) hold (14) 

0 1 

Low 0 1.00 1.20 
H 1 mm < w < 2 mm 1 1.30 1.43 
i 2 m m  < w < 3 m m  2 1.22 1.41 
g 3mm < w < 4mm 3 1.16 1.37 
h 4 mm < w < 5 mm 5 1.10 1.32 

lope of a part that was introduced in Chapter  4, "Injection Molding: Relative 
Tooling Cost." 

The additional relative time due to inserts and internal threads, te, is found 
from Table 5.3. Table 5.3 defines the third digit of the coding system. 

The time penalty factor, tp, to account for surface requirements and toler- 
ances, is found in Table 5.4, which defines the fourth and fifth digits in the coding 
system. To use Table 5.4, we must be able to distinguish between tolerances that 
are "easy" to hold and those that are more "difficult" to hold. We must also be 
able to distinguish surface finish requirements that are "low" from those that are 
"high." These issues are discussed and explained in Section 5.9. 

As in the tooling evaluation system, the value of the basic relative cycle time, 
tb, for the reference part is 1.00; it can be found in the upper-left-hand corner for 
slender or frame-like parts. (The washer chosen as the reference part is a frame- 
like part.) Note that the values for tb increase significantly as one moves down 
and to the right of the matrix. This information, again, helps guide designers to 
redesigns that can reduce relative cycle time, hence, processing costs. 

In the next few subsections, we will discuss the meaning of these terms, and 
then illustrate the use of the coding system in the evaluation of several example 
parts. 

5.3 DETERMINING THE BASIC PART TYPE: THE 
FIRST DIGIT 

In order to focus our attention on that particular feature or detail of a part that 
controls cycle time, when possible, parts are decomposed or parti t ioned into a 
series of elemental  plates (Figure 5.3). The concept here is that every elemental 
plate has its own corresponding cooling time, hence, the plate with the longest 
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Part 

0 

0 

Part  d e c o m p o s e d  into 
elemental plates 

FIGURE 5.3  Example of  a part decomposed into a series o f  elemental plates. 

Rod Frame C_rfilled/Slotted 

0 

Plate no feature Plate with rib Plate with boss 

FIGURE 5.4 Examples of elemental plates. 

cooling time controls the cycle time for the part. Thus, although cooling time for 
a plate is "local" its effect on the cycle time is "global." 

Not all parts can be easily separated or partitioned into elemental plates, 
hence, partitionable parts are defined as those parts that can be easily and com- 
pletely (except for add-ons like bosses, ribs, etc.) divided into a series of elemental 
plates. An elemental plate is a contiguous thin fiat wall section whose edges are 
either not connected to other plates, or are connected via distinct intersections 
(e.g., corners). An elemental plate may have add-on features like holes, bosses, 
or ribs. 

Examples of several types of elemental plates are shown in Figure 5.4. A 
method for partitioning a part into its elemental plates is described in Section 5.4. 

For each elemental plate in a part, we will determine a cooling or solidifica- 
tion time. The plate with the longest cooling time controls the machine cycle time 
of the entire part. Thus, every elemental plate should be carefully designed so 
that its individual solidification time is minimized. 

Partitionable parts are further classified as either slender or frame-like (S), 
or non-slender (N). 

To distinguish quantitatively between slender and non-slender parts (see 
Figure 5.5 for a qualitative distinction), we consider the basic envelope of the 
part as shown in Figure 5.6. Given a basic envelope of dimensions (if you've 
forgotten what the definition of the basic envelope is you may want to reread 
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Slender  N o n  slender 
part  par t  

FIGURE 5.5 A slender part. 

Non-slender 
( L u / B  u < 10) 

Slender 
( Lu/Bu>~ I0) 

B a s i c  

B 

B a s i c  
J Envelope 

H 

L, B, and H are the dimensions of 
the basic envelope of the part 

Lu = L + B ; Bu= H 

FIGURE 5.6 Definition of a slender part. 

Section 4.3.2 of Chapter 4) L, H, and B, a slender partitionable part is one for 
which 

Lu/Bu >- 10 

where 

L u = L + B  

and 

B u  - H 

For parts with a bent or curved longitudinal axis, the unbent length, L,, is the 
maximum length of the part with the axis straight (Figure 5.6). The width of this 
unbent part is referred to as Bu. 

Frames are parts or elemental plates that have a through hole greater than 
0.7 times the projected area of the part/plate envelope and whose height is equal 
to its wall thickness (Figures 5.7 and 5.8). 
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~H 
T 

= W  

Z 

Not a frame Not a frame 

FIGURE 5.7 Example of a frame-like part. 

H = w  

FIGURE 5.8 Photograph of a frame-like part. 

Molds for slender parts and flames are generally more difficult to fill than 
molds for non-slender parts; however, slender parts are generally easier to cool. 

Non-partitionable parts include parts with complex geometries, or parts with 
extensive subsidiary features such that they cannot be easily partitioned into 
elemental plates. We will also consider parts that have simple geometric shapes 
but contain certain difficult-to-cool features as non-partitionable. Examples of 
non-partitionable parts are shown in Figures 5.9, 5.10, and 5.11. A more complete 
discussion of non-partitionable parts is given in Section 5.5. 
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FIGURE 5.9 Two examples of non-partitionable parts due to geometrical complexity. 

//J 
FIGURE 5.10 Examples of non-partitionable parts due to extremely difficult to cool 
features. 

v l ~  ~ & v ~ , ~ ,  v a l .  i i t ,Au~.,a , ~ a l . . . l l ~ v ~ , l , i l u  l u v  v v v i t  ~ v , u t l u , l l . ~ l l . v  

FIGURE 5.11 Photograph of a part with a difficult to cool feature. 



Injection Molding: Total Relative Part Cost 85 

5.4 PARTITIONING PARTITIONABLE PARTS 

Part partitioning is a procedure for dividing or partitioning a part into a series 
of elemental plates similar to the ones shown in Figure 5.4. The procedure works 
best on parts with an uncomplicated geometrical shape, and features that can be 
cooled using cooling channels, bubblers, or baffles, as described below. 

To partition or divide a part into a series of plates (see Figure 5.4) we proceed 
as follows: 

1. Determine whether the part is slender or non-slender. 
2. Divide the part into a series of plates with their corresponding add-on 

features (ribs, bosses, etc.). 

Figure 5.12 shows a hollow rectangular prismatic part comprised of four side 
walls and a base. The four walls and base have equal and constant wall thick- 
nesses. Also shown in Figure 5.12 are two alternative divisions of the part into 
elemental plates. To understand that the divisions are equivalent, it is necessary 
to understand how parts are cooled. 

Figure 5.13 shows a schematic of a cooling system for such a part. Although 
the side walls (external plates) are efficiently cooled by cooling channels running 
parallel to the walls, the base (internal plate) needs to be cooled by more sophis- 
ticated but less efficient units such as baffles and bubblers. Thus, although plates 
(1), (2), (3), and (5) (Figure 5.12) are geometrically similar, plate (5) is a more 
difficult to cool internal plate, whereas the others are easier to cool external 
plates. Although plate (4) is also an external plate, it is a grilled plate. 

Although the above explanation indicates that a difference in cooling time 
should exist between internal and external plates, in practice the increase in cycle 
time for injection-molded parts was not found to be statistically significant. This 
may be due in part to the fact that most engineering type partitionable parts have 
an L/H ratio small enough so that reasonable cooling occurs in any case. 

Figure 5.14 shows the partitioning of some additional parts whose part 
envelope is rectangular. Figure 5.15 shows the partitioning of parts whose part 

Part 

Alternative Partitioned Parts 

2 3 

1 4 

FIGURE 5.12 Examples of part partitioning. 
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Baffles (often omitted) 

Coolant J 

/ 
A cooling line here might cool 

the sprue, runner system or melt. 

FIGURE 5.13 Cooling system for part in Figure 5.12. 

~ Coolant 
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Partitioned Parts 

FIGURE 5.14 
rectangular. 
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Examples of part partitioning for parts whose part envelope & 

envelope is cylindrical. The partitioning illustrated in Figure 5.15 assumes 
that the cylinders have a constant wall thickness and similar sets of subsidiary 
features (holes, projections, etc.). It is also assumed that the diameter of the 
cylinder is greater than 12.5 mm. A smaller diameter would result in a part that 
would be extremely difficult to cool. If the wall thickness of the cylinder were 
not constant, the same partitioning could be used; however, one would use the 
maximum wall thickness in determining the relative cycle time of the elemental 
plate. 
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Parts 

D1 

Partitioned Parts 

FIGURE 5.15 

~r~,~ Side 11- D2 ~ D 

L2 

Examples of part partitioning for parts whose part envelope is cylindrical. 

Before leaving this section it should be pointed out that slender parts (section 
(a) of Figure 5.2) tend to solidify faster than non-slender parts (section (b) of 
Figure 5.2). Slender parts cool faster because they are usually edge-gated, and 
non-slender parts are usually center-gated. Edge-gating permits cooling lines to 
be run along the top and bottom surfaces of the part. As indicated in Figure 5.13, 
center-gating precludes the use of cooling lines in the vicinity of the sprue and 
gate. 

5.5 NON-PARTITIONABLE PARTS 

Not all parts can be easily visualized as comprised of a series of elemental plates 
as depicted in Figure 5.4. That is to say, not all parts are partitionable. Some 
contain geometrically complex shapes (Figure 5.9) and others contain some 
extremely difficult to cool features (Figure 5.10) where even baffles and bubblers 
cannot be used. These parts are generally harder to cool and may produce diffi- 
culties in maintaining other requirements related to warping, surface finish, tol- 
erances, and so on. These types of parts have relative cycle times greater than 
those predicted by use of the coding system applied to slender and non-slender 
partitionable parts. The coding system can, however, be used to determine the 
lower bound for the relative cycle time of non-partitionable parts. This is done 
by determining 

1. The relative cycle time for that portion of the part that is "easy-to-cool," and 
2. The relative cycle time for the most difficult to cool feature. 
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The lower bound will be the larger of the values determined in (a) and (b). 
The actual value could be 25% to 50% higher than the values obtained via the 
coding system. 

5.6 OTHER FEATURES NEEDED TO DETERMINE 
THE FIRST DIGIT 

5.6.1 Introduction 

The ability to identify (and partition) slender and non-slender partitionable parts 
enables us to determine whether the basic relative cycle time, tb, will be found in 
section (a), (b), or (c) of Figure 5.2. However, to completely identify the first digit 
and get the actual value of tb, we must also be able to determine the presence or 
absence of such features as ribs (and their types), lateral projections, grilles and 
slots, and gussets. Therefore, in this section, we will define the meaning of these 
terms as used in the coding system. 

5.6.2 Ribs 

Types of Ribs 

When ribs are present, cycle time has been found to depend upon the types of 
ribs present. See Figure 5.16. Multidirectional ribs and concentric ribs provide 
greater rigidity than unidirectional ribs and radial ribs. For this reason multidi- 
rectional ribbing is often preferred as a means of stiffening parts with thin walls. 
(A properly designed thin wall with ribs can be lighter than a non-ribbed thicker 

U n i d i r e c t i o n a l  R i b s  M u l t i d i r e c t i o n a l  R i b s  

i 1 
R a d i a l  R i b s  C i r c u m f e r e n t i a l  R i b s  

FIGURE 5.16 Types of ribbing. 
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wall with the same stiffness. In addition, plates with multidirectional ribbing have 
less of a tendency to warp than plates with unidirectional ribbing, thereby making 
shorter cycle times possible.) From the point of view of machine cycle time, 
peripheral ribs can be treated as walls because they do not increase the localized 
wall thickness of the part. 

Significant Ribs 
Significant ribs tend to increase the machine cycle time, because of increased local 
wall thickness at their base, and, in the case of unsupported unidirectional ribs, 
make tolerances difficult to hold. In addition, such ribs can be difficult to fill and 
result in shallow depressions (called sink marks) on the surface of the part; these 
are due to the collapsing of the surface following local internal shrinkage. Sink 
marks reduce part quality and should generally be avoided. To avoid sink marks 
ribs should be designed so that (1) the rib height, h, is less than or equal to three 
times the localized wall thickness, w, and (2) the rib width, b, is less than or equal 
to the localized wall thickness. Thus, we call ribs designed such that [3w < h < 6w] 
or [b > w] significant ribs (Figure 15.17). 

5.6.3 Gussets 

A rib of variable height, usually present at the junction of two elemental plates, 
is called a gusset plate (Figure 5.18). A gusset plate can also be present at the junc- 
tion between a projection (boss, rib, etc.) and the wall to which it is attached (see 
Figures 4.5 and 4.7). Gusset plates facilitate mold filling, help hold tolerances, and 
provide stiffening that may permit a reduction in the thickness of bosses and walls. 

5.6 .4  Bosses 

For bosses, cycle time is influenced by whether they are supported by gusset 
plates (see Figures 5.18 and 4.7). Plates with large (tall) projections are difficult 
to cool because these features significantly increase localized wall thickness, 
are difficult to fill, and have a tendency to warp. Significant projections should be 

b | 

S i g n i f i c a n t  h ! 
W 

FIGURE 5.17 Ribs. The length o f  the rib is denoted by l, the rib width by b, the rib height 
by h, and the wall thickness o f  the plate by w. A significant rib is one where 3w < h < 6w or 
b > w .  
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Gusset 

Wall 
Thickness, w~ 

FIGURE 5.18 Gusset Plate. The thickness of the gusset plate is denoted by b, the height 
by h, and the length by l. The wall thickness of the plate is w. 

supported by gusset plates to reduce their tendency to deflect due to residual 
stresses. 

Significant Bosses 

We consider bosses designed such that [3w < h] or [b > w] as significant bosses 
(Figure 5.19). Significant bosses tend to increase the machine cycle time, make 
tolerances difficult to hold, and can be difficult to fill. In addition, significant 
bosses often cause sink marks. 

5.6.5 Grilles and Slots 

Elemental plates that contain (1) multiple through holes, (2) no continuous solid 
section with a projected area greater than 20% of the projected area of the plate 
envelope, and (3) whose height is equal to its wall thickness are considered 
grilled/slotted (Figure 5.20). Such plates are low in strength and have low surface 
gloss due to the presence of multiple weld lines. The weld lines are caused when 
the flows from multiple gates meet (see Figure 5.21). 

5.6.6 Lateral Projections 

Lateral projections are add-on features that protrude from the surface of a 
slender plate in a direction normal to the longitudinal axis (Figure 5.22). For long 
slender parts, such projections are difficult to fill. 

5.7 WALL THICKNESS--THE SECOND DIGIT 

The definitions in Section 5.6 will enable designers to determine the basic part 
type, and to establish the first digit of the coding system in Figure 5.2. Deter- 
mining the second digit is essentially based on the largest wall thickness (w) of 
the elemental plates. 
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Significant 

Boss antric 
(soli 

(hollow) 

! 

t J t 
Boss(solid) Boss( hollo w) 

FIGURE 5.19 Bosses. The boss length is denoted by l, the width by bw, the wall thickness 
by b, the height by h, and the wall thickness of  the plate by w. 

Grilled 

H= ~r 
%> 

Not Grilled 

H-- 
More t h a n  207. solid 

FIGURE 5.20 Examples of  grilled or slotted parts. 

weld lines caused / / ~  \ ///~ 
where flows from--i////// ~ / /  
the two gates meek~/ ( / ~  ~ g a t e d  '~ weld lines 

A single significant Significant through holes 
through hole (frame) (grilled with multiple holes) 

FIGURE 5.21 Weld lines caused when the flows from two gates meet. 



92 Design for Manufacturing 

j Lu j j l  .f- 

~ ~ "  Envelope 

,.L ] Longitudinal 
~ ~  Projection 
Slender Rod 

FIGURE 5.22 Example of lateral projections. 

In the case of non-partitionable parts, two wall thicknesses need to be used. 
(Remember, we need to determine the cycle time based on the easy-to-cool fea- 
tures and the cycle time based on the difficult-to-cool features.) One wall thick- 
ness is the largest wall thickness of all the easy-to-cool portions of the part. 
The other wall thickness is the largest wall thickness of all the difficult-to-cool 
features. 

5.8 INSERTS AND INTERNAL THREADS--THE 
THIRD DIGIT 

Refer again to Table 5.3. Note that to obtain the value of te we need only 
ascertain whether or not the part has internal threads and inserts. The mean- 
ing of internal thread is obvious. Inserts are metal components added to the 
part prior to molding the part. Inserts are added for decorative purposes, to 
provide additional localized strength, to transmit electrical current, or to aid in 
assembly or subassembly work. The use of inserts increases the machine cycle 
time. 

5.9 SURFACE REQUIREMENTS AND 
TOLERANCESmTHE FOURTH AND FIFTH DIGITS 

5.9.1 Surface Requirements 

Hot molds produce glossier surfaces and result in longer cycle times. Cool molds 
yield duller finishes and result in shorter cycle times. In addition, and more impor- 
tantly, high surface gloss requirements may greatly reduce production efficiency 
and yield because of a higher rejection rate due to visible sink marks, jet lines, 
and other surface flaws. 



Injection Molding: Total Relative Part Cost 93 

The preferred surface for a part is usually one that is produced from a mold 
having a Society of Plastics Industry (SPI) finish of 3 or 4. Such parts tend to be 
used on industrial products where high gloss is not required. Parts requiring a 
high gloss and good transparent clarity are produced from molds having an SPI 
of 1 or 2. For parts requiring a textured surface and low surface gloss, a mold 
having an SPI of 5 or 6 is used. 

For the purposes of the coding system, the part surface requirement (see 
Table 5.4) is considered high when 

1. Parts are produced from a mold having an SPI surface finish of i or 2. 
2. Sink marks and weld lines are not allowed on an untextured surface. 

In the coding system, parts without high surface requirements are considered to 
have low surface requirements. 

A statistical analysis of piece parts collected from several molders shows that 
the adverse effect of a high-gloss requirement is more significant on thin parts 
than on thick parts. A possible explanation is as follows: 

The colder the mold or the melt, the more viscous the flow. The more viscous 
the flow, the greater the tendency to leave visible "flow marks" on the surface of 
the part. These flow marks make it difficult to obtain a good surface gloss. Since 
thin parts cool faster than thick parts, poor surface gloss is more likely to occur 
on thin parts. 

5.9.2 Tolerances 

There are two types of tolerance requirements: (1) dimensional and (2) geomet- 
ric. Dimensional tolerances refer to tolerances on the length, width, and height 
of a part as well as on the distance between features. Geometric tolerances refer 
to tolerances on flatness, straightness, perpendicularity, cylindricity, and other 
features. 

For dimensional tolerances, an industry standard exists prepared by the 
Society of Plastic Industry, and each material supplier converts its data to suit 
a specific material. Thus, to determine whether the tolerances specified are 
tight or commercial, we must refer to either the data published by the Society 
of the Plastic Industry for the material in question, or to data supplied by 
the resin manufacturer. No industrywide standard exists as yet for geometrical 
tolerances. 

Part yield is influenced by part tolerance requirements. Part yield decreases 
when part tolerances are relatively difficult to hold. Part tolerances are consid- 
ered difficult to hold if: 

(a) 
(b) 

(c) 

(d) 

External undercuts are present. 
A tolerance is specified across the parting surface of the dies. The high pres- 
sures (10,000psi) cause slides and molds to move slightly, making tolerances 
across the moving surfaces difficult to hold. 
The wall thickness is not uniform. Thick sections connected to thin sections 
tend to shrink more than the thin sections. This is because the thick sections 
continue to cool down and shrink after the thin sections have solidified. This 
variation in shrinkage can result in part warpage. When warping is a 
problem, the cycle time of a part is increased to allow the part to be more 
rigid when it is ejected. 
Unsupported projections (ribs, bosses) and walls are used, Unsupported 
projections can bend, making tolerances between them difficult to hold. 
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(e) More than three tight tolerances, or more than five commercial tolerances 
are required. Tolerances should be specified only where absolutely neces- 
sary. As the number of tolerances to be held increases, the proportion of 
defective parts produced increases. 

5.10 USING THE CODING SYSTEM--OVERVIEW 

To determine the relative cycle time for a part using the coding system shown in 
Figure 5.2 and Tables 5.3 and 5.4, we proceed as follows: 

1. Determine whether or not the part is partitionable. 
2. If the part is partitionable, partition it into elemental plates and assess the 

relative cycle time for each plate. The plate with the largest relative cycle time 
controls the cycle time for the part. 

3. If the part is not partitionable, we first code the part using the maximum wall 
thickness of the part. If this is an easy to cool feature we then code the part 
a second time using the most difficult to cool feature. The feature with the 
largest relative cycle time controls the cycle time for the part. 

Several Examples are presented in Sections 5.12 to 5.14 below. 

5.11 EFFECT OF MATERIALS ON RELATIVE 
CYCLE TIME 

In theory, the machine cycle time depends on the material used. In practice, 
however, there is little significant difference in cycle time between geometrically 
similar engineering parts made of different materials.Although it is true that some 
materials will solidify faster than others, there are other factors that tend to cause 
the actual cycle time to be very similar for the parts with the same geometry 
but made of different materials. Some of these factors include the following 
issues. 

1. The most important objective for a precision molder is the production of 
parts with satisfactory dimensional stability and high gloss. Fast molding cycles 
cause greater variations in mold and melt temperatures than slow cycles. These 
large temperature variations often result in poor dimensional stability, rejected 
parts, and resulting lower yield. Furthermore, fast cycles require lower mold and 
melt temperatures that are likely to cause difficulties in producing parts with high 
gloss. 

Therefore, in order to produce parts with high gloss and dimensional stabil- 
ity, precision molders are likely to manufacture parts at nearly the same rate 
for rapidly solidifying materials as they would for materials that solidify at a 
slower rate. 

2. Many engineering parts are produced in annual production volumes of 
5,000 to 10,000 and in batch sizes of 500 to 1,000. These batch sizes can be pro- 
duced in two to four shifts (16-32 hours). For such small batches, it is not prac- 
tical to "optimize" the cycle time for the particular part/material combination. 

3. Each machine has its own peculiar characteristics and idiosyncrasies. 
Thus, a part made of the same material but molded on two different machines 
under the same set of operating conditions will require different cycle times 
in order to produce a part of the same high gloss and dimensional stability. 
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Consequently, optimal operating conditions will vary from machine to machine. 
The likelihood that a given part would, for each batch, be run on the same 
machine is very low. 

5.12 EXAMPLE 5.1INDETERMINATION OF 
RELATIVE CYCLE TIME FOR A PARTITIONABLE PART 

5.12.1 The Part 

For the first example, we consider the part shown in Figure 5.23. In addition to 
the general overall size of the part, the wall thickness, and the size of the ribs and 
bosses are given. Although these latter dimensions are not needed in order to 
estimate the relative tooling cost for this part, they must be known in order to 
determine the relative cycle time. 

5.12.2 The Basic Part Type 

In this example, the length of the projections parallel to the surface of the part, 
c, are 10mm. Since c/L is less than 1/3 then, as you may recall from Figure 4.3, 
these projections are considered isolated projections of small volume. Conse- 
quently, the dimensions of the basic envelope are 

L=160 ,  B=130 ,  H = 1 0  

Since the part is straight, the unbent dimensions Lu and Bu are equal to L and B, 
respectively. Thus, Lu/Bu < 10 and the part is non-slender. We will indicate the fact 
that the part is non-slender by using the letter N. 

130 

lolded-in inserts 
~-~~m every boss 

_ _ /  

2.0 

13 

2.0 

lo( Note: All dimensionn in mm 

FIGURE 5.23 Example 5.1. 
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5.12.3 Part Partitioning 

This part consists of a single elemental plate; thus, no partitioning is needed. 

5.12.4 Relative Cycle Time 

Basic Relative Cycle Time 

The length, 1, the width, b, and the height, h, of each projection (boss) is 10mm, 
1.8mm, and 13 mm, respectively. The plate thickness w is 2.0mm and uniform. 
Thus, h/w > 3, and the projections are considered significant bosses. Since the boss 
thickness (b) is less than the wall thickness (w) and gusset plates do not support 
them, the first digit is 6. 

The maximum plate thickness is 2.0 mm, hence, the second digit is 1, thus, the 
basic code is N61 and the basic relative machine cycle time, tb, is 2.52. (Remem- 
ber, relative cycle time is the cycle time relative to our reference part and is, thus, 
dimensionless.) 

Internal Threads~Inserts 

There are no internal threads, but there are three molded-in inserts (one in each 
boss). Hence, the third digit is 1 and the additional relative time, te, is 0.5 per 
insert or 1.5 for the part. 

Surface Gloss~Tolerances 

Let's assume that the part requires a low surface gloss (which corresponds to an 
SPI surface finish of 3 on the mold). Thus, the fourth digit is 0. Because the bosses 
are unsupported it is difficult to hold tolerances between them, hence, the fifth 
digit is 1 and the penalty factor, tp, is 1.20. 

Relative Effective Cycle Time 

The relative effective cycle time is given by substituting into Equation 5.8, thus, 

tr = (tb + te)tp = (2.52 + 1.5)1.2 = 4.82 

5.12.5 Redesign Suggestions 

The relative cycle time can be reduced in several ways. One method is to provide 
gusset plates to support the bosses. In this case, the basic code becomes N51, and 
the fifth digit becomes 0. Thus, the relative machine cycle time is reduced to 
2.38, tp becomes 1, and the relative effective cycle time becomes 3.88--a 19% 
reduction. 

A second method for reducing the relative cycle time would be to reduce the 
height of the bosses so they become nonsignificant bosses. In this case, the new 
basic complexity code becomes N41, the fifth digit becomes 0, and the new rela- 
tive machine cycle time is reduced to 3.74. This is a 22% reduction. 

If the bosses are left as originally designed but the molded-in inserts are 
removed, te is reduced to 0, and the relative effective cycle time becomes 3.02m 
a 37% savings. However, if the inserts are inserted after the part is molded, 
nothing has been gained by this saving. 

Readers should note that although the magnitude of these savings, created 
by relatively small design changes, might be unimportant for small production 
volumes, they could become extremely valuable for high-volume parts. 
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FIGURE 5.24 Example 5.2. 

5.13 EXAMPLE 5.2--DETERMINATION OF 
RELATIVE CYCLE TIME FOR A PARTITIONABLE PART 

5.13.1 The Part 

As a second example we consider the part shown in Figure 5.24. The wall thick- 
ness of the part is a constant 3.1 mm. Since the height of the "peripheral projec- 
tion" in this case is greater than 6w, it will be treated as a wall rather than a rib. 
(From the point of view of creating the tooling required to mold the part, periph- 
eral ribs and peripheral walls are comparable. Hence, for the purposes of the 
coding system, all peripheral projections, including ribs, will be treated as periph- 
eral walls.) The part geometry is rather simple and is, thus, partitionable. 

5.13.2 Basic Part Type 

Since Lu = L + H = 130mm and Bu = B = 50mm, then Lu/Bu = 2.6, and the part is 
non-slender, (N). 

5.13.3 Part Partitioning 

This part can be partitioned in two ways. It can be partitioned as shown in Figure 
5.25 into two separate elemental plates. Alternatively, since the wall thickness of 
the part is constant and both plates are external plates, the part can be treated 
as a single plate, as shown in Figure 5.26. 

5.13.4 Relative Cycle Time--Elemental Plate 1 
(Figure 5.25) 

Basic Relative Cycle Time 

The plate is neither grilled nor slotted, and no projections are present. Thus, the 
first digit is 2. The wall thickness is 3.1 mm, hence, the second digit is 3. The basic 
code is N23. Thus, the basic relative machine cycle time, tb, is 3.39. 
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Elemental 

Elemental ~ !1 

FIGURE 5.25 Part partitioning. 
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FIGURE 5.26 Alternate partitioning. 

Internal Threads~Inserts 

There are no internal threads or molded-in inserts. Hence, the third digit is 0 and 
the relative extra mold opening time, te, is 0. 

Surface Gloss~Tolerances 

The part is assumed to require a high surface gloss (SPI surface finish of 1 or 2 
on the mold), thus the fourth digit is 3. The 90 ~ angle between the side wall and 
the bot tom is difficult to hold because of the sharp (unradiused) corner and the 
lack of supporting gusset plates. Thus, the part tolerance is difficult to hold, the 
fifth digit is 1, and the penalty, tp, is 1.37. 

Relative Effective Cycle Time 

The relative effective cycle time for the original design is: 

tr = (tb + te)tp = (3.39)1.37 = 4.64 

5.13.5 Relative Cycle Time--Elemental Plate 2 
(Figure 5.25) 

The complete code for this plate is identical to that for plate 1, thus the relative 
effective machine cycle time is the same. 



Injection Molding: Total Relative Part Cost 99 

5.13.6 Relative Cycle TimemElemental Plate 
(Figure 5.26) 

Basic Relative Cycle Time 

Once again, the plate is neither grilled nor slotted and no projections are 
present. The code for this plate is also N23, and the relative machine cycle time 
is 3.39. 

Internal Threads~Inserts 

There are no internal threads or molded-in inserts. Hence, the third digit is 0 and 
the relative extra mold opening time, te, is 0. 

Surface Gloss~Tolerances 

The part is assumed to require high surface gloss, thus the fourth digit is 3. 
The 90 ~ angle between the side wall and the bot tom is difficult to hold 
because of the unradiused (sharp) corner and the lack of supporting gusset plates. 
Thus, the part tolerance is difficult to hold, the fifth digit is 1 and the penalty 
is 1.37. 

Relative Effective Cycle Time 

The relative effective cycle time for the design is" 

tr = (tb + te)tp = 4.64 

5.13.7 Redesign Suggestions 

The two cost drivers in this case are the high surface-gloss requirement and the 
difficult to maintain 90 ~ angle between the side wall and the bot tom surface. If 
the part surface can be replaced by a textured surface (SPI-3 on the mold) the 
fourth digit becomes 0. If in addition the corner between the two plates can be 
radiused, or if supporting gusset plates can be used, or if the maintenance of a 
precise 90 ~ angle is not considered important,  the fifth digit becomes 0 and the 
new penalty is lowered to 1.0. Thus the new relative effective cycle time is 3.39--  
a 27% reduction. 

5.14 EXAMPLE 5.3INDETERMINATION OF 
RELATIVE CYCLE TIME FOR 
A NON-PARTITIONABLE PART 

5.14.1 The Part 

The part and all of the dimensions necessary for a determination of the relative 
cycle time are shown in Figure 5.27. 

5.14.2 Part Partitioning 

Because the spacing between fins is less than 12.5 mm, the closely spaced fins are 
difficult to cool. Thus, in spite of its rather simple geometry, the part is consid- 
ered non-partitionable. 
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Note: All dimensions in mm. 

FIGURE 5.27 Example 5.3. 

5.14.3 Relative Cycle Time 

Basic Machine Cycle Time 

Since this part is non-partitionable, the basic code must be found for the thick- 
est easy-to-cool feature as well as the thickest difficult-to-cool feature. However, 
since the thickness of the part is uniform, only the difficult-to-cool feature needs 
to be coded. Thus, since the wall thickness is 2.1 mm, the first and second digits 
are 1 and 2, respectively. Hence, the basic code for the part is NP12, and the basic 
relative time, tb, is 4.50. 

Internal Thread~Inserts 

There are no internal  threads or molded- in inserts, thus the th i rd digit is 0 and 
te = O. 

Surface Gloss~Tolerances 

The presence of the fins makes sink marks unavoidable on the plate to which the 
fins are attached. Thus, as pointed out in Section 5.9.1, the fourth digit is 2. Assum- 
ing that the spacing between the fins is critical, then the lack of gusset plates sup- 
porting the closely spaced fins makes the tolerance on the distance between fins 
difficult to hold--hence,  the fifth digit is 1. Therefore, the penalty is 1.41. 

Relative Effective Cycle 17me 

The relative effective cycle time is 

tr = (tb + te)tp = (4.50 + 0)(1.41) = 6.34 
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Table 5.5 Machine tonnage and relative hourly rate. 
(Data published in Plastic Technology, June, 1989.) 

Machine Tonnage Machine Hourly Rate 

<100 1.00 
100-299 1.19 
300-499 1.44 
500-699 1.83 
700-999 2.87 
>1000 2.93 

5.14.4 Redesign Suggestions 

For non-partitionable parts, design improvements are often difficult to make 
without major changes in part geometry. One possible improvement in the 
current case, in the sense of reducing processing costs, is to increase the spacing 
between fins so that the cooling difficulty can be reduced. 

It is worth pointing out that the part was coded as though the spacing 
between fins is critical, and that sink marks are not acceptable. However, practi- 
cal concerns may be such that stringent tolerance and surface requirements are 
not necessary. This would change both the fourth and fifth digits to O, and the rel- 
ative effective cycle time would also change accordingly. 

5.15 RELATIVE PROCESSING COST 

The preceding discussion and examples have shown how to compute the relative 
part cycle time, tr. This is a critical requirement in estimating relative processing 
costs. As noted in the Section 5.1.2 of this chapter, the relative processing cost is 
given by: 

C e = t rChr  (Equation 5.2) 

where Chr represents the ratio Ch/Cho , Cho represents the machine hourly rate for 
the reference part, and Ch is the machine hourly rate (S/h) for a given part. The 
relative machine hourly rate, Chr, can be determined from Table 5.5, but it is first 
necessary to determine the injection molding machine size (tonnage) required to 
mold the part. 

The machine tonnage required to mold a part is approximately two to five 
tons per square inch, depending on the material to be molded and on the pro- 
jected area of the part normal to the direction of mold closure. In general, it is 
assumed that a machine whose tonnage, Fp, exceeds a numerical value equal to 
three times the projected area of the part (expressed in in 2) will suffice. Thus, the 
required machine tonnage is approximately 

Fp = 3Ap (Equation 5.9) 

where the projected area, Ap, is in in 2 or 

Fp = 0.005Ap 

where the projected area is in mm 2. 

(Equation 5.10) 
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5.16 RELATIVE MATERIAL COST 

As noted in Section 5.1.3 of this chapter, the material cost for a part, Km, is 
given by 

Km = VKp (Equation 5.4) 

where V is the part volume and Kp is the material cost per unit volume, and the 
relative material cost is: 

V 
Cm = vv-. Cmr 

Vo 
(Equation 5.5) 

Values for Cmr a re  given above in Table 5.2. 

5.17 TOTAL RELATIVE PART COST 

As stated earlier in this chapter (Section 5.1.4), the total production cost of a 
part, Kt, in units such as dollars or cents, is now computed as the sum of the mate- 
rial cost of the part, Km, the tooling cost, Kd/N, and the processing cost, Ke: 

Kd 
Kt = Km + N + Ke (Equation 5.6) 

where Kd represents the total cost of the tool and N represents the number of 
parts, or production volume, to be produced using that tool. 

If Ko denotes the manufacturing cost of some standard or reference part, 
then 

Kdo 
Ko = Kmo + + Keo 

No 

where Kmo, Kdo, and Keo represent the material cost, tooling cost, and equipment 
operating cost for the reference part. Thus, the total cost of the part relative to 
the cost of the reference part, Cr, can be expressed as: 

Km 4- Kd/N + Ke 
Cr = (Equation 5.7) 

Ko 

where Cr is, of course, dimensionless. 
The total relative cost C r can  be written as follows: 

C r  B 
Km Kmo (Kd/N) Kdo Ke Keo 
Kmo Ko Kdo Ko Keo Ko 

If 

fm = Kmo/Ko, 

fd = Kdo/Ko, and 

fe = Keo/Ko, 

which represent the ratio of the material cost, tooling cost, and processing cost of 
the reference part to the total manufacturing cost of the reference part, and if 
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Cm = Km/Kmo, 

Cd -- Kd/Kdo, a n d  

Ce -- Ke/Keo 

are, respectively, the material cost, tooling cost, and equipment operating cost of 
a part relative to the material cost, tooling cost, and equipment operating cost of 
the reference part, then the above equation becomes, 

Cr = Cmfm + (Cd/N)fd + Cefe (Equation 5.11) 

The value for C d is obtained from EqUation 4.4, as described in Chapter 4, "Injec- 
tions Molding: Relative Tooling Cost," while the values for Ce and Cm are 
obtained from Equations 5.2 and 5.5, respectively 

If it is assumed that only single cavity molds will be used, then from the data 
given in Table 5.1, the cost of the reference part, in dollars, can be shown to be 

Ko = 0.124 + 6980/No (dollars) 

where the first term is the sum of the material and processing costs for the ref- 
erence part and the second term is the tooling cost for the reference part. It is 
seen here that at low production volumes most of the cost is due to the cost of 
the tooling. At very high production volumes, say when No approaches infinity, 
the cost is due primarily to material and processing costs and approaches $0.124 
or 12.4 cents. Thus, the cost of the reference part depends upon its production 
volume' 

Since the main concern here is the comparison of alternative designs for a 
given part, the actual cost of the reference part is not important. All that is really 
of interest is a comparison in relative costs between two competing designs. For 
this reason it becomes convenient to obtain the relative cost of a part with respect 
to the standard part when its production volume is 7,970 and its total production 
cost, Ko, is $1. In this case the values of fm, re, and fa become 

fm= Kmo/Ko = 0.00182 

fe = Keo/Ko = 0.1224 

fd = Kdo/Ko = 6980 

and 

C r -- 0.00182Cm + (6980/N)Cd + 0.1224Ce (Equation 5.12) 

5.18 EXAMPLE 5.4--DETERMINATION OF THE 
TOTAL RELATIVE PART COST 

The part shown in Figure 5.28 is made of polycarbonate. The wall thickness is a 
uniform 3.5 mm and the ribs are assumed to be, according to the classification 
system, not significant. 

As originally designed, the total relative die construction cost, Ca, is found 
to be 2.32. (See Problem 4.4 of Chapter 4.) 

The relative cycle time, tr, for this part can be shown to be 

tr = 3.67(1.20) = 4.40. 
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FIGURE 5.2B Example 5.4. Original design. (L = 180mm, B = H = 50mm.) 

The projected area of the part is 9,000mm 2, hence, from Equation 5.10, the 
required clamping force is 

Fp = 0.005Ap = 45 tons 

Consequently, from Table 5.5, the relative machine hourly rate, Chr, is 1.00. Thus, 

Ce = trChr = (4.40)(1) = 4.40 

The part volume is approximately 105,000mm 3. Since the material is poly- 
carbonate, then from Table 5.2 the relative material price, C m r  , is 2.96. From Equa- 
tion 5.5, the relative material cost for the part is 

Cm = (V/Vo)Cmr = (105,000/1244)(2.96) = 250 

where Vo = 1,244 mm 3 is the volume of the reference part. 

Product ion Volume = 10, 000 

If the production volume of the part is 10,000 pieces, then from Equation 5.12 
the total relative cost of the original part, Cr, is, 

C r = (0.00182)250 + (6980/10,000)(2.32) + (0.1224)(4.40) = 2.61 

If the bottom rib is removed from each end of the part as shown in Figure 5.29, 
then Cd is reduced to 1.65 (See Problem 4.4 of Chapter 4). The values for tr, Chr, 
Ce, and Cm remain the same. Thus, 

C r = (0.00182)250 + (0.6980)(1.65) + (0.1224)(4.40) = 2.14 

This is an overall savings of some 18% in piece part cost. 
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FIGURE 5.29 Redesigned part. 

Production Volume = 100, 000 

If the production volume of the part is 100,000 pieces, then the total relative cost 
of the original design, Cr, is, from Equation 5.12, 

Cr = (0.00182)250 + (0.06980)(2.32) + (0.1224)(4.40) = 1.15 

For the redesigned part, 

Cr = (0.00182)250 + (0.06980)(1.65) + (0.1224)(4.40) = 1.10 

Thus, for a production volume of 100,000 parts, the savings are only 4.3%. This 
reduction in savings is due to the fact that, in this particular case all of the savings 
was due entirely to a reduction in tooling costs whose contribution to overall part 
cost diminishes with increasing production volume. 

5.19 WORKSHEET FOR RELATIVE PROCESSING 
COST AND TOTAL RELATIVE PART COST 

To facilitate the calculation of the relative processing cost and the overall rela- 
tive part cost, a worksheet has been prepared. The copies shown on the next two 
pages have been completed for Example 5.1 in Section 5.12. A blank copy of the 
worksheet is available in Appendix 5.B and may be reproduced for use with this 
book. 
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Workshee t  for Relat ive  Process ing  Costs  and Total  Relat ive  Cost  

Original  Des ignlRedes ign  Example  5.1 

Lu = 160 Bu = 130 Lu/Bu = 1.23 
<10 

Slender /Non-slender?  
NS 

Basic Relative Cycle Time 

Plate 1 

Ext/Int  

1 st Digit 6 

2 nd Digit 1 

tb 2.52 

Additional Time 

3 rd Digit 1 

te 3(0.5) = 1.5 

Time Penalty 

4 th Digit 0 

5 th Digit 1 

tp 1.2 

Relative Cycle Time for Plate 

Plate 2 Plate 3 Plate 4 Plate 5 

tr 
(tb + te)tp 

(2.52 + 1.5) x 
(1.2) = 4.82 

Relative Cycle Time for the part = 4.82 

Relative Processing Cost 

Ap= Up = Chr ~-- Ce = trChr = 

Relative Material Cost 

W Wo -" Cmr "-" C m = (W/Wo)Cmr = 

Total Relative Cost 

N- I 
Cr = 0.00182Cm + (6980/N)Co + 0.1224Ce 

R e d e s i g n  Suggest ions  

Support bosses to reduce the first and fifth digits OR reduce the boss height to make 
them nonsignificant. Could eliminate inserts, but these would need to be inserted after 
molding, thus little to be gained (i.e., pay me now or pay me later). 

% Savings in processing costs: 

% Savings in overall costs: 
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Workshee t  for Relat ive  Process ing  Costs  and Total  Relat ive  Cost  

Original  Design/Redes ign  Version 1 

f L u =  BU --- Lu/Bu = Slender/Non-slender?  

Basic Relative Cycle Time 

Ext/Int 

i st Digit 

2 nd Digit 

Plate 1 

2.38 

Plate 2 Plate 3 Plate 4 Plate 5 

Additional Time 

3 rd Digit 

1.5 

Time Penalty 

4 th Digit 

5 th Digit 

Relative Cycle Time for Plate 

�9 t r -  . (2.38+1.5) 
(tb + te)tp " --3.88 

Relative Cycle Time for the part = 3.88 

Relative Processing Cost 

l A p  = Fp = Chr -- Ce -- t rChr = 

Relative Material Cost 

W _ _  Wo Cmr C m - -  ( V N o ) f m r  = 

Total Relative Cost 

N_- I 
Cr = 0.00182Cm + (6980/N)Cd + 0.1224Ce 

R e d e s i g n  Suggest ions  

% Savings in processing costs: (4 .82-  3.88)/4.82 = 19.5% 

% Savings in overall costs: 
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5.20 SUMMARY 

The purpose of this chapter is to present a systematic approach for identifying, 
at the parametric design stage, those features of the part that significantly affect 
the processing cost of injection-molded parts. The goal was to learn how to design 
so as to minimize difficult-to-process features. 

A methodology for estimating the relative processing cost of proposed injec- 
tion-molded parts based on parametric information was presented. In addition, 
a method for estimating the overall relative part cost for this same part was 
introduced. 
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QUESTIONS AND PROBLEMS 

5.1 

5.2 

5.3 

5.4 

As part of the same training program discussed in Problem 4.1 of Chapter 
4, you are in the process of explaining to some new hires that the pro- 
cessing cost of injection-molded parts is a function of what you have called 
the basic relative cycle time of the part. Explain in detail exactly which fea- 
tures of a part affect the basic cycle time of a part. 
In addition to the basic relative cycle time discussed in Problem 5.1, what 
other factors affect the overall relative cycle time of an injection-molded 
part? 
Assuming that the dimensions for the parts shown in Figures P3.2 to P3.5 
of Chapter 3 are such that the parts are easily cooled, which parts, if any, 
are partitionable? For those part that are partitionable, which plate con- 
trols the cycle time of the part? Assume that in all cases the wall thickness 
is constant. 

As examples to illustrate both basic complexity and subsidiary com- 
plexity, explain which features of these parts, if any, affect basic complex- 
ity and which features, if any, affect subsidiary complexity. 
Assume that you are still part of the integrated product and process design 
(IPPD) team formed as part of Problem 4.3 in Chapter 4. One of the com- 
ponents used in Widget A consists of the hollow cylindrical part shown in 
Figure P5.4. This component is presently made of nylon 6 in a mold having 
an SPI finish of 3. What redesign suggestions would you make to your 
IPPD team in order to reduce the relative cycle time of the part? What 
savings in processing costs would you achieve by your proposed redesign. 
Assume commercial tolerances. 
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5.5 Imagine that you are still part  of the IPPD team discussed above. You have 
been asked to roughly estimate the cycle time for the part shown in Figure 
P5.5 if it is produced with commercial tolerances. What  would you estimate 
the cycle time to be if the part is made of nylon 6 in a mold with an SPI 
finish of 3. The maximum wall thickness of the part is 2.5 mm. The minimum 
wall thickness of the part is 1.5 mm. 

" 12 

38.  20 

50 38 

j 
Undercut 

Notes: 1. All dimensions in mm. 
2. Part thickness is 2.5 mm except 

where noted. 

FIGURE P5.5 
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5.6 

5.7 

In an effort to reduce processing costs, what redesign suggestions would 
you make for the part shown in Figure P5.5 so that the cycle time of the 
part is reduced? What is the percent reduction in cycle time due to this 
redesign? 
Using the methodology discussed in this chapter, estimate the relative cycle 
time for the transparent part shown in Figure P5.7. Assume commercial 
tolerances. Can you suggest at least one way to reduce the cycle time? 

B 
B-B 

B-- - - - -  1 

I 

I I 

B. . - - J  

35 

40 

F..--~.A 

I 

I 

L---A 

v I 

240 

480 
- I  

T A-A 

I I L' J '  
' ' r - -  1 7 [ -  

3.2 "-- '  

Notes" 1. All dimensions in mm. 
2. Drawing not to scale. 
3. Transparency required. 

F I G U R E  P5.7 

5 . 8  The mold used to produce the part shown in Figure P5.8 is assumed to 
have a surface finish of SPI-3. Estimate the relative cycle time for the part 
under the assumption that the part is made of polycarbonate. Can you 
make any redesign suggestions that would reduce the relative cycle time 
required to produce the part and, hence, the processing cost for the part? 
The wall thickness of the difficult-to-cool feature is 2.5 mm. 

F I G U R E  P5.8 
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5.10 
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Some members of your design team seem unconvinced that overall costs 
for the part shown in Figure P5.5 can be significantly reduced by applying 
the redesign suggestions you proposed earlier (Problems 4.8 and 4.9) to 
reduce tooling costs along with your more recent suggestions for reducing 
processing costs (Exercise 5.6). Thus, for the part shown in Figure P5.5, 
determine the percent savings in cost achieved for production volumes of 
25,000 and 100,000. Are these significant savings? 
For Example 5.4 (in Section 5.18) it was assumed that the cycle time for 
the reference part, to, is 16s (see Table 5.1). Assume that the cycle time to 
is 10s and determine for the part analyzed in Example 5.4 the reduction 
in costs between the original design and the redesign for production 
volumes of 10,000 and 100,000. 
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Notes for Figure 5.2 and 
Tables 5.3 and 5.4 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

For parts or elemental plates with a bent or curved longitudinal axis, the 
unbent  length, Lu, is the maximum length of the part with the axis straight. 
The width of this unbent part is referred to as Bu. See Figure 5.6. 
Frames are parts or elemental plates that have a through hole greater than 
0.7 times the projected area of the part/plate envelope and whose height 
is equal to its wall thickness. See Figure 5.7. 
The thickness of the elemental plate is denoted by w. For parts/plates 
where the thickness is not constant, w is the maximum thickness of the 
plate or part. 
Lateral projections are shape features that protrude from the surface of a 
slender plate (rod) in a direction normal to the longitudinal axis. For long 
slender parts such projections are difficult to fill. See Figure 5.22. 
A rib is a narrow, elongated wall-like projection whose length, 1, is greater 
than three times its width, b. Ribs may be located either at the periphery 
or on the interior of a part/plate. A rib may be continuous or discontinu- 
ous or part of a network of other ribs and projecting elements. To avoid 
sink marks ribs should be designed so that (a) the rib height, h, is less than 
or equal to three times the localized wall thickness, w, and (b) the rib width, 
b, is less than or equal to the localized wall thickness. Such ribs are con- 
sidered as nonsignificant ribs. Ribs designed such that [3w < h < 6w] or 
b > w are called significant ribs. Significant ribs tend to increase the 
machine cycle time and make tolerances difficult to hold. For the purposes 
of this system, peripheral ribs are treated as walls. See Figure 5.17. 
A boss, like a rib, is a projecting element; however, its length, 1, is less than 
three times its width, b. It takes a variety of forms such as a knob, hub, lug, 
button, pad, or "prolong." A boss should be designed such that (a) the boss 
height, h, is less than or equal to three times the localized wall thickness, 
and (b) the boss width, b, should be less than or equal to the localized wall 
thickness. These types of bosses are considered nonsignificant bosses. 
Bosses designed such that 3w < h or b > w are called significant bosses. 
Significant bosses tend to increase the machine cycle time and make 
tolerances difficult to hold. See Figure 5.19. 
An elemental plate with 
a) multiple through holes, 
b) no continuous solid section with a projected area greater than 20% of 

the projected area of the plate envelope, and 
c) whose height is equal to its wall thickness 
is called grilled/slotted. See Figure 5.20. 
The wall thickness referred to here is the localized wall thickness. (See also 
Notes 6 and 7.) 
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(ao) 

(11) 

(12) 

(13) 

(14) 

Injection Molding: Total Relative Part Cost 113 

The use of foamed materials results in a surface gloss that is generally less 
acceptable than the one that results from the use of thermoplastic materi- 
als. To improve the surface gloss of parts made with foamed materials the 
parts are usually subjected to secondary finishing operations (painting, 
etc.). In addition, the minimum thickness achievable with foamed materi- 
als is greater than that obtainable with thermoplastics. For these reasons 
foamed materials are generally not used for parts whose wall thickness is 
less than or equal to 5 mm. 

In addition, engineering thermoplastics are not generally used if the 
wall thickness is greater than 5 mm because the shrinkage of these plastics 
becomes difficult to control when w > 5 mm. 
Features such as holes or depressions that have an internal diameter 
smaller than 12.5 mm are considered difficult to cool. 
Holes or depressions with internal grooves, or undercuts such that a solid 
plug that conforms to the shape of the hole or depression cannot be 
inserted, are called internal undercuts. Such restrictions prevent molding 
from being extracted from the core in the line of draw. When these inter- 
nal undercuts take the form of internal threads, a special unscrewing 
mechanism is used. When the number of threads becomes large, the time 
required to unscrew the mechanism can significantly increase the machine 
cycle. 
Inserts are metal components added to the part prior to molding the part. 
These metal components are added for decorative purposes, to provide 
additional localized strength, to transmit electrical current, and to aid in 
assembly or subassembly work. The use of inserts increases the machine 
cycle time. 
For the purposes of the present coding system, the part surface require- 
ment is considered high when parts are produced from a mold having an 
SPI/SPE surface finish of 1 or 2, or sink marks and weld lines are not 
allowed on an untextured surface. 

Parts without high surface requirements are considered to have low 
surface requirements. 
Part tolerances are considered difficult-to-hold if: 
a) External undercuts are present. 
b) The wall thickness is not uniform. 
c) A tolerance is required across the parting surface of the dies. 
d) Unsupported projections (ribs, bosses) and walls are used. 
e) More than three tight tolerances or more than five commercial toler- 

ances are required. 
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Worksheet for Relative Processing 
Cost and Total Relative Cost 

Original  D e s i g n / R e d e s i g n  

I Lu = Bu = Lu/Bu = S lende r /Non- s l ende r?  

Basic Relative Cycle Time 

Plate 1 Plate 2 Plate 3 Plate 4 Plate 5 

Ext / Int  

1 st Digit 

2 nd Digit 

tb 

Additional Time 

3 rd Digit 

te 

Time Penalty 

4 th Digit 

5 th Digit 

tp 

Relative Cycle Time for Plate 

tr = (tb + te)tp 

Relative Cycle Time for the part = 

Relative Processing Cost 

mp -- Up -- Chr : Ce = trChr : 

Relative Material Cost 

W ~ Wo ~__ Cmr ~ Cm-"  (V/Vo)Cmr  = 

Total Relative Cost 

N 

C r = 0.00182Cm + (6980/N)Cd + 0.1224Ce 

R e d e s i g n  Sugges t ions  

% Savings in processing costs: 

% Savings in overall  costs: 



Chapter 6 

Metal Casting Processes 

6.1 INTRODUCTION 

As with polymer processing, there are also a number of metal casting processes. 
Although there are distinct differences between these many casting processes, 
there are also many common characteristics. For example, in all casting 
processes, a metal alloy is melted and then poured or forced into a mold where 
it takes the shape of the mold and is allowed to solidify. Once it has solidified, 
the casting is removed from the mold. Some castings require finishing due to the 
cast appearance, tolerance, or surface finish requirements. 

During solidification, most metals shrink (gray cast iron is an exception) so 
molds must be made slightly oversize in order to accommodate the shrinkage 
and still achieve the desired final dimensions. 

There are two basic types of molds used in castings, namely, expendable 
molds (sand casting and investment casting) that are destroyed to remove the 
part, and permanent molds (die casting). Expendable molds are created using 
either a permanent pattern (sand casting) or an expendable pattern (investment 
casting). Permanent molds, of course, do not require a pattern. 

Two of the major advantages for selecting casting as the process of choice 
for creating a part are the wide selection of alloys available and the ability, as in 
injection molding, to create complex shapes. However, not all alloys can be cast 
by all processes. 

The most common metal casting processes are sand casting, investment 
casting, and die casting. These are described in Sections 6.2 to 6.4 below. Other 
casting processes are more briefly described in Section 6.5. The nature of 
the molds used and the method for removing the part from the mold differs 
for the various processes. The tolerances and surface finishes achievable are also 
different. 

For more information on casting processes and technology, consult A S M  
Metals Handbook in the reference list. 

6.2 SAND CASTING 

Sand casting is a process in which a sand mold is formed by packing a mixture 
of sand, a clay binder, and water around a wood or metal pattern that has the 
same external shape as the part to be cast. A pattern can come in two halves: a 
top half (called a cope) and a bottom half (called a drag) (Figure 6.1). Each half 
is placed in a molding box, and the sand mixture is then poured all around the 
pattern. After the sand is packed, holes, which are used to pour the molten metal 
into the mold (sprue) and to be used as a reservoir of molten metal (risers), are 
formed in the sand. Vents are also created in order to allow the escape of gases 
from the melt. Then the pattern is removed and a runner system or small 

115 



116 Design for Manufacturing 

(a) Desired part (b) Core for casting hal 
pattern (bottom) 

Matchplate Pattern 

, I n  n 
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(e) Matchplate pattern (f) Drag ready for sand 

pattern 

Sprue Rilser 

Drag 

Co~e ~ Casting 
(g) Cope and drag assembled with 
core and sand in place, melt poured 

FIGURE 6.1 Sand casting process. 
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FIGURE 6.2 An illustration of parts with draft and pattern ready for removal. 

passageway is created inside the die through which the melt can flow and be dis- 
tributed. Gates are the sections where the melt enters the impression. Thus, 
sprues feed the runners, and the runners feed the gates. 

To facilitate removal of the pattern from the sand mold, the pattern must be 
provided with an angle or taper called draft. If possible, parts should be designed 
so that natural draft is provided (Figure 6.2). 

If the part to be cast has one completely flat surface, then the pattern can be 
made in one piece (Figure 6.2). If the production volume is sufficiently large, the 
two halves of the pattern are usually mounted on opposite sides of a single board 
or metal plate to form what is called a match-plate (Figure 6.1e). To avoid the 
necessity of forming the runner system by hand, the patterns that form the 
runners can also be mounted on the match-plate. For large castings a match-plate 
would become too large and heavy for convenient handling and the cope and 
drag half approach shown in Figure 6.1 is used. 
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Cope 3 Cores 4 Cores 

D~ag \ Drag / 

Increasing geometric ) complexity 

FIGURE 6.3 Cores required with increasing geometric complexity and cost. Sprues and 
risers not shown. 

If the casting is to be a hollow shape, such as a thin-walled cylinder, then a 
separate sand core is placed in position so that the melt cannot fill what is to be 
the open portion of the casting (e.g., the inside of the cylinder). In sand casting, 
these sand cores provide a function similar to those provided by side cavities and 
side cores in injection molding (see Figures 3.12 and 4.15) and die casting (Section 
6.4), that is, they provide those geometric features not easily obtainable using a 
conventional two-piece mold or pattern. As the part geometry becomes more 
complex, the number of cores required to provide the geometric shape increases 
(see Figure 6.3). 

Once the core or cores are in place, the cope half of the mold box is then 
placed on top of the drag half. The melt is then poured, and the casting left to 
solidify. Once the casting has cooled, the sand mold is destroyed and the casting 
removed. 

Sand castings are typically used to produce large parts such as machine-tool 
bases and components, structures, large housings, engine blocks, transmission 
cases, connecting rods, and other large components that, because of their size, 
cannot be cast by other processes. Although almost any metal that can be melted 
can be sand cast, sand castings have (as a result of the sand mold) a grainy surface 
with large dimensional variations. Thus, sand castings often require local finish 
machining operations (see Chapter 11, "Other Metal Shaping Processes") in 
order to obtain the necessary surface finishes and dimensional tolerances. 

Sand casting also results in parts with internal porosity that causes leaking 
and reduces part strength. Porosity is the result of voids or pores caused by 
trapped air, liquids, or gases that come about during freezing of the melt. Trapped 
air and liquids are a result of the dendrites (a crystal that has a treelike branch- 
ing pattern) that occur when the cooling rate is relatively slow, as in sand casting. 
Because the trapped liquids and gases continue to freeze and shrink, holes are 
created. 

Because of the shrinkage that occurs before and during solidification, risers 
(see Figure 6.1), which contain a reservoir of molten metal, are connected to the 
casting. Thus, as the casting shrinks the riser supplies additional melt. To be effec- 
tive, the risers must freeze last, otherwise the supply of melt to the mold is shut 
off and shrink holes are created (see Figure 6.4). The location of risers is also 
critical, and if they are properly located they can reduce the number and size 
of shrink holes. 

In order to produce a sound casting the number and location of risers is 
important. However, since 

1. Time is devoted in providing risers, and 
2. Time is required to remove the risers, and 
3. The yield of the metal poured is reduced 
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FIGURE 6.4 Creation of shrink holes due to improper location of a riser. 

risers add to the cost of a casting and, thus, the number of risers should be kept 
to a minimum. Often redesign of a casting by the addition of webs and ribs permit 
the reduction in the number and/or placement of risers (see American Society o f  
Metals Handbook,  Vol. 15). 

Sand castings are not generally used for the production of parts that require 
high production volumes. They are sometimes used to produce prototype parts 
and at times they are the only method available for the creation of large parts 
that require a large crane capacity to remove from the mold. 

6.3 INVESTMENT CASTING 

Investment casting, as well as die casting (which is discussed in the next section), 
can produce parts of similar geometric shapes and size. Since, as you will learn 
below, the disposable pattern is made by injecting wax into a mold, features that 
are difficult or costly to injection mold or die cast (e.g., undercuts) are also costly 
to investment cast. 

Investment casting is typically used when low production volumes are 
expected (e.g., less than 10,000 pieces), whereas die casting tends to be used when 
high production volumes are expected. 

Investment cast parts can be made of a wide range of metal alloys including 
aluminum and copper alloys, carbon and low alloy steels, stainless steels, tool 
steels, and nickel and cobalt alloys. Die castings, as you will learn in the next 
section, must be restricted to metals with relatively low melting temperaturesm 
primarily zinc and aluminum. 
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FIGURE 6.5 Investment casting process. 

In investment casting (Figure 6.5), a metal die or mold is made by either 
machining or casting. The more complicated the shape (because of undercuts, for 
example), the more costly the metal dies. 

After the mold is formed, wax is injected to form a pattern. The external 
shape of the wax pattern resembles the internal shape of the mold. The wax 
pattern is removed from the mold and attached to a wax base that contains a 
gate. If the production volume is large enough several wax patterns are attached 
to a tree that contains the runners, gates, and other features that will feed and 
distribute the molten metal. A metal hollow tube is now placed over the wax pat- 
terns and a slurry--such as plaster of Paris--is poured to entirely cover the pat- 
terns. The completed mold is placed in an oven and the wax removed by melting 
and evaporation. Following this the mold is usually placed in a second oven to 
cure for 12 to 24 hours. 

To make parts, the mold cavity is filled with molten metal that is allowed to 
solidify. To facilitate filling of the mold the melt is poured while the mold is still 
hot. When the part has cooled, the mold is destroyed and the part removed. The 
tolerances and surface finishes achievable by investment casting are such that 
machining is not generally required. 

6.4 DIE CASTING 

Like injection molding, die casting is a process in which a melt is injected under 
pressure into a metal mold. The melt then cools and solidifies, conforming to the 
internal shape of the mold. 

As in injection molding, as the part geometry becomes more complex, the 
cost of the mold increases. Also, as the wall thickness increases, the cycle 
time required to produce the part also increases. While the thin film, called 
flashing (Figure 6.6), that extrudes out through the spaces between parts of 
a mold is easily removed by hand in the case of injection-molded parts, the 
same cannot be said for die-cast parts. Hence, because of the difficulty of 
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FIGURE 6.7 Hot chamber die casting machine. 

flash removal, internal undercuts are not generally die cast. Nevertheless, both 
injection molding and die casting can economically produce parts of great 
complexity. 

There are two types of die casting machines: a hot chamber machine (Figure 
6.7) and a cold chamber machine (Figure 6.8). Both have four main elements: 
(1) a source of molten metal, (2) an injection mechanism, (3) a mold, and (4) a 
clamping system. 

In a hot chamber machine, the injection mechanism is submerged in the 
molten metal (Figure 6.7). Because the plunger is submerged in the molten metal, 
only alloys such as zinc, tin, and lead (which do not chemically attack or erode 
the submerged injection system) can be used. Aluminum and copper alloys are 
not suitable for hot chamber machines. 

When the die is opened and the plunger retracted the molten metal flows 
into the pressure chamber (gooseneck). After the mold (die) is closed, the 
hydraulic cylinder is actuated and the plunger forces the melt into the die at pres- 
sures between 14 and 28MPa (2,000-4,000psi). After the melt solidifies, the die 
is opened, the part ejected, and the cycle repeated. 
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FIGURE 6.8 Cold chamber die casting machine. 

Because the higher temperatures used in casting aluminum and copper alloys 
significantly shorten the life of hot chamber machines, cold chamber machines 
are often used (Figure 6.8). In a cold chamber machine, molten metal from a sep- 
arate holding furnace is ladled into the cold chamber sleeve after the mold is 
closed. The melt is then forced into the mold, and after solidification the mold is 
opened and the part ejected. Injection pressures in this type of machine usually 
range from 17 to 41MPa (2,500-6,000psi). Pressures as high as 138MPa 
(20,000psi) are possible. 

Since the molds used in die casting are made of steel, only metals with rela- 
tively low melting points can be die cast. The vast majority of castings are made 
of either zinc alloys or aluminum alloys. Zinc alloys are used for most ornamen- 
tal or decorative objects; aluminum alloys are used for most nondecorative parts. 

6.5 OTHER CASTING PROCESSES 

Die casting, investment casting, and sand casting are the most commonly used 
casting processes. However, other casting processes, such as centrifugal casting, 
carbon dioxide mold casting, permanent mold casting, plaster mold casting, shell 
mold casting, and ceramic casting are also used. 

I n  centrifugal casting, molten metal is poured into a mold that is revolving 
about a horizontal or vertical axis. Horizontal centrifugal casting is used to 
produce rotationally symmetric parts, such as pipes, tubes, bushings, and other 
parts. Vertical centrifugal casting can be used to produce both symmetrical as well 
as nonsymmetrical parts. However, since only a reasonable amount of imbalance 
can be tolerated for a nonsymmetrical part, the most common shapes produced 
are cylinders and rotationally symmetric flanged parts. Centrifugal casting of 
metal produces a finer grain structure and thinner ribs and webs than can be 
achieved in ordinary static mold casting. 
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In carbon dioxide mold casting (Figure 6.9), sodium silicate (water glass) is 
used as a binder in place of the clay binders used in conventional sand molds and 
cores. In this process a low strength mold is made with a mixture of sodium sili- 
cate and sand. When CO: gas is sent through the mixture the mold is hardened. 
The pattern can then be removed and the melt added. CO: molds are used when 
closer tolerances than those attainable through sand casting are needed. 

In permanent mold casting, also referred to as gravity die casting, molten 
metal is poured by gravity into a reusable permanent mold made of two or more 
parts (Figure 6.10). This process is closely related to die casting; however, the tol- 
erances and surface finishes achievable by this process are not as good as those 
obtainable by "pressure" die casting. Because of the high pressures used during 
filling of the mold during die casting, die casting can produce more complex 
shapes than achievable via permanent mold casting. Gravity die casting accounts 
for less than 5 % of all die castings produced. 

In plaster mold casting, molds are made by coating a pattern with plaster and 
allowing it to harden. The pattern is then removed and the plaster mold baked. 

Ceramic molding is similar to plaster molding. In ceramic molding a fine- 
grain slurry is poured over the pattern and allowed to set chemically. 

Shell mold casting is a process in which an expendable mold is formed by 
pouring a resin-coated sand onto a heated pattern. The sand bonds together to 
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FIGURE 6.11 Alternative designs to eliminate shrink holes and stress concentrations. 

form a hardened shell that corresponds to the outer shape of the pattern. Two 
shell halves are put together to form the single-use mold. This process is used for 
the production of small parts that require a finer tolerance than is obtainable via 
sand casting. If better tolerances and surface finishes are required, then invest- 
ment casting and pressure die casting are necessary. 

Details concerning each of these processes can be found in A S M  Metals 
Handbook .  

6.6 QUALITATIVE DFM GUIDELINES 
FOR CASTING 

All casting processes are internal flow processes in which molten metal flows into 
and fills a die cavity. Then the liquid is cooled to form a solid, and finally the part 
is removed from the mold by either destroying the mold or, as in the case of die 
casting, ejecting the part from the mold. The physical nature of these processes-- 
flow, cooling to solidify, and, in the case of die casting, ejectionmprovides the 
basis for a number of the qualitative DFM guidelines or rules of thumb that have 
been established. Many of these rules are similar to the ones discussed earlier 
for injection molding, compression molding, and transfer molding (Chapter 3, 
"Polymer Processing"). For example, parts should ideally be designed so that: 

1. The flow can be smooth and fill the cavity evenly; 
2. Cooling, and hence solidification, can be rapid to shorten cycle time and 

uniform to reduce warpage; and 
3. If ejection is needed, it can be accomplished with as little tooling complex- 

ity as possible. 

Figure 6.11 shows some examples of alternative designs used to reduce the 
development of stress concentrations and shrink holes. As shown in Figure 6.11, 
major differences in section thickness cause turbulent flow and uneven cooling, 
which results in shrink cavities and voids. Abrupt changes of sections also create 
shrink stresses. A S M  Metals H a n d b o o k  contains additional qualitative design 
guidelines for castings. 

As in injection molding, to design parts properly for die casting, designers 
must consider the effect of mold �9 closure direction and parting surface location 
on tooling costs. The location of the parting surface, the direction of closure, and 
the design of the part must be considered simultaneously in order to provide for 
ejection of the part from the mold after solidification. Knowing the mold closure 
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direction enables designers to recognize and, thus, possibly avoid designing 
unnecessary undercuts. 

Figures 3.11 and 3.12 illustrate how the choice of mold closure direction and 
the location of the parting surface influence design and, in particular, tool design 
and tool cost. 

For convenience, the following DFM guidelines similar to those first intro- 
duced in Chapter 3, "Polymer Processing," are repeated here: 

1. In designing parts to be made by die casting, designers must keep in mind-- 
as a part of their design--the direction of mold closure and the location of 
the parting surface. Advice should be sought from a die-casting expert, since 
it is really impossible to do much design for manufacturing in this process 
without considering the mold closure direction and parting surface location. 

2. An easy to manufacture part must be easily ejected from the die, and dies 
will be less expensive if they do not require special moving parts (such as 
side cores) that must be activated in order to allow parts to be ejected. Since 
undercuts require side cores, parts without undercuts are less costly to cast. 
Some examples of undercuts are shown in Figures 3.2 and 3.3. With knowl- 
edge of the mold closure direction and parting surface, designers can make 
tentative decisions about location(s) of features (holes, projections, etc.) in 
order to avoid undercuts wherever possible. 

3. Because of the need for metal to flow through the die cavity, parts that 
provide relatively smooth and easy internal flow paths with low flow resis- 
tance are desirable. For example, sharp corners and sudden changes or large 
differences in wall thickness should be avoided because they both create flow 
problems. Such features also make uniform cooling difficult and result in the 
development of shrink cavities. 

4. Thick walls or heavy sections will slow the cooling process. Thus, parts with 
no thick walls or other thick sections are less costly to produce. Although 
reducing wall thickness does generally reduce strength, decreasing section 
thickness in die casting does not proportionately reduce casting strength. 
Reducing wall thickness will reduce cycle time. This rapid cooling rate for 
thin sections yields castings with better mechanical properties. Thick sections, 
on the other hand, suffer from a coarse crystalline structure that results in 
internal voids and porosity that reduces strength. 

5. In addition, every effort should be made to design parts of uniform, or nearly 
uniform, wall thickness. If there are both thick and thin sections in a part, 
solidification may proceed unevenly causing difficult to control internal 
stresses and warping. Remember, too, that the thickest section largely deter- 
mines solidification time, and hence total cycle time. 

6. We do not discuss gate location in this book except in this paragraph and in 
a similar paragraph in Chapter 3. However, in large or complex parts, two or 
more gates may be required through which metal will flow in two or more 
streams into the mold. There will therefore be fusion lines in the part where 
the streams meet inside the mold. The line of fusion may be a weak region, 
and it may also be visible. Therefore, designers who suspect that multiple 
gates may be needed for a part should discuss these issues with casting 
experts as early as possible in the design process. With proper design and 
planning, the location of the fusion lines can usually be controlled as needed 
for appearance and functionality. 

As noted earlier in Chapter 3, "Polymer Processing," these DFM "rules" are 
not absolute, rigorous laws. If there are designs that have great advantages for 
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function or marketing, then those designs can be given special consideration. 
Manufacturing engineers can sometimes solve the problems that may be associ- 
ated with highly desirable functional but difficult to manufacture designs at a cost 
low enough to justify the benefit. 

However, relatively easy to manufacture designs should always be sought. 
More often than not, a design can be found that will be both efficient from a 
functional viewpoint and relatively easy to manufacture. 

6.7 SUMMARY 

This chapter has described some of the most common metal casting methods and 
materials used for the economical production of both complex parts (with sig- 
nificant levels of geometric detail) and simple parts (with little geometric detail). 
Included in this chapter was a discussion of design for manufacturing issues as 
they apply to the production of metal castings. The chapter concluded with a set 
of qualitative DFM guidelines for die casting. 
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QUESTIONS AND PROBLEMS 

6.1 

6.2 

6.3 

6.4 

As we saw in the previous chapter in the case of injection molding, as the 
production volume increased the unit cost of the part decreased. Would you 
expect the same to be true in die casting? Why? Would you also expect the 
same to be true in the case of sand casting? Explain. 
Explain the difference between an expendable mold and a permanent  mold. 
What are the advantages and disadvantages of each? 
Patterns are often made oversize to provide for so called "allowances." List 
three reasons why a pattern should be made oversize if a part is to be made 
as a sand casting. 
Quite often in the past consumer products made of plastic were considered 
to be low-quality products but those made of metal were considered to be 
high-quality products. Assume that you work for a company considering a 
switch from plastic to metal for some of the parts used in their top of the 
line products. As a result of this decision you have been asked to reexam- 
ine those parts discussed in Problems 3.1 to 3.6 under the assumption that 
the parts are to be die cast instead of injection molded. Would you change 
any of the recommendations you made earlier when you assumed the parts 
were to be injection molded? Explain! 
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6.5 Shown in Figure P6.5 are pictorial drawings of some of the thin-walled parts 
considered in Problem 6.4. Would you anticipate any difficulty in sand 
casting these parts? Explain. 

(a) (b) (c) 

(d) (e) 
FIGURE P6.5. 

6.6 For the same parts shown in Figure P6.5 would you anticipate any difficulty 
in creating these parts via investment casting? 



Chapter 7 

Die Casting: 
Total Relative Part Cost 

7.1 DIE CAST PART COSTSmOVERVIEW 

The processes of injection molding and die casting are very similar (see Figure 7.1). 
In both cases a melt is injected under pressure into a metal mold. The melt then 
cools, shrinks, and solidifies, taking on the shape of the mold. The mold then opens 
and the part is ejected. Because the processes are so similar, much of what has been 
said concerning the influence of part geometry and tolerance specifications on 
injection molding, tooling costs, and processing costs applies equally well to die 
casting. For example, molds should contain as few moving parts as possible, hence, 
the mold closure direction and the parting surface location are important and the 
part should be easy to eject (Figure 7.2). For ease of flow of the melt, be it an alloy 
or a resin, smooth paths and low flow resistance are important (Figure 7.3). Finally, 
thin uniformly thick walls are desirable to shorten cycle times and solidification. 

In die casting, as in injection molding, the three major cost components of a 
part are material cost, tooling cost, and processing cost. These three cost com- 
ponents are influenced, to varying degrees, by the geometry, size, and material of 
the part as well as by subsidiary factors such as part quality requirements. The 
same coding system for tooling costs applies, with only minor modifications, to 
die casting. 

The purpose of the sections that follow are to discuss the application of the 
previous coding systems and cost models to die casting. The definition of terms 
introduced earlier will not be repeated here. 

7.2 RELATIVE TOOLING COST 

7.2.1 Relative Tooling Construction Cost 

As in injection molding, tooling cost is a function of die construction cost and die 
material cost. Die construction cost in turn is a function of basic complexity, sub- 
sidiary complexity, and tolerance. Basic complexity itself depends on part size 
(small, medium, large), the number and type of undercuts present, and the parting 
surface location. Thus, as in the case of injection molding, the total relative mold 
construction cost is given by 

Cdc "- Cb CsCt (Equation 7.1) 

Figures 7.4 and 7.5, as well as Tables 7.1 and 7.2, apply to die casting and are used 
in precisely the same way that Figures 4.1 and 4.19, and Tables 4.1 and 4.2, are 
used for injection molding. 

127 
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FIGURE 7.1 A box-shaped part being injection molded and die cast. 
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FIGURE 7.2 Effects of  mold closure direction and parting line location on die complexity. 
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FIGURE 7.3 Effect of  part design on melt flow. 

As indicated in Figure 7.4, internal undercuts and internal threads generally 
cannot be die cast. This is due primarily to the combination of high temperatures, 
high pressure, and high injection velocities required for die casting. This combi- 
nation of temperatures, pressures, and velocities result in rapid wear of the form 
pins used to create internal undercuts that, in turn, creates excessive flash that is 
difficult and costly to remove. In addition to the problem of flash removal, in the 
case of internal threads, high shrinkage makes extraction of the thread-forming 
unit very difficult. 
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FIGURE 7.5 Cavity detail--die casting. (The numbers in parentheses refer to notes found 
in Chapter 4, Appendix 4.A.) 

Table 7.1 Subsidiary complexity rating, Cs, for die casting. (The numbers in 
parentheses refer to notes found in Chapter 4, Appendix 4.A.) 

Third 
Digit 

Fourth Digit 

Cavity 
Detail (6) 

Without With 
Extensive (7) Extensive (7) 
External External 
Undercuts (5) Undercuts (5) 

0 1 

Low 0 1.00 1.25 
Moderate 1 1.25 1.45 
High 2 1.60 1.75 
Very High 3 2.05 2.15 

All of the tooling used in die castings is produced with essentially the same 
surface finish. The effect of molten metal on the surface of the dies is such that 
deterioration of the surface occurs so quickly that various grades of surface finish 
are unwarranted. Thus, while the part itself may have different levels of surface 
quality (as will be explained later in Sections 7.6 and 7.7), all of the tooling is 
produced with the same surface finish. This fact is reflected in Table 7.2. 

7.2.2 Relative Mold Material Cost 

As in the case of injection molding, most of the tooling used to produce die cast- 
ings is composed of pre-engineered, standardized mold base assemblies and com- 
ponents. Thus, the equations and curves developed earlier (Section 4.8) for the 
determination of the relative mold material cost, Cdm, are equally applicable here. 
For convenience, most of Section 4.8 is repeated below. 

To compute the total relative tooling costs, we must be able to estimate the 
mold material cost as well as its construction costs. This is relatively easy to do 
from a knowledge of the approximate size of a par t - -which  in turn dictates the 
required size of the mold. 
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Table 7.2 Tolerance rating, Ct, for die casting. 

Fifth 
Digit 

Sixth Digit 

Commercial Tight 
Tolerance, Ta Tolerance, Ta 

0 1 

Surface 0 
Finish, Ra 1 1.00 1.05 

2 
3 

 iiiiiiiiili 

Mws r Mwf 

'Oir$ 

Rtt 

Moving 

K 
Mt= 2Mwf+ H m 

FIGURE 7.6 

bush 

l half  

Mold dimensions for two-plate mold. 

Referring to Figure 7.6, we define the following mold dimensions: 

Mws = Thickness of the mold's side walls (mm) 
Mwf = Thickness of the core plate (mm) 

Lm and Bm = The length and width of the part in a direction normal to the 
mold closure direction (mm) 

Hm = The height of the part in the direction of mold closure (mm) 
(Hm not necessarily equal to H) 

Mt = The required thickness of the mold base (mm) 

With these definitions, the following equations can be used sequentially to deter- 
mine the projected area of the mold base, Ma, and the required thickness of the 
mold base, Mt, which in turn are used to obtain the relative mold material cost 
(Cdm) from Figure 7.8. 
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FIGURE 7.8 Relative die material cost. 

C = value obtained from Figure 7.7. 

Mws = [0.006CHm4] 1/3 

Mwf = 0.04 Lm 4/3 

M a = ( 2 M w s - - [ -  t m ) ( 2 M w s - - [ -  B m )  

Mt = (Hm + 2Mwf ) 

Cdm = value obtained from Figure 7.8 

(Equation 7.2) 

(Equation 7.3) 

(Equation 7.4) 

(Equation 7.5) 

7.2.3 Total Relative Mold Cost 

The total relative mold cost of a part, Cd, is given by the expression 

C d  "-  0 . 8 C d c  "[- 0.2Cdm (Equation 7.6) 

where C d is the total mold cost of a part  relative to the mold cost of the standard 
part, Coo is the mold construction cost relative to the standard, and Cam is the 
mold material cost relative to the mold material cost of the standard part. 
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m every boss 
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1 0 f  Note: All dimensions in mm 

FIGURE 7.9 Original design for Example 7.1. 

7.3 EXAMPLE 7.1IRELATIVE TOOLING COST FOR 
A DIE-CAST PART 

7.3.1 The Part 

As an example, we consider the part shown in Figure 7.9. Although the wall thick- 
ness of the part is specified along with the boss height and boss thickness, for 
an evaluation of the relative tooling cost of the part these dimensions are not 
necessary. 

7.3.2 Relative Tool Construction Cost 

Basic Complexity 
In this example, the length of the projections parallel to the surface of the part, 
c, is 10mm. The ratio of c to the envelope dimension parallel to c is less than 1/3 
and so the projections are considered isolated projections of small volume. Con- 
sequently, the dimensions of the basic envelope are 

L = 1 6 0 m m ,  B = 1 3 0 m m ,  H = 1 0 m m  

Since L/H is greater than 4, the part is flat. 
The direction of mold closure is in the direction normal to the LB plane; thus 

a planar dividing surface exists for the principal shape of the part. 
No internal undercuts are present, the part has a planar dividing surface, the 

peripheral height from that dividing surface is constant, and the part is in one- 
half. Thus, the first digit is 0. 

There are no external undercuts and L is less than 250 mm. Hence, the second 
digit is also 0. 

Thus, from Figure 7.1, the basic mold manufacturability cost, Cb, is 1.00. 

Subsidiary Complexity 
There are 8 radial ribs (24 penalty points), 1 concentric rib (3 penalty points), 3 
hollow bosses (9 penalty point), and 1 circular hole (2 penalty point). Although 
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it is not indicated in the above drawing, there is lettering on the underside of 
the part (1 penalty points). Consequently, cavity detail is high, and the third 
digit is 2. 

Since no external undercuts are present, the fourth digit is 0. 
Thus the multiplying factor, Cs, due to subsidiary complexity, is 1.60. 

Tolerance 

Commercial tolerances are used; thus, C t is 1.00. 

Total Relative Mold Construction Cost, Cdc 

C d c  = C b e s C  t "- 1.00(1.60)(1) = 1.60 

7.3.3 Relative Mold Material Cost 

From Figure 7.7, for Lm/Hm (160/13) of 12.3, C is 0.14. Thus, the thickness of the 
mold wall is 

Mws = [ 0 . 0 0 6 C H m 4 ]  1/3-" [0.006(0.14)(13)4] 1/3= 2.9mm 

and the thickness of the base is 

Mwf = 0 . 0 4  Lm 4/3 = 0 . 0 4  (160) 4/3 = 3 4 . 7  mm 

Consequently, the projected area of the mold base is 

M a = [2(2.9) + 160][2(2.9) + 132] = 22,847mm 2 

and the required plate height is 

M t  = [13 + 2(34.7)] = 82.4 mm 

Hence, from Figure 7.8, the relative die material cost, Cdm , for this part is approx- 
imately 1.2. 

7.3.4 Total Relative Mold Cost 

Cd = 0 .8Cdc + 0.2Cdm = 0.8(1.60) + 0.2(1.2) = 1.52 

7.3.5 Redesign Suggestions 

Die manufacturability costs can be reduced if the cavity detail can be reduced. 
For example, if the radial ribs are removed the cavity detail would be 
reduced from high to moderate, and Cs would become 1.25. The total relative 
mold construction cost, Cac, then becomes 1.25. This is a 22% reduction in die 
construction costs. 

7.4 WORKSHEET FOR RELATIVE TOOLING COST 

The determination of the relative die construction costs, the relative die material 
costs, and the overall relative die costs is a straightforward, though sometimes 
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cumbersome, procedure. The Worksheet introduced in Chapter 4 for injection 
molding can also be used here for die casting. A blank version of the worksheet 
is shown in Appendix 4.B. 

7.5 PROCESSING COSTSmOVERVIEW 

As has already been stated, the processes of injection molding and die 
casting are somewhat similar. In fact, they are sufficiently similar that the 
classification system for the determination of relative cycle time developed 
for injection molding, with only minor modifications, is applicable to die 
casting. 

As in the case of injection molding, cycle time, hence processing costs, is 
more a function of localized features and details than of overall part geometry. 
Once again parts are classified as partitionable or non-partitionable (see 
Figure 7.10). In addition, as in the case of injection molding, for those parts 
that can be partitioned into elemental plates, machine cycle time is affected 
by: 

1. Whether or not the part is slender, 
2. Maximum plate or wall thickness, 
3. The type of elemental plate (framed, grilled, etc), 
4. The type of subsidiary features (significant ribs, significant bosses, multidi- 

rectional ribs, presence of gusset plates on projections), and, unlike the case 
of injection molding, 

5. Whether or not the elemental plate is an internal (difficult to cool) plate or 
external (easy to cool) plate. 

In addition, unlike injection molding, wall thicknesses up to 14 mm are commonly 
die cast. 

Figure 7.11 shows the part-coding system and database used to account for 
the above factors on machine cycle time for die-cast parts. 

7.6 PRODUCTION YIELD AND EFFECTIVE 
CYCLE TIME 

As in all manufacturing situations, production yield is defined as the percentage 
of acceptable parts produced in a given period of time. As in injection molding, 

[ 0 

[ 0 

Part decomposed into 
elemental plates 

Difficult to cool 

FIGURE 7.10 Partitionable (part on the left) and non-partitionable parts due to difficult to cool feature (part 
in the center) or complex geometry (part on the right). 
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surface "quality" requirements of a part are the main cause for variations in part 
yield. A low production yield reduces the number of acceptable parts that are 
produced in a given time, and thus increases the "effective cycle time" to some 
value that is higher than the actual machine cycle time. 

In die casting, as in injection molding, mold temperatures affect the surface 
quality of a part. Cool molds result in parts with more visible flaws such as blis- 
ters (Figure 7.12), flow lines (Figure 7.13), and others, and result in a shorter cycle 
time. Hot molds yield a smoother more flaw-free surface (Figure 7.14) and result 

FIGURE 7.12 Die-cast part with blistering. 

FIGURE 7.13 Die-cast part with flow lines. 

FIGURE 7.14 Die-cast part with no blisters or flow lines. 
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in a longer cycle time. In addition, and more importantly, high surface quality 
requirements may greatly reduce production yield because of a higher rejection 
rate due to visible sink marks, flow (jet) lines, and other surface flaws. 

Part yield is also influenced by part tolerance requirements. Part yield 
decreases--and effective cycle time increases--when part tolerances are difficult 
to hold. Tolerances are discussed in more detail below. 

7.7 SURFACE FINISH 

Although a standard surface smoothness is produced on tooling when it is con- 
structed, the surface of the parts produced from the tooling can vary, as explained 
above in Section 7.6, due to diverse operating conditions. In addition, die age and 
die temperature can have serious effects on the as-cast surface finish of the result- 
ing part. 

As-cast surface finish requirements can be divided into three categories: 
mechanical grade, paint grade, and high grade. 

A mechanical grade surface is one where all surface defects are acceptable. 
Such parts are generally used in a location where appearance is not important. 
A mechanical grade surface is also acceptable if the part is to be subjected to a 
secondary operation, such as barrel tumbling, which modifies the original surface 
and completely obscures any initial defects. 

A paint grade surface requirement refers to a part on which minor surface 
defects are allowable. Parts with paint grade surface finish are generally painted 
to make the surface defects less noticeable. Parts whose strength would be 
reduced to an unacceptable level if produced with a mechanical grade finish are 
sometimes upgraded to paint grade and left unpainted. Once again such parts 
are generally used in a location where appearance is not important. 

A high grade surface finish is one in which no surface defects are acceptable. 
These parts are generally subjected to a secondary plating operation that would 
make surface flaws highly noticeable. 

7.8 PART TOLERANCES 

An industry standard exists for dimensional tolerances. This standard was pre- 
pared by the American Die Casting Institute. To determine whether the toler- 
ances specified are tight or commercial, one must refer to the data published by 
this Institute. No industrywide standard exists for geometrical tolerances. 

Part yield is influenced by part tolerance requirements. Part yield decreases 
when part tolerances are difficult to hold. Part tolerances that are difficult to hold 
in injection moldings are also difficult to hold in die casting. Thus, the presence 
of external undercuts, nonuniform wall thickness, unsupported projections, and 
walls make part tolerances difficult to hold. In addition, the specification of tol- 
erances across the parting surface of the dies, as well as the specification of more 
than three tight or five commercial tolerances, makes tolerances difficult to hold. 

As is always the case, tolerances should be specified only where absolutely 
necessary. As the number of tolerances to be held increases, molders and die 
casters have difficulty in maintaining these tolerances and the proportion of 
defective parts produced increases. In general, molders and die casters can rou- 
tinely hold two or three tolerances and have difficulty in maintaining five or six 
tolerances. 

Tables 7.3 and 7.4 provide the part coding system and database used to 
account for the effect of part surface finish and tolerance on the relative cycle 
time of aluminum die castings. 
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Table 7.3 Additional relative time, te, due to inserts. Note 
12 can be found in Chapter 5, Appendix 5.A. 

Third Digit 
Parts without cast-in inserts (12) 0 0.0 
Parts with cast-in inserts (12) 1 0.5* 

*Per insert 

Table 7.4 Time penalty, tp, due to surface requirements and tolerances. Note 14 can be 
found in Chapter 5, Appendix 5.A. 

Fourth 
Digit 

Fifth Digit 

Cast Mechanical Grade 0 
surface Paint Grade 1 
finish High Quality 2 

Tolerances 
not difficult 
to hold (14) 

0 

1.00 
1.11 
1.16 

Tolerances 
difficult to 
hold (14) 

1 

1.05 
1.16 
1.22 

7.9 EXAMPLE 7.2INDETERMINATION OF RELATIVE 
CYCLE TIME FOR A PARTITIONABLE PART 

7.9.1 The Part 

The part is shown in Figure 7.9. All of the necessary part dimensions, wall thick- 
ness, rib and boss sizes, and other specifications are specified. In addition, the part 
requires a high-grade surface finish since it is to be subjected to a secondary 
plating operation by the customer. The part also contains three cast-in inserts. 

7.9.2 Part Partitioning 

The part shown in Figure 7.9 consists of a single elemental plate and thus no par- 
titioning is needed. 

7.9.3 Relative Cycle Time 

Basic Machine Cycle Time 

As in Example 7.1 in Section 7.3, neglecting the three isolated projections of small 
volume, the dimensions of the basic envelope of this part are: 

L = 1 6 0 ,  B = 1 3 0 ,  H = 1 0  

Since the part is straight, then the unbent  dimensions Lu and Bu are equal to L 
and B, respectively. Thus, Lu/Bu < 10, and the plate is non-slender, N. 

The length, 1, the width, b, and the height, h, of each projection (boss) are 
10mm, 1.8mm, and 13 mm, respectively. The plate thickness w is 2.2mm. Thus, 
h/w > 3, and the projections are considered significant bosses. Since the boss 
thickness is less than the wall thickness and the bosses are not supported by 
gusset plates, the first digit is 6. 

The nominal plate thickness is 2.2 mm, hence the second digit is 2. The plate, 
as discussed in Section 5.4, is an external plate, thus the basic code is N62E and 
the basic relative machine cycle time, tb, is 2.24. 
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Inserts 

There are three cast-in inserts. Hence, the third digit is 1 and the relative extra 
mold opening time, te, is 0.5 per insert or 1.5 for the part. 

Surface Finish/Tolerances 

Since a high-grade surface finish is required, the fourth digit is 2. Because the 
bosses are unsupported it is difficult to hold tolerances between them, hence, the 
fifth digit is 1 and the production penalty, tp, is 1.22. 

Relative Effective Cycle Time 

The relative effective cycle time for the original design is, 

tr = (tb + te)tp = (2.24 + 1.5)(1.22) = 4.56 

7.9.4 Redesign Suggestions 

The relative cycle time can be reduced in several ways. One method is to provide 
gusset plates to support the bosses. In this case the basic code becomes N52E 
and the fifth digit becomes 0. Better still, the bosses could be redesigned so 
that they are no longer significant. The basic code then becomes N42E and tb 
becomes 2.12. In this case the fifth digit is still 0 and tr becomes 4.20---about an 
8% reduction. 

A more significant method for reducing the relative cycle time would be to 
remove the cast-in inserts. If this is done, te is reduced to 0 and the relative effec- 
tive cycle time becomes 2.46, about a 46% reduction. 

7.10 TOTAL RELATIVE PART COST 

As in the case of injection molding, the total production cost of a die casting is 

Kd 
Kt = Km + + Ke (Equation 7.7) 

N 

where Km represents the material cost of the part, Kd represents the total cost of 
the tool, N represents the number of parts, or production volume, to be produced 
using that tool, and Ke represents the processing cost. 

The total cost of the part relative to the cost of the reference part, Cr, is given 
by Equation 5.11, or 

Cr = Cmfm + (Cd/N)fa + Cefe (Equation 7.8) 

where 

Cm = Km/Kmo, 
Cd = KJKdo, 

Ce = Ke/Keo 

and Cm, Cd, and Ce represent the material cost, tooling cost, and processing cost 
of a part relative to the reference part. The reference part in this case is an alu- 
minum die casting, a washer, whose OD - 65 mm and ID - 55 mm, and whose 
thickness is 2 mm. 

The values of fm, fd, and fe represent the ratio of the material cost, tooling 
cost, and processing cost of the reference part to the total manufacturing cost of 
the reference part, that is 
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fd = Kdo/Ko, and 

fe = K~o/Ko 

As in the case of injection molding, the values for Cd, Ce, and C m a r e  obtained 
from the following expressions, namely, 

Ca = 0.8Cdc + 0.2Cdm (Equation 7.9) 

Ce -- t rChr  (Equation 7.10) 

C m = ( V / W o ) f m r  (Equation 7.11) 

The values for Cdc and Cdm a re  obtained by the methods discussed in Section 7.2, 
while the value of tr is obtained by use of the method illustrated in Example 7.2 
in Section 7.9. The values for Chr for die-casting machines is obtained from 
Table 7.5. 

Since, in general, the vast majority of die castings used for nondecorative 
purposes are made of aluminum, the only material considered here and the only 
material for which the database contained in Figure 7.4 is applicable to is alu- 
minum. Thus, Cmr = 1 and 

C m = g / v  o (Equation 7.12) 

Table 7.6 contains some relevant data for the reference part. Using that data, 
the cost of the reference die-cast part, in dollars, can be shown to be 

Ko = 0.311 + 6980/No (dollars) 

where the first term is the sum of the material and processing costs for the ref- 
erence part and the second term is the tooling cost for the reference part. Once 
again it is seen that at low-production volumes most of the cost is due to the cost 
of the tooling and that at very high production volumes, the cost is due primar- 

Table 7.5 Machine tonnage and relative hourly rate for 
die-casting machines. (Data obtained from the die-casting 
industry, June, 1989.) 

Machine Tonnage Relative Hourly Rate, Chr 

<100 1.00 
100-199 1.05 
200-299 1.08 
300-399 1.12 
400--499 1.17 
500-599 1.21 
600-699 1.26 
700-799 1.29 
800-899 1.33 
900-999 1.38 
1000-1199 1.45 
1200-1499 1.59 
>1500 1.73 
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Table 7.6 Relevant data for the reference part. 

Part Material Aluminum 

Material Cost 0.0006 cents/mm 3 
Part Vol., Vo 1885 m m  3 

Die Mat. Cost $980 
Die Const. Time 200 hours 
Labor Rate, Die Const $30/hr 
Cycle Time 17.23 s 
Die Cast Machine, Hourly Rate $62.57/hr 

ily to material and processing costs. When N approaches infinity the cost of the 
reference part approaches $0.31. Thus, as expected, the cost of the reference part 
depends upon its production volume. 

As in the case of injection molding, the main concern here is the com- 
parison of alternative designs for a given part. Hence, the actual cost of the 
reference part is not important. For this reason it becomes convenient to obtain 
the relative cost of a part with respect to the standard part when its total pro- 
duction cost, Ko, is $1. For this particular reference part Ko is $1 when the pro- 
duction volume is 10,127. At this production volume the values of fm, fe, and fa 
become 

fm = Kmo/Ko = 0.0113 

fe = Keo/Ko = 0.2995 

fd = Kdo/Ko = 6980 

and 

Cr  ~- 0.0113Cm + (6980/N)Cd + 0.2995Ce (Equation 7.13) 

7.11 EXAMPLE 7.3--DETERMINATION OF THE 
TOTAL RELATIVE PART COST 

For the part considered earlier in Figure 7.9 it was found, in Section 7.3, that the 
relative tool cost for the part is Cd = 1.52. In addition, it was also found that the 
relative cycle time for the part is tr = 4.56. 

The volume of the part is about 52,000mm 3 hence, 

Cm = V / g o  = 52,000/1885 = 2 7 . 6  

As in injection molding, the press tonnage required is given by the expression 

Fp = 0.005Ap 

where it is assumed that Ap is in mm 2. In this case Ap = 20,000mm 2, thus, 

Fp = 100tons 

and, from Table 7.6, Chr = 1.05. Thus, 
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P r o d u c t i o n  V o l u m e  = 1 O, 0 0 0  

From Equation 7.13, for a production volume of 10,000 

C r  = 0.0113(27.6) + (6980/10,000)(1.52) + 0.2995(4.56) = 2.74 

If the part is redesigned as discussed in Section 7.3 and 7.9, then Cd = 1.24, 
tr = 2.46, and Ce = 2.58. Thus, 

Cr = 0.0113(27.6) + (6980/10,000)(1.24) + 0.2995(2.58) = 1.95 

This is an overall savings of some 30% in piece part cost. 

Production Volume = 100, 0 0 0  

If the production volume of the original part is 100,000 pieces, then 

Cr = 0.0113(27.6) + (6980/10,000)(1.52) + 0.2995(4.56) = 1.78 

For the redesigned part, 

C r  : 0.0113(27.6) + (6980/100,000)(1.24) + 0.2995(2.58) = 1.17 

Thus, for a production volume of 100,000 parts, the overall savings in part cost is 
almost 34%. This increase in savings is due to the fact that the redesign of the 
part reduced the relative cycle time. Thus, as the production volume increased, 
the overall savings also increased. 

7.12 WORKSHEET FOR RELATIVE PROCESSING 
COST AND TOTAL RELATIVE PART COST 

To facilitate the calculation of the relative processing cost and the overall rela- 
tive part cost, the worksheet introduced in Chapter 5, "Injection Molding: Total 
Relative Part Cost," for injection molding can also be used here, with two small 
changes, for die casting. The two changes required to the worksheet are changes 
in the coefficients of Cm and Ce. The correct coefficients for die casting can be 
found in Equation 7.13. A blank copy of the worksheet is available in Appendix 
5.B, and may be reproduced for use with this book. 

7.13 SUMMARY 

This chapter has described a systematic approach for calling designers' attention 
to those features of a die casting which tend to increase the cost to manufacture 
par ts--and for estimating the relative tooling costs, processing costs, material 
costs, and the overall part cost. The system is quite similar to the one for injec- 
tion molding and highlights those features that significantly increase cost so that 
designers can minimize difficult to produce features. 
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QUESTIONS AND PROBLEMS 

7.1 

7.2 

7.3 

7.4 

As part of the same training program discussed in Problem 4.1 of Chapter 
4, you are in the process of explaining to some new hires at DFM.com that 
the tool construction cost of die-cast parts is a function of what you have 
called the basic complexity of the part. Explain in detail exactly which fea- 
tures of a part affect the basic complexity of a die casting. 
As a continuation of Problem 7.1, imagine that you are in the process of 
comparing the basic complexity of both die-cast parts and injection- 
molded parts. During this particular session, a trainee asks if there are any 
features that in theory can be die cast or injection molded but for practi- 
cal reasons should be avoided. How would you respond to this question? 
In addition to the basic complexity of a part discussed in Problem 7.1, what 
other factors affect the tool construction costs of a die-cast part? 
Describe the differences, if any, between those factors that affect the tool 
construction costs of die-cast parts and those factors that affect the tool 
construction costs of injection-molded parts. 
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As a continuation of Problem 5.4 in Chapter 5, assume that you are con- 
sidering changing the component, which is presently made of nylon 6 in a 
mold having an SPI finish of 3, to an aluminum die casting. Estimate and 
compare the relative cycle times and the total cycle times for the two alter- 
native designs. Assume that the die casting is to be of paint quality. 

5.4 

71 3.4 

i f / / / / / /  

/ / / / / /  

A-A 

l I II I 
I II I 70 

1 I II I 
I II I Note: All dimensions inmm 

FIGURE P7.5 

7.6 

7.7 

Assume that you are considering two possible designs for the part shown 
in Figure P7.5. In one case the part is to be made of nylon 6 in a mold 
having an SPI finish of 3 (see Problem 5.4), and in the other case the part 
is to be made as a paint-quality die-cast aluminum part (see Exercise 7.5). 
Assuming that the total cost of the reference part in each case is $1, which 
part is less costly to produce at a production volume of 10,000? Which part 
is less costly to produce at a production volume of 100,000? What are the 
limitations to the calculations made to determine the total part cost in this 
exercise? 
Assume that the part shown in Figure P7.7 is to be an aluminum die 
casting. Determine the relative cycle time for the part under the assump- 
tion that it is to be produced with a paint-grade finish. 

FIGURE P7.7 



146 Design for Manufacturing 

7.8 The aluminum die-cast part shown in Figure P7.8 was originally produced 
with a mechanical grade finish. What would you estimate to be the per- 
centage increase in cost to produce the part if it is to be produced with a 
high-quality finish at a production volume of 25,000? Assume that the 
maximum wall thickness of the part is 5 mm. 

I 130mm 1 

90 mm 

~- -: ~ ~ ~ } 0  ~~-----3_~50 mm 

FIGURE P7.8 

7.9 

7.10 

A study of Figure 5.2 and Figure 7.11 shows that the group technology- 
based coding system for injection-molded parts and die castings is essen- 
tially the same. These figures also show that the relative cycle time database 
for injection moldings is higher than those for a geometrically equivalent 
die casting. This difference is particularly true as the parts become more 
difficult to cool. Does this seem reasonable? Explain! 
For Example 7.3 it was assumed that the cycle time for the reference part, 
to, is 17.23 s (see Table 7.6). Suppose that the cycle time to is in fact 10s. If 
this is the case, what would be the reduction in costs between the original 
design and the redesign for the part analyzed in Example 7.3 at produc- 
tion volumes of 10,000 and 100,000? 



Chapter 8 
Sheet-Metal Forming 

8.1 INTRODUCTION 

From your previous study of materials you are probably aware that properties 
of metal alloys are accompanied by such terms as cast and wrought. Cast metals 
are those metals that have been formed by casting. Wrought metals are those 
that have been formed by such bulk deformation processes as rolling, drawing, 
extruding, or forging (see Chapter 11, "Other Metal Shaping Processes"). 

In Chapter 6, "Metal Casting Processes," we discussed various casting 
processes. In this chapter we will be discussing sheet-metal forming in which 
wrought metals, formed by rolling, are used to produce thin-walled parts. 

Sheet-metal forming consists of two broad categories, namely, stamping and 
fabricating. Stamping is a process in which thin-walled metal parts (less than 
about 6.25 mm or 0.25 inches) are shaped by means of punches and dies driven 
by mechanical or hydraulic presses. Examples of parts made by stamping are can 
openers, fan blades, pulleys, ash trays, razor blades, buckles, kitchen utensils, cans, 
bottle caps, range tops, and other items. Stamping is also used to produce a wide 
variety of parts for machines, power tools, appliances, automobiles, hardware, 
office equipment, electrical equipment, and clothing. 

Fabricating is a process of forming thick-walled parts (greater than about 
6.25 mm or 0.25 inches) or large thin-walled parts using single or compound dies 
with or without non-press operations. 

8.2 THE STAMPING PROCESS 

Stamping can be divided into two broad categories of press operations: 

1. Shearing or cutting operations (Figure 8.1) in which holes, slots, grooves, and 
other features are created by exceeding the shear strength of the material; 
and 

2. Non-shearing operations such as forming (Figure 8.2), drawing (Figure 
8.3), bending (Figure 8.4), and other operations in which various shapes 
are created by exceeding the tensile or compressive strength of the 
material. 

Shearing is carried out by cutting a sheet that has been placed between a 
sharp punch and sharp die (Figure 8.5) where the die imposes a rapid, high shear- 
ing stress to the sheet. Shearing can be used for several purposes: 

1. To produce blanks, which are then subjected to further shearing, bending, 
and/or forming; 

2. To produce features such as holes, slots, notches, perforations, and lances; 

147 
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FIGURE 8.2 Radius form features created using one or more large radius punch and die 
sets. 

Shallow draw 

A shallow drawn part created using one or more drawing operations. 

3. To separate and remove a part from a strip of sheet metal; and 
4. To trim and slit a part for size control. 

To be certain that shearing, and not drawing or bending, occurs, the clearance 
between the die and punch must be less than the sheet thickness. 

Bending is done using a matched punch and die set (Figure 8.6) or, as is more 
commonly the case, by using a descending punch to fold or "wipe" the workpiece 
over the edge of the die (Figure 8.7). 
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FIGURE 8.7 Bending about a straight line using wipe down forming. Wipe up is also 
sometimes used. 
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FIGURE 8.8 An illustration of a deep drawing operation using a circular blank to create 
a cup-shaped part. 
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FIGURF 8.9 A three-station drawing operation. 

Drawing is a forming operation in which a punch draws a thin flat circular 
blank of diameter Db into a die to form a recessed cup whose inner diameter Dp 
is equal to that of the punch (Figure 8.8). Drawing is used to form such products 
as pots and pans, beverage containers, bottle caps, fire extinguishers, and other 
items. To prevent shearing during the drawing process, the punch and dies are 
provided with rounded corners and the clearance between the punch and die is 
greater than the sheet thickness. 

During drawing the flange is subjected to compressive hoop stresses as the 
blank is drawn into the die while the cup is subjected to tensile stresses. If 
the tensile stresses become too large, failure occurs in the form of tearing near 
the bottom of the cup. In order to prevent failure, several drawing operations are 
used to produce the cup (Figure 8.9). Since the wall thickness of the cup is usually 
not uniform, ironing is often used as the final station of a drawing operation. In 
the case of ironing, the clearance between the die and the punch is less than the 
sheet thickness of the cup. This final operation, not shown in Figure 8.9, is used 
to produce a cup with a thinner more uniform wall thickness. 
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FIGURE 8.11 Two examples of stretch forming. Stretch draw forming is shown in (a) 
while rotary stretch wrapping is shown in (b). 

Embossing is a forming operation used to form beads, ribs, and lettering by 
use of shallow indentations (draws) (Figure 8.10). 

8.3 STRETCH FORMING 

Stretch forming is a process used to shape a sheet or bar of uniform cross-section, 
by stretching the sheet or bar over a block or die of the desired shape while 
holding it in tension. Stretch forming is used extensively in the aerospace indus- 
try to produce parts with a large radius of curvature and in the auto industry to 
sometimes shape body panels. Figure 8.11 shows two forms of stretch forming, 
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FIGURE 8.12 Conventional spinning. 

namely, stretch drawing (Figure 8.11a) and stretch wrapping (Figure 8.11b). In 
stretch forming the workpiece is placed in tension by stretching it over a block 
that contains the desired shape. In the case of stretch drawing the workpiece is 
held in tension by grippers. A form block, attached to a piston, gives the work- 
piece its shape. 

In rotary stretch forming, sometimes called stretch wrapping, the workpiece 
is placed in tension with just enough force to exceed the yield strength of the 
material. The form block is then revolved into the workpiece to form the desired 
shape. 

For more details concerning this process the reader should consult ASM 
Metals Handbook, Vol. 14. 

8.4 SPINNING 

Spinning is a process used to form sheet metal or tubes into seamless, hollow, 
rotationally symmetric shapes such as cylinders, cones, and hemispheres, for 
example. Conventional spinning, sometimes referred to as manual spinning, is 
carried out on a lathe (Figure 8.12). The blank or workpiece is attached to a 
mandrel which in turn is connected to the headstock of the lathe (see also 
Chapter 11, "Other Metal Shaping Processes"). As the headstock rotates a tool 
lubricated with grease, soap, or waxes forces the workpiece against the mandrel. 
The thickness of the finished workpiece is essentially the same as that of the 
blank. 

Manual spinning was originally used primarily for the production of house- 
hold utensils of tin, silver, and aluminum. Today almost all metals can be spun 
but some may require several stages in order to produce the final shape and some 
alloys may require mechanical assistance. Musical instruments, missile bodies, 
truck wheel discs, and jet engine compressor cases are examples of spun parts. 

Figures 8.13 and 8.14 show two examples of power or shear spinning. Power 
spinning is used primarily for the production of cones and tubes. In cone spin- 
ning (Figure 8.13) a roller shears the workpiece so that each element remains at 
the same distance from the spin axis. 

Compared with other sheet-metal forming processes, such as stamping, the 
tooling costs for spinning are less, setup time is shorter, and design changes can 
generally be made at lower cost. However, manual spinning requires highly 
skilled operators and the rates of production are low. 

Although sheet-metal forming operations such as stretch forming, spinning, 
and others are extensively used, from the point of view of consumer products, 
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FIGURE 8.13 Cone spinning. 
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FIGURE 8.14 Tube spinning. 

the stamping operations are the ones most commonly encountered.  For this 
reason the emphasis on the remainder  of this chapter is on stamping. For more 
details on spinning as well as other sheet-metal forming processes the reader  is 
encouraged to consult ASM Metals Handbook, Vol. 14. 

8.5 STAMPING DIES 

A stamping die is a collection of parts mounted on a press used to produce a 
part. Although each die is custom-made to produce a given part, many die com- 
ponents are identical or similar. In this section we will concentrate on dies; in the 
next section we will discuss more about presses. 

Most stampings require a series of operations. These operations can be carried 
out using a single die, called a progressive die, or on compound or combination 
dies. Progressive dies are divided into sections (called stations) that perform mul- 
tiple operations with each stroke of the press (Figure 8.15). The part  is carried 
from station to station by the stock strip that is left attached to the part  through- 
out the operation. As the part  moves forward it is positively positioned in each 
workstation. The part is cut out or separated from the strip in the final station. 

A compound or combination die is essentially a single station die that 
performs two or more operations (one inside of the other) with each stroke of 
the press. 
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FIGURE 8.15 Production of  a washer using a progresstve die. 
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FIGURE 8.16 Production of  a washer using a compound die. 

Figure 8.15 shows a two-station progressive die used for producing a flat 
washer. At station 1 the inner hole of the washer is punched, and at station 2 the 
washer is separated from the strip. A top view of the strip as it moves from right 
to left is shown below the die holder. Figure 8.16 shows a compound die used to 
produce the same washer. 

The geometric configuration of most stampings is such that the part cannot 
be made in a single compound die. Thus, in addition to the compound die, addi- 
tional dies, referred to as secondary dies, are needed to perform such operations 
as bending, trimming, or other such operations on a part that has already been 
blanked and pierced. Hence, the use of compound dies usually requires the use 
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FIGURE 8.17 Typical die set used for stamping. 

of secondary dies along with "secondary" presses. A progressive die needs only 
one press. Thus, when annual production volume is high (greater than 50,000 
parts) and part geometry permits, progressive dies tend to be used. When annual 
production volume is low (20,000 parts) or part geometry is such that bends, 
forms, or hemming occurs around the entire periphery necessitating the use of 
precut blanks, then compound dies tend to be used. For medium-production 
volumes both progressive and compound dies are used. 

Most stamping operations are carried out on parts less than 200mm in size 
using progressive dies. Large parts are not usually produced on progressive dies 
because the size of the die becomes exorbitantly large. 

Compound dies are used primarily for flat blanks. The process "simultane- 
ously" performs piercing of the inside holes and features together with blanking 
of the outside periphery. Figure 8.16 shows a stamped washer produced using a 
compound die and one station. 

Figure 8.17 shows a typical die set consisting of a stationary lower plate 
(called the die holder) to which the dies are attached, a movable upper plate 
to which the punches are attached (called the punch holder), and two sets of 
precisely fitted guide posts and guide bushings. Such units can be commercially 
purchased in various sizes and shapes. 

Figure 8.18 shows a simplified version of a progressive die assembly includ- 
ing the die set, punches, punch plate (which holds the punches and is attached to 
the punch holder), dies (in this case in the form of a die block), and a stripper 
plate for producing a link. A top view of the strip as it moves from right to left 
is also shown in Figure 8.18. 

When the part geometry is such that the workpiece cannot remain attached 
to the strip, transfer dies are used. With transfer dies, a blank is transferred from 
station to station by equipment built into or mounted on the press itself. As an 
example, imagine the link shown in Figure 8.18 with all its edges curled. In this 
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FIGURE 8.18 Die assembly for producing a link using a progressive die. 

case the curls cannot be formed with the part attached to a strip. Hence, precut 
flat blanks that have been formed in another press, and which conform to the 
peripheral geometry of the part, are hand-loaded into a magazine. A set of trans- 
fer arms removes the part from the magazine and places it into the first station 
of the die. The part is then transferred from station to station as successive opera- 
tions are performed. 

8.6 STAMPING PRESSES 

In order to appreciate the relative importance of tooling and processing costs for 
a stamped part, it is necessary for designers to understand the basic operations 
of the presses used. 

All stamping presses contain a frame and bed, a ram or slide, a drive for the 
ram, and a power source and transmission. Power is supplied either mechanically 
or hydraulically (see A S M  Metals Handbook). 

Figure 8.19 shows a single-action (one ram) mechanical, open (C-frame) 
press. The bed, which forms the lower part of the frame, supports a bolster plate 
that in turn is used to support the die. T-slots in the top surface of the bolster 
plate are used when clamping the die to the plate. The ram holds the punch and, 
for a mechanical press, has a fixed stroke. 
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Two basic frame types are available for mechanical presses: straight-sided 
presses with closed frames and four posts (Figure 8.20), and gap or C-frame 
(Figure 8.19). Although straight-sided presses are stiffer and deflect less than gap- 
frame presses, the dies are accessible only from the front or rear of the press. 

In most mechanical presses a flywheel is used to store the energy required 
for the operation. The flywheel runs continuously, engaged by a clutch only when 
a press stroke is needed. Slider crank mechanisms, gears, eccentric shafts, and 
toggle mechanisms are used to convert the rotary motion of the flywheel to the 
straight-line motion of the ram. 

A pressurized fluid, usually oil, provides the source of power for hydraulic 
presses by acting against one or more pistons. Unlike mechanical presses, whose 
driving force varies with the length of the stroke, the full force of the hydrauli- 
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cally driven pistons can be provided over the entire length of the stroke. Thus, 
for operations such as deep drawing where the maximum force is required at the 
beginning of the draw, hydraulic presses are used. In addition, the stroke length 
and force of hydraulic presses can be easily changed. 

On the other hand, hydraulic presses are slow compared to mechanical 
presses. For example, a 150-ton mechanical press can easily operate at 40 strokes 
per minute. An equivalent hydraulic press rated at 100 tons can operate at only 
12 strokes per minute. (When steady operation is established, each stroke will 
produce a finished part.) 

Some presses are single-action type, having only one ram, and others are 
double- or triple-action types. A double-action press has a ram within a ram. The 
outer ram descends first to seat the material. The majority of hydraulic presses 
used in drawing operations are the double-action type. 

Though hydraulic presses are less expensive than mechanical types, most 
stamping operations are carried out on high-speed mechanical presses because 
mechanical presses are much faster (24 strokes/minute to 700 strokes/minute). 
The cycle time per part is very lowBless than 2.5 seconds--a value that is much 
less than the cycle time achievable in injection molding or die casting, which is 
10 to 60 seconds. Consequently, the proportion of part cost due to processing is 
essentially negligible. 

At low and medium production volumes (10,000 to 100,000), most of the cost 
of a stamped part is due primarily to tooling. At very high-production volumes 
(2,000,000), material cost is the dominating cost factor. 

8.7 PROCESS PLANNING 

8.7.1 Introduction 

Tooling cost consists of die material cost and die construction cost. Die con- 
struction cost includes the cost incurred in designing the die, called engineering 
cost, and the cost incurred in constructing the die, called build cost. The amount 
of money spent on designing, machining, and assembly of the die parts and tryout 
is proportional to the number of hours spent in carrying out these activities. The 
actual configuration of the tool depends on the processing sequence, or process- 
ing plan, to be used to produce the stamped part. The process plan largely 
depends on the part geometry. The purpose of this section is to explain the rela- 
tionship between the process plan and part attributes, with the assumption that 
a progressive die is being used. 

8.7.2 Strip Development 

The first step in designing a progressive die is what is referred to as the devel- 
opment of a process plan or strip layout. A strip layout is a visual representation 
of the sequence of operations used to form a part in a progressive die. The strips 
shown in Figures 8.15 and 8.18 can be considered the strip layout for the flat 
washer and link, respectively, being created with the tooling depicted in these two 
cases. Thus, as shown in Figures 8.15 and 8.18, a strip layout is simply the top view 
of the strip as it moves through a progressive die. It provides a picture of the 
position and relationship of each workstation in the die and indicates the 
distance between each station. This visual representation acts as a guide to 
determining whether or not 
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FIGURE 8.21 A four-station strip layout for an L-bracket with holes. Shading indicates 
material being removed by use of  shearing punches. The bend in this case is created paral- 
lel to the direction of  strip feed. 
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FIGURE 8.22 A four-station strip layout for an L-bracket without holes. Shading indi- 
cates material being removed by use of  shearing punches. The bend in this case is created 
parallel to the direction of  strip feed. 

1. The die may be too complex to manufacture. 
2. The operations involved may be too difficult for a progressive die, hence the 

use of compound and secondary dies may be preferred. 
3. The operations required may be too long or too wide or require too much 

tonnage for the presses available at a particular site. 

While there are no rigid rules to be followed for producing a good strip 
layout there are some rules of thumb that should be followed. For example: 

1. All holes that can be pierced without danger of dislocation or deformation 
should be pierced prior to bending or forming. 

2. If the part contains holes, some of these holes should be used as piloting holes 
for accurately locating the partially completed part with respect to the 
punches used in subsequent operations. These holes are referred to as inter- 
nal pilots (Figure 8.21) and should be punched in the first station of the die 
so that they can be used throughout the remaining operations. 

3. When no suitable holes are available for use as internal pilots, it will be nec- 
essary to pierce specific holes just for the purpose of piloting. These holes are 
outside the geometry of the part and are called external pilots (Figure 8.22). 
These external pilots are placed in the carrier strip, which is that portion of 
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FIGURE 8.23 Use of  an idle station to form the part shown in Figure 8.21. Shading indi- 
cates material being removed by use of  shearing punches. 

the sheet metal that helps to carry a partially completed part from one work- 
station to the next. The carrier strip does not form a portion of the final part. 
It may be on the side or in the center of the strip, as shown in Figures 8.21 
and 8.22. 

4. The existence of numerous die stations having many punches tends to 
weaken the overall die. In such cases one or more idle stations, where no 
operations are performed, should be included. The addition of an idle station 
is also called for when the punches from two active stations are too close to 
each other. For example, for the two cases shown in Figures 8.21 and 8.22, 
the blanking punch used at station 4 to separate the part from the strip 
is very close to the punch used to wipe form the part at station 3. In these 
two cases station 4 would most likely be converted to an idle station and a 
fifth station would be added in order to separate the part from the strip 
(Figure 8.23). 

5. In order to generate the external contour of a part or to free metal from the 
strip to allow room to wipe form (bend) the sheet metal, a notching opera- 
tion is required (Figures 8.21 and 8.22). This notching operation must precede 
wipe forming or bending. 

6. Although idle stations are often included to strengthen a die, at times they 
are also included in order to ease die maintenance or to provide flexibility 
in the event that additional operations need to be added later. For example, 
after production has already begun a decision is made to add ribs to a part. 
This is easily accomplished if an already existing idle station can be converted 
to an active station. Idle stations are also included when a "programmable" 
tool is used to produce a family of parts. In this way active stations are added 
and removed as needed to produce a particular part geometry. 

8.7.3 Creating a Strip Layout 

In general, multiple strip layouts can be used to produce a part. For example, 
Figures 8.24 and 8.25 illustrate alternative process plans or strip layouts for the 
L-bracket shown in Figure 8.21. For the plan illustrated in Figure 8.21 the bend 
is created parallel to the direction of strip feed and a center carrier strip is used. 
For the process plans shown in Figures 8.24 and 8.25 the bends are created normal 
to the direction of strip feed and the carrier strips are on the side. 

In all three cases two holes are punched and used as internal pilot holes at 
station 1. For the process plans depicted in Figures 8.21 and 8.24 notching occurs 
at station 2 so that the part can be wipe formed at station 3. In the latter case, 
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FIGURE 8.24 An alternate four-station strip layout for the L-bracket shown in Figure 
8.21. Shading indicates material being removed by use of shearing punches. 
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FIGURE 8.25 An alternative five-station strip layout for producing the part shown in 
Figure 8.24. 

however, the notching punch is a more complex L-shaped punch. To avoid the 
necessity of a custom-made L-shaped notching punch, the process plan depicted 
in Figure 8.25 is proposed as another alternative. In this case two simple stan- 
dard notching punches are used in place of a single L-shaped notching punch. 
This, however, requires an additional workstation. 

In all cases, by wiping the bend up instead of down, the need to embed 
mechanical lifters in the tool in order to clear the strip of the die as it is fed to 
the next station is avoided. The layouts shown in Figures 8.24 and 8.25, however, 
result in more scrap. 

The development of strip layouts for the parts shown in Figures 8.21 and 8.22 
is straightforward. However, as the part geometry becomes more complex 
(Figure 8.26), development of a strip layout becomes more involved. The purpose 
of this section is to illustrate one possible procedure that can be used to develop 
a process plan for creating a stamped part for a progressive die. The part shown 
in Figure 8.26 will be used to illustrate the procedure. 

Step 1: Make a sketch of the unfolded part and enclose the part in a flat rec- 
tangular envelope as shown in Figure 8.27. 

Step 2: Make three or four copies of the sketch created in Step 1 and lay the 
sketches side-by-side to create two alternative patterns (Figure 8.28). Lay 
one pattern out so that the longest dimension of the fiat envelope of the 
part, Lug, is parallel to the direction of strip feed, while in the other case 
Lu~ is perpendicular to the direction of strip feed. This should help to 
determine which is the best way to feed the part, and the number and 



�9 

162 Design for Manufacturing 

FIGURE 8.26 A stamped part with a more complex geometry. 
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FIGURE 8.27 A sketch of the unfolded part shown in Figure 8.26 enclosed in a flat 
rectangular envelope. 
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FIGURE 8.28 Two alternative patterns for beginning the development of  a process plan 
for the part shown in Figure 8.26. 

shape of the notching punches needed to create the peripheral shape of 
the unfolded part. For this particular case, feeding with Lul perpendicular 
to the feed seems to make both notching and bending a bit easier. 

Step 3: Attach a carrier strip to the pattern and begin to label the various 
workstations. 
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FIGURE 8.29 Carrier strip added to the pattern selected from Figure 8.28 and worksta- 
tions labeled. 
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FIGURE 8.30 Creation of  workstation 1. 

Step 4: At this point we begin to think in terms of the sequence of operations to 
be performed. For instance, at station 1, we will create two of the holes 
and use them as internal pilot holes. The holes being created at this 
station are shown shaded. Since these will be the only two features 
created at this station, all other features are removed (Figure 8.30). 

Step 5: Although we could continue to create the remaining holes in subsequent 
workstations, let us first concentrate on notching the outer form shown 
shaded in Figure 8.31a. There are, obviously, several notching possibil- 
ities. We could consider the use of one complex notching punch as shown 
in Figure 8.31b, or three less complex punches as shown in Figure 8.31c. 
Since complex punches are costly to purchase, to regrind when worn, and 
to replace when broken, and punches with thin projections are suscep- 
tible to damage and would require replacement of the entire punch when 
damage occurs, the notching punch shown in Figure 8.31b is rejected. 

To minimize the number of stations required, we settle on the com- 
promise shown in Figure 8.32, namely, the use of two notching stations, 
one at station 2 and one at station 3. 

Step 6: As seen in Figure 8.32, the notching punch at station 2 is close to the pilot 
punches at station 1, hence, station 2 is converted to an idle station and 
the two notching operations shown in Figure 8.32 are shifted to stations 
3 and 4. We continue this procedure until we arrive at the process plan 
depicted in Figure 8.33. 
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FIGURE 8.31 Alternative notching punches for creation of the outer form shown in (a). 
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FIGURE 8.32 Creation of workstations 2 and 3. 
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FIGURE 8.33 One possible process plan for the part shown in Figure 8.26. 

There are obviously other plans that could be proposed. For example, why 
not punch all of the non-pilot holes at the same station and reduce the number 
of workstations from 12 to 10? (The reason for punching these holes at separate 
stations is explained in the next section.) Why not have an idle station between 
stations 4 and 5? The final process plan selected will depend on experience and 
the local practice of the stamping vendor used to produce the part. 

8.8 DESIGN FOR MANUFACTURING GUIDELINES 
FOR STAMPED PARTS 

As noted above, because of the very short cycle time per part, tooling and 
material costs are generally the dominating manufacturing cost factors when 
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considering the design of stampings. For example, at production volumes less than 
100,000, the proportion of part cost due to tooling is about 75%, but the pro- 
portion of part cost due to processing is less than 2%. Even at production 
volumes of about 2,000,000, the proportion of part cost due to processing still 
remains low (less than 5%). At such large production volumes, the greatest 
proportion of part cost (about 75%) is due to material cost. 

At large production volumes, designing parts to reduce the amount of scrap 
can be important. However, in most cases it is the manufacturing process designer 
who designs the process plan to achieve minimum scrap. For these reasons, the 
discussion below is primarily about the relationship between part design and 
tooling cost. 

As stated earlier, tooling cost is a function of tool construction cost and tool 
material costs. Both of these are functions of the size of the tool required. The 
size of the tool depends on the following issues. 

Number of  Features. In general, punches and dies wear at different rates. That 
is, a punch used to produce a hole wears at a rate different from a punch used to 
produce an extruded hole or a tab. Thus, these punches and dies must be removed 
and reground at different times. Hence, to facilitate their independent removal 
and maintenance from the die set, holes of different shapes are not produced at 
the same station; instead, one station is used to produce round holes and another 
station to produce extruded holes, for example. Obviously, as the number of 
distinct features increases, the number of die stations increases, and both die 
construction costs and die material costs increase. Therefore: 

The number of  distinct features in a part should be kept to a minimum. 

This rule is violated if the tolerance requirement between features requires that 
the features be created at the same station or if the tool would become too large. 

Spacing between Features. If features are spaced closely together (less than 
three sheet thicknesses), then there may be insufficient clearance for the punches. 
Even if space permits, however, the die sections become thin, making them sus- 
ceptible to breakage. Punch breakage can occur due to metal deformation around 
any closely spaced features during piercing. As a result, two stations are required 
for each type of closely spaced feature; each station creates alternating features. 
Therefore: 

Avoid closely spaced features when possible. 

Narrow Cutouts and Narrow Projections. A link with a wide projection and 
a link with a wide cutout are shown in Figure 8.34a; a link with a narrow pro- 
jection is shown in Figure 8.34b; and a link with a narrow cutout is shown in 
Figure 8.34c. As in the case of a plain link (Figure 8.18), a link containing either 
a wide cutout or a wide projection can be blanked out (separated from the strip) 
at a single station. If a narrow projection is present, however, then to separate 
the link from the strip at one station would require a blanking punch with a 
narrow cutout along with a die containing a narrow projection. In this situation 
the narrow section of the die would be easily susceptible to damage. In addition, 
damage to the narrow groove in the punch would require replacement of the 
entire blanking punch. For this reason the part is separated from the strip by first 
creating a notch to the left of the projection at one station (Figure 8.34b) and 
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FIGURE 8.34 Stamped part with a narrow projection or a narrow cutout. 

then creating the projection at the following station. Finally, the part is separated 
from the strip at a third station. Thus, in this case the addition of the narrow 
cutout to the link results in the addition of at least one and sometimes two addi- 
tional stations. 

In the case of the link with a narrow cutout, use of a single blanking tool 
would require the use of a narrow projection that is easily damaged. Damage to 
this tool requires replacement of the entire blanking tool. Thus, the narrow cutout 
is created at one station using a narrow punch. The link is then separated from 
the strip at the following station. Therefore: 

The use o f  narrow cutouts  and  narrow project ions  shou ld  be avoided.  

B e n d  Stages and  B e n d  Directions.  A U-shaped part, with both bends in the 
same direction, will have both bends created at the same time at one die station. 
An equivalent Z-shaped part, with bends in opposite directions, will require that 
each bend be separately created at two different die stations. Thus, bends in 
opposite directions create increased tool construction and die material costs. 
Therefore: 
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The number o f  bend stages in a part should be kept to a minimum. 

In general, to keep the number of bend stages to a minimum, the number of bend 
axes should be kept to a minimum. A precise method for determining bend stages 
is discussed in Chapter 9, "Stamping: Relative Tooling Cost." 

Overbends. To create a bend angle greater than 90 ~ requires two die stations. 
At the first station the part is bent through 90 ~ , and at the next station the part 
is bent past 90 ~ Clearly, then, parts with a bend angle greater than 90 ~ require 
more costly tooling. Thus: 

Bend angles greater than 90 ~ should be avoided whenever possible. 

Side-Action Features. Features, such as holes, whose shape or location from 
a bend line must be accurately located, must be created after bending. Once 
again, this requires that one or more additional die stations be added, thereby 
increasing tooling cost. Also, because the bends themselves cannot be closely 
controlled, they make poor reference points for important or close tolerances. 
Therefore: 

Side-action features should be avoided or kept to a minimum. 

In general, to keep side-action features to a minimum, the tolerances of feature 
dimensions that must be referred to bend lines should be "generous." 

The effects of these rules on tooling costs are discussed in the next chapter. 

8.9 SUMMARY 

This chapter has described some of the most common methods used for the pro- 
duction of thin-walled sheet-metal parts. A discussion of the relationship between 
part attributes and the development of alternative process plans for the produc- 
tion of a stamped part were also included. The chapter concluded with a discus- 
sion of design for manufacturing issues as they apply to the production of 
stampings. 
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QUESTIONS AND PROBLEMS 

8.1 In this chapter we have discussed the sheet-metal forming processes of 
stamping, stretch forming, and spinning. Name some products from the fol- 
lowing product lines that would have parts made by these processes: 

Consumer Products 
Office equipment 
Clothing 
Hardware 

(Airplanes, cars, bikes, etc.) 

8.2 

8.3 

8.4 

In Chapter 2 the phenomenon of springback was introduced. What ma- 
terial properties affect springback? With regard to designing a process 
plan for a part that is to be wipe formed or stretch formed, discuss the 
implications of springback. 
Imagine that you are faced with the problem of strengthening the link 
shown in Figure 8.18. One possibility of course is to change the material, 
but you are told that the material cannot be changed. What other pos- 
sibilities exist? 
Figure P8.4 shows the preliminary sketch of three proposed stamping 
designs. Based on the design for manufacturing guidelines discussed in 
Section 8.8, which of the designs requires the least costly tooling? Assume 
that the wall thickness is the same in all designs. 

0 o 145 ~ 

(b) (c) 

FIGURE P8.4 

8.5 The proposed design of a stamping is shown in Figure P8.5. The sheet 
thickness of the part is constant and the location of hole A relative 
to the plate on which hole B is located is considered critical. Based 
on the design for manufacturing guidelines discussed in Section 8.8, 
what are the implications of this requirement with regard to the 
tooling required to produce the part? 
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8.6 Repeat Exercise 5 for the stamping shown in Figure P8.6. Are there 
redesign suggestions that you can make to help reduce the cost to stamp 
the part? 

FIGURE P8.6 

8.7 Three parts are shown in Figure P8.7. Assume that you are responsible for 
designing the process plan for these parts and have been given the task of 
proposing at least two alternative plans for each part. Which of the two 
plans proposed above would you recommend in each case? Explain your 
decision. 
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( a )  ( b )  ( c )  

FIGURE P8.7 

8.8 
8.9 

8.10 

8.11 

8.12 

Design a process plan for the part shown in Figure P8.4c. 
How does a compound die differ from a progressive die? Explain the 
advantages and disadvantages of each. 
At low production volumes (less than 50,000 parts) which cost, tooling 
cost, processing cost, or material cost has the greatest overall affect on part 
cost? Explain. Does the same conclusion apply for very high production 
volumes. 
As part of the same training program discussed in Exercise 4.1 of Chapter 
4, you are in the process of explaining to some new hires at DFM.com that 
in order to increase accuracy pilot holes should be spaced as far apart as 
possible. How would you prove this analytically? 
As part of a training course you are involved in at DFM.com you have 
been asked to turn in an alternate process plan to the one shown in Figure 
8.33. Your alternate plan is shown in Figure P8.12. Why do you believe this 
plan is better than the one shown in Figure 8.33? 
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Chapter 9 
Stamping: 

Relative Tooling Cost 

9.1 INTRODUCTION 

As indicated in the previous chapter, stamping is a process by which thin-walled 
metal parts are formed from sheets of metal. Parts are formed by a series of 
cutting (or shearing) and forming (e.g., bending) operations performed in com- 
bination punch and die sets mounted in mechanical or hydraulic presses (Figure 
9.1). Although other sheet-metal forming processes exist, such as stretching, spin- 
ning, deep drawing, and others (see Wick, C., 1984) more component parts and 
products are made by stamping than by any other sheet-metal process. 

As in the case of injection-molded and die-cast parts, stampings are gener- 
ally designed by product designers working for large consumer products corpo- 
rations, but the parts are produced by small (typically less than 100 employees) 
custom stampers. Unlike injection molding and die casting, however, most stam- 
pers also make the tooling necessary to produce the parts. 

Short-run production of stamped parts is done using punch presses, steel rule 
dies (Figure 9.2), and press brakes (Figure 9.3). Punch presses are presses that 
are specifically designed to hold the tool and perform operations such as notch- 
ing, piercing, perforating, slotting, and so on (Figure 9.4). A steel rule die (Figure 
9.2) consists of a thin strip of steel, shaped like a ruler, formed to the outline of 
a part, set in plywood, and a thin steel punch set. (A steel rule die operates much 
as a cookie cutter.) 

Long-run or conventional stamping is done using simple dies (one operation 
per stroke), compound dies (Figure 9.5), progressive dies, and transfer dies 
(similar to progressive dies but uses "fingers" to transfer to partially completed 
part from station to station). 

One purpose of this chapter is to present a systematic approach for identi- 
fying, at the configuration design stage, those features of the part that significantly 
affect the cost of stampings. The goal is to learn how to design so as to minimize 
difficult-to-stamp features. 

In this chapter we will also discuss a methodology for estimating the relative 
tooling cost of proposed stamped parts based on configuration information and 
on the assumption that progressive dies are used. Unlike injection molding and 
die casting, however, where the total relative tooling cost can be determined at 
the configuration stage of design, in stamping only the maximum and minimum 
relative tooling cost can be determined. The reason is that some of the details 
required to finalize the relative tooling cost can only be determined after para- 
metric design. For example, in injection molding and die casting, any hole that is 
not parallel to the direction of mold closure is an undercut. In stamping, on the 
other hand, whether or not such a hole is an undercut (they're called side-action 
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FIGURE 9.1 Conventional stamping using a progressive die. 
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A sample part illustrating piercing, notching, perforating, and slotting. 
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FIGURE 9.5 A compound die used to produce the same washer shown in Figure 9.1. 

features in stamping) depends, not just on the presence of the feature, but also 
on its dimensions and tolerances. Nevertheless, a great deal of information con- 
cerning tooling cost can be determined at the configuration stage, and this infor- 
mation can and should be used to help guide the generation and selection of part 
configurations before parametric design is done. 

9.2 ESTIMATING THE RELATIVE COST OF 
STAMPED PARTS 

9.2.1 Total Cost 

The total cost of a stamped part consists of: tooling cost, Kd/N; processing cost 
(or equipment operating cost), Ke; and material cost, Km. 

Total Cost = Ke + Kd/N + Km (Equation 9.1) 

Because of the high-speed presses used to produce stamped parts 
(24 strokes/minute to 700 strokes/minute) cycle times of less than 1 second are 
generally achievable. For this reason, even at high production volumes, the 
proportion of cost due to processing is low. 
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In this chapter, when only the configuration of the part is known, we can 
show only how to estimate Kd. In the next chapter, when we assume that more 
exact dimensions have been established through parametric design, we will show 
how to compute Ke and Km. 

9.2.2 Total Relative Tooling Cost 

As in the case of injection molding and die casting, the total tooling costs are 
made up of die material cost, Kdm, and die construction cost, Kdc. Thus, relative 
to a reference part, total die costs are 

Cd = Cost of Tooling for Designed Part/Cost of Tooling for Reference Part 

Cd = (Kdm + Kac)/(Kamo + Kdco) (Equation 9.2) 

where Kdmo and Kdco refer to die material cost and die construction cost for the 
reference part. As shown before in Chapter 4, "Injection Molding: Relative 
Tooling Cost," this equation can be written as 

Cd = Kdm/(Kdmo + Kdco) + Kdc/(Kdmo + Kdco) 

= A(Kdm/Kdmo) + B(Kdc/Kdco) (Equation 9.3) 

where 

A = Kdmo/(Kdmo + Kdco) 

B = Kaco/(Kdmo + Kaco) 

Based on data collected from stampers, a reasonable value for A is between 
0.15 and 0.20, and a reasonable value for B is between 0.80 and 0.85. For our pur- 
poses we will take A and B to be 0.2 and 0.8, respectively. Hence, Equation 9.3 
becomes 

Cd = 0.8Cdc + 0.2Cdm (Equation 9.4) 

where Cd is the total die cost of a part relative to the die cost of the reference 
part, Cdc is the die construction cost for the part relative to the die construction 
cost of the reference part, and Cdm is the die material cost for the part relative to 
the die material cost of the reference part. 

9.3 DIE CONSTRUCTION COSTS 

Die construction cost includes design cost, that is, the cost incurred in designing 
the die, and build cost, or the cost incurred in building and debugging the die. 
Both of these components are directly proportional to the number and types of 
features to be provided and to the hours spent in carrying out the respective 
activities. 

To determine the die construction costs for a stamped part we could start by 
developing a detailed process plan as discussed in the previous chapter, Section 
8.7, Processing Planning. Once the number of required stations is determined it 
is fairly straightforward to determine the die construction costs for a part. To 
create a strip layout, however, requires a decision concerning how the part will 
be oriented on the strip. This in turn depends upon such things as production 
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volume, critical tolerances, the need to minimize scrap, and the presence of side- 
action features, for example (see Korneli, M., 1999). Often, a compromise must 
be made between orienting a part so as to minimize scrap and orienting to facil- 
itate the creation of a side-action feature. Another consideration is the amount 
of lift that might be required to carry a strip through the die. One orientation 
may not require lifters, and another orientation may require either lifters imbed- 
ded in the die or external lifters. In addition, as pointed out in Chapter 8, "Sheet- 
Metal Forming," lifters can sometimes be eliminated by simply wiping up instead 
of down. Finally, decisions need to be made concerning the complexity of the 
notching punches to be used. For example, as we saw in Chapter 8, Section 8.7, 
Process Planning, we can use either one complex notching punch, or two to three 
less complex punches. Decisions such as these are often dependent on the size 
of equipment available to the process designer. Generally speaking, however, 
product designers are not sufficiently experienced to be able to produce such 
process plans, especially for complex parts. 

A second approach we could use is a group technology approach similar to 
the ones used for injection molding and die casting. With this approach parts are 
grouped into various categories based on their manufacturing complexity. Coding 
of the part is equivalent to describing the presence or absence of features that 
significantly contribute to manufacturing costs. In the case of injection molding, 
for example, the tooling complexity, hence costs, required for parts that have the 
same six-digit part code, are about the same. This is the approach that was used 
in Engineering Design and Design for Manufacturing and works well in estimat- 
ing the difference in relative costs between two or more alternative designs. When 
applied to stamping, however, extensive experience with this approach has shown 
that there are two principal drawbacks, namely, 

1. The approach appears to inhibit the ability of users to visualize the rela- 
tionship between part geometry and features, and tooling complexity. That 
is, it appears to hinder one's ability to develop a mental picture of the tooling 
required to produce a given stamped part. This does not appear to be the 
case when this approach is used for injection molding and die casting. 

2. At times the system grossly miscalculates the number of active stations 
required to produce the part, which in turn grossly under- or overestimates 
the relative tooling cost for the part. 

A third approach, and the one we will use in this book, is to first calculate 
approximately the number of active stations required to produce a part by using 
an algorithm such as the one shown in Table 9.1. With the number of active sta- 
tions estimated, the die design and build hours can be determined using an 
approach to be discussed later in this chapter. This approach is more precise than 
the group technology approach used in Engineering Design and Design for Man- 
ufacturing and avoids the need for development of a detailed process plan. 

9.4 DETERMINATION OF THE NUMBER OF ACTIVE 
STATIONS FOR SHEARING AND LOCAL FEATURES 

The algorithm presented in Table 9.1 is based on the following considerations. 

9.4.1 Pilot Holes 

Pilot holes are needed to accurately locate the partially completed part with 
respect to the punches in subsequent operations. Although many stampings have 
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Table 9.1 Algorithm for determination of the total number 
of active stations for shearing and local features 
(Chandrasekaran, S., 1993). 

Features Number of Stations 

External pilot holes 
Number of distinct feature types, nf 
Number of closely spaced feature 
types, nfc 
Number of feature types with 
features in opposite direction, nop 
Tabs? (y/n) 
Embosses near part periphery? (y/n) 
Curls or hems? (y/n) 
Blanking out station 
Total number of active stations, Nal 

1 

0 1 2 3 4 5 6 7 8 9  
0 1 2 3 4 5 6 7 8 9  

0 1 2 3 4 5 6 7 8 9  

2/0 
1/0 
2/0 
1 

holes that are available for use as internal pilot holes, it is common practice to 
provide external pilots even when holes are available for use as internal pilots. 
Thus, Table 9.1 provides for 1 active station for pilot hole piercing. For especially 
simple parts such as washers and links (see Figures 8.15 and 8.18) where exter- 
nal pilots would not be necessary, this algorithm would obviously overestimate 
the number of active stations required by 1. For the most part, however, we are 
considering the use of this algorithm for more complex parts. 

9.4.2 Number of Distinct Features and the Direction 
of Features 

For ease of maintenance and construction, it is common practice among stam- 
pers to produce only one feature type at a given die station. Thus, features such 
as holes, extruded holes, tabs, and lance forms are each produced at separate die 
stations. Thus, Table 9.1 allocates 1 active station for each distinct feature type as 
explained below. 

Figure 9.6 shows some of the features commonly found in stamped parts. 
Among those shown in Figure 9.6 that require only a single die station to create 
are extruded holes, lance forms, and semi-perfs. 

An extruded hole is one that is generated at one station using a specially 
stepped punch that first shears a smaller hole and then follows through to deform 
the local area around the hole into a projection by limited forward extrusion. 
Alternately, the hole could be pre-pierced in a separate station, and then the 
edges extruded at a second station. This procedure creates, in effect, the equiva- 
lent of bosses that are often used for joining by tapping or thread-forming the 
projecting hole for use as a nut. Such bosses can also be used for alignment or 
reinforcement. Extruded holes are also referred to as flanged, collared, embossed, 
or drifted holes. 

Lance forms are partial cuts in the stamping that are formed into projections. 
Lance forming involves a combination of shearing (or lance cutting) followed by 
local forming, to create the feature (which resembles a pocket-shaped opening). 
Lance forming is commonly used to create louvers for venting purposes, or to 
raise metal from the stamping surface so as to enclose a wire. Lance forming 
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F I G U R E  9 . 7  Feature in opposite directions. 

punches have a cutting edge for shearing the lance cut, as well as a forming 
surface to form up the edge of the cut. 

A semi-perf is a small--often about 3 mm diameter--button-like projec- 
tion. It is frequently used as a locator during the assembly phase, or in subse- 
quent fastening operations (such as when resistance spot-welding is used). Semi- 
perfs are also known as partial extrusions, rivet lug forms, dimples, bumps, or 
partial slugs. 

In the case of protruding features, if two or more features are on the 
same surface of the stamping (and project out in opposite directions) then the 
features are said to be in opposite directions (Figure 9.7). Such combinations 
of features cause a torque on the die set at that station and may, therefore, 
need to be formed in separate stations or with separate secondary dies. Alterna- 
tively, by using pressure pads of varying stiffness together with specially sized 
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FIGURE 9.8 Closely spaced nonperipheral features. 

tooling, these features can be formed in a single station. However,  this leads 
to a die that needs more fabrication hours as compared to a part where the fea- 
tures were all on the same face of the surface. Thus, an additional active station 
is allotted for each distinct feature type that has features protruding in opposite 
directions. 

9.4.3 Closely Spaced Features 

Two nonperipheral  features that are less than three times the stock thickness 
apart from each other, or any nonperipheral  feature that is less than three times 
the stock thickness from the part periphery, are defined as closely spaced fea- 
tures (Figure 9.8). 

In the case of compound and secondary tooling, if features are closely spaced 
with respect to each other or the edge, the part of the die block that supports 
the stamping between these features will have a thin section that will tend to 
crack or break in production. Moreover,  the punches used to generate these 
features may have to be crowded together in too close a manner. In addition, 
if the space between features is limited, there may be distortion owing to in- 
sufficient space to clamp the part (i.e., with spring-loaded strippers or pads) in 
between the features (this is particularly true when pierced holes are near the 
edge that must be blanked). As a result of these constraints, closely spaced fea- 
tures necessitate the use of an additional die station. Thus, they add to tooling 
complexity. Hence, in Table 9.1, one additional active station is allocated for a 
closely spaced feature. 

9.4.4 Narrow Cutouts and Narrow Projections 

Any projections on the peripheral edge of the part  that have a minimum width 
less than three times the stock thickness are considered narrow (Figure 9.9). Sim- 
ilarly, any cutout or notch in a cut edge whose width is less than three times the 
stock thickness is also considered narrow. 

In general, a peripheral cutout (notch) or projection is imparted to the part 
when the part  is blanked or separated from the strip at the final station. In the 
case of a narrow cutout or a narrow projection, these features would require a 
narrow die wall (to produce the narrow projection) or a narrow portion of the 
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Part with a narrow cutout and a narrow projection. 

blanking punch (to produce the narrow cutout). Both situations can result in 
damage to the blanking punch. Thus, the narrow cutout is imparted in a separate 
station using a narrow punch, and the narrow projection is imparted in two stages, 
first putting a notch on one side of the projection and then removing the remain- 
ing material at a separate station. 

9.4.5 Tabs 

The presence of tabs (Figure 9.6) necessitates a notching station, prior to tabbing, 
to relieve (i.e., remove) the portion of sheet metal around the section that will 
be bent in the next station. Thus, in addition to allocating 1 active station for pro- 
ducing the tab, Table 9.1 allocates another active station for notching. 

9.4.6 Embosses 

Embosses are small, shallow formed projections on the surface of stamped parts. 
Raised letters, beads, and ribs are examples of embossings. Embossings are pro- 
duced by localized forming with the amount of deformation dependent on the 
design and depth of the projection. Sheet thickness remains unchanged, and 
embossings have smooth contours. Embossings call for complementary punch 
and die shapes, and these components may be incorporated into a die as inserts. 
The operation is not generally done simultaneously with any shearing operation, 
and it requires a separate station or secondary die. Embosses near the part 
periphery (Figure 9.6) can only be produced after the sheet metal on the periph- 
ery is notched. Thus, in addition to allocating one active embossing station, 
another active station is allocated for notching. 

9.4.7 Curls and Hems 

Curls (Figure 9.6) are features that result from rolling the edge of a stamped part. 
The curl diameter should be 10 to 20 timesstock thickness. Curling is usually pre- 
ceded by wiping (i.e., bending) the edge. A curling punch (with a groove cut into 
it corresponding to the curl) rolls the bent edge into the desired shape, while the 
part is gripped with a pressure pad. A curl requires at least two operations (sta- 
tions) and, hence, is a complex feature from the tooling standpoint. Thus, the cre- 
ation of curls or hems requires three stations. The first station is a notching station 
required to free metal from the strip to allow room to wipe form (bend) the sheet 
metal at the second station. The third station is used to curl or hem the part. Thus 
Table 9.1 allots two additional stations for the creation of curls and hems. 
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FIGURE 9.10 Example 9.1. 

9.5 EXAMPLE 1reNUMBER OF ACTIVE STATIONS 
FOR A FLAT PART 

9.5.1 The Part 

As an example we consider the part shown in Figure 9.10. Although no dimen- 
sions are shown we will assume that the two circular holes are closely spaced and 
that the projections are wide projections. 

9.5.2 Number of Active Stations 

To determine the number of active stations required we complete Table 9.1. This 
completed table is shown below in Figure 9.11 and indicates that 4 active stations 
are required to stamp the part. 

9.5.3 Strip Layout for Example 1 

As a simple check against the results obtained by use of our algorithm, let us use 
the procedure outlined in Chapter 8, "Sheet-Metal Forming," to obtain one pos- 
sible strip layout for the part shown in Figure 9.10. 

We begin by enclosing the part in a rectangular flat envelope as shown in 
Figure 9.12. We then lay out two patterns, one with the largest dimension per- 
pendicular to the direction of strip feed, and the other parallel to the direction 
of strip feed (Figure 9.12). At this point we need to add a carrier strip and begin 
to make decisions concerning which features should be stamped at each station. 
Figure 9.13 shows the result for the case where the largest dimension of the part 
is fed parallel to the direction of strip feed. 

The layout presented in Figure 9.13 consists of a center carrier strip with two 
external pilot holes punched at the first station along with one of the circular 
holes. Since the holes are closely spaced, the second circular hole is punched at 
station 2. Station 3 is a notching station that provides the part with its peripheral 
contour. The part is separated from the strip at station 5. An idle station was 
added at station 4 in order to allow sufficient spacing between the blanking punch 
and the notching punches. Hence, this strip layout provides for 4 active stations, 
the number obtained by use of the algorithm. 

If the part is a narrow one, then the pilot holes punched at station 1 would 
probably be too close to each other to be effective. In this case a process plan 
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FIGURE 9.11 Estimate of the number of active stations required to produce the part 
shown in Figure 9.10. 
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FIGURE 9.12 Step 1 in the development of a strip layout for Example 9.1. 
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Table 9.2 Algorithm for determination of the total number 
of active stations for wipe forming and side-action features 
(Chandrasekaran, S., 1993). 

Wipe Forming Number of Stations 

Number of bend stages 01 23 45 
Bends in opposite directions? (applies 
only to parts with one bend stage) 
(y/n) 
Number of overbends 
Number of features in the primary 
plate near the bend line 
Number of side-action features 
Total Number of Active Stations, Na2 

0 2 3 4 5 6  
1/0 

0 1 2 3 4 5  
0 1 2 3 4 5  

0 1 2 3 4 5  

using the direction of strip feed perpendicular to the largest dimension of the flat 
envelope would be needed. 

9.6 DETERMINATION OF THE NUMBER OF 
ACTIVE STATIONS FOR WIPE FORMING AND 
SIDE-ACTION FEATURES 

Table 9.2 shows an algorithm for estimating the number of active stations 
required for wipe forming and the creation of side-action features. 

The algorithms presented in Table 9.2 are based on the following 
considerations. 

9.6.1 Number of Bend Stages 

The number  of stations at which bending operations are performed in a pro- 
gressive die is defined as the number  of bend stages. As explained in Section 
8.7 in Chapter  8, "Sheet-Metal  Forming," prior to wipe forming or bending, a 
notching operation is required to free metal from the strip and to generate 
the peripheral contour of the part. Thus, regardless of the number  of bend 
stages, at least one notching operation is required. Hence, in Table 9.2 the number 
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FIGURE 9.15 Part with a radius form. 

of active stations provided for in bending is one greater than the number of bend 
stages. 

A precise method for determining the number of required bend stages is 
presented in the next section. However, before determining the number of bend 
stages it is necessary to determine whether the bends can in fact be feasibly wipe 
formed. Parts without straight bends (Figure 9.14), parts containing radius forms 
(Figure 9.15), parts with a multiple-plate junction (Figure 9.16) are examples of 
bends that cannot be formed by wipe forming. 

Assuming the part can be wipe formed, then the next step is determining the 
number of bend stages and, if there is only one bend stage, whether all the bends 
are or are not in the same direction. 

9.6.2 Direction of Bends 

For parts with two bends that can be formed at a single station (i.e., with only 
one bend stage), those parts with bends in the same direction require only one 
set of pressure pads. Parts with bends in opposite directions require two sets 
of pressure pads with different spring constants and specially sized diesmall of 
which increases die construction cost (Figure 9.17). Two stations are often used 
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FIGURE 9.16 Part with a multiple plate junction. 
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FIGURE 9.17 Complex tooling for bends that are not in the same direction. 
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FIGURE 9.18 A part wipe formed through 90 ~ 

to impart bends that occur in opposite directions. Table 9.2 assumes that two 
stations are used. 

9.6.3 Bend Angle 

For parts with bend angles between 90 ~ and 105 ~ , two bend stations are gener- 
ally required. At  the first station the part is bent through 90 ~ , as shown in Figure 
9.18, but at the following station it is overbent once more, as shown in Figure 
9.19. Because of the limited overbend, relatively inexpensive tooling can be used 
to carry out the overbend. 

If the bend angle is greater than 105 ~ , once again two operations are 
requi redmthough costs are higher. At  the first station the part is bent through 
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FIGURE 9.21 A part with side-action features. 

90 ~ , and at the second station more expensive cam actuated slides are required 
(Figure 9.21). Figure 9.20 shows a rotary bender being used at one station to 
achieve the bend in one operation. Most stampers, however, do not often use 
rotary benders. Hence, the algorithm presented in Table 9.2 provides for one addi- 
tional workstation for each bend greater than 90 ~ . 

9.6.4 Side-Action Features 

Features of a bent part, usually holes or slots, that do not lie in a plane perpen- 
dicular to the direction of die closure, and which must be accurately located or 
aligned ( + / - 0 . 2 m m ) ,  must be created after bending by use of cam actuated 
tools (Figure 9.21). If such a feature is created before bending, then it may not 
be held to true position after bending. Such features are called side-action fea- 
tures and are equivalent to the undercuts that occur in injection molding and die 
casting. Hence, an additional die station is allocated for these types of features 
in Table 9.2. 
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FIGURE 9.22 A part with features near the bend line. 

9.6.5 Features Near the Bend Line 

See Figure 9.22. Any feature (hole, rib, tab, etc.) that lies in a plane that is per- 
pendicular to the direction of die closure, is within three sheet thicknesses of a 
bend line, and whose shape or location must be preserved may have to be 
imparted in a separate secondary die after the part is bent, or in a separate station 
in a progressive die. In either case, tooling costs increase. 

9.7 THE NUMBER OF BEND STAGES 

9.7.1 Introduction 

One of the difficulties encountered in using the algorithm presented here is esti- 
mating the number of bend stations (or stages) required to produce the part. In 
this section, we present a method for estimating the number of bend stages that 
will be required to produce a given part. The method requires first partitioning 
the part into elemental plates. 

9.7.2 Part Partitioning--Elemental Plates 

A stamped part that is not flat can be decomposed into a set of elemental plates. 
Each plate is a part of the stamping that is bounded either by the part periph- 
ery, bend lines, radius forms, or a combination of these. 

An elemental plate has a constant spatial orientation (all vectors normal to 
the surface point in the same direction), except in the case of a radius form. A 
radius form is an elemental plate that has a constant radius of curvature, and all 
surface normals point to the center of curvature of the form. Figure 9.23 shows 
two parts with elemental plates labeled. 

Movement from one plate to another implies the crossing of a bend line or 
the boundary of a radius form. A flat part is a plate in itself. 
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FIGURE 9.24 Part with singly and multiply connected plates. 

An elemental plate that is connected (by a bend line or the boundary of a 
radius form) to only one other plate is called a singly connected elemental plate. 
Similarly, a plate that is connected to two other plates is called a doubly con- 
nected plate, and so on. Figure 9.24 shows a part with singly, doubly, and triply 
connected elemental plates. 

The primary plate of a part is the plate that is most likely to be placed par- 
allel to the plane of the die block (either in a progressive or secondary die). As 
noted earlier, the direction of die closure will always be normal to the plane of 
the die block. 

Finding the Primary Plate 
The primary plate of a part is determined by searching for an elemental,plate 
with the following properties in this approximate order of significance: 

The elemental plate with the largest area. Such an elemental plate is shown 
in Figure 9.25. 
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(largest area) 

FIGURE 9.25 Primary plate based on largest area. 

FIGURE 9.26 Primary elemental plate based on maximum number of bend lines 
surrounding the plate. 

2. If the part has a complex formed profile with several bends, then the primary 
elemental plate is the elemental plate that is surrounded (on its boundary) 
by the largest number of bend lines. Figure 9.26 shows a part with such an 
elemental plate. 

3. If no single elemental plate has a significantly larger area, and the part does 
not have a complex formed profile with several bends, then the primary ele- 
mental plate is that elemental plate with the maximum number of internal 
features (holes, slots, or protruding features). Figure 9.27 shows a part with 
such an elemental plate. 

9.7.3 Approximate Number of Stages Required to 
Form the Bends 

The part shown in Figure 9.28 will be used to illustrate a systematic procedure 
to determine the number of bend stages (Dastidar, P.G., 1991). The part in Figure 
9.28 has all its elemental plates numbered as specified by the procedure. 
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FIGURE 9.28 Part with elemental plates numbered. 

Step 1: Remove All Singly Connected Plates. 
Excluding the primary elemental plate, determine all the singly con- 

nected elemental plates of the stamping and number them as Pii, where 
the subscript i is the current step number, and j is the number of the cur- 
rently identified singly connected elemental plate. 

Remove all the singly connected elemental plates identified above, 
namely, Pll, P12, P13, and P14. The part after removing these elemental 
plates is shown in Figure 9.29, and has been modified by this step. 

Step 2: Remove the Singly Connected Plates for the Modified Part. 
Identify all the singly connected elemental plates in the modified 

part as shown in Figure 9.29. Once again, the primary elemental plate 
is not to be considered. The only elemental plate candidate is the ele- 
mental plate numbered P21. Remove this elemental plate from the 
part, thus modifying it a second time. The truncated part is shown in 
Figure 9.30. 
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FIGURE 9.29 Part after Step 1. 

FIGURE 9.30 Part after Step 2. 

Step 3: Repeat Step 2. 
The only singly connected elemental plate in the modified part 

shown in Figure 9.30 is P31. Remove this elemental plate. The truncated 
part is shown in Figure 9.31. After the third step, the truncated part com- 
prises a single elemental plate that is the primary elemental plate. The 
procedure terminates when the primary elemental plate is the only 
remaining elemental plate. The number of steps required to reach this 
state is the number of bend stages. In this example, the number of bend 
stages is 3. 

This process of identifying the singly connected elemental plates, 
removing them from the part, and repeating the process until the primary 
elemental plate is the only elemental plate left can be applied to any bent 
stamping to obtain a simple approximation to the number of required 
bend stages without considering tooling details. Figure 9.32 shows two 
parts with multiple bend stages. 

9.7.4 Bend Directions 

For a part with a single bend stage, if all the bend lines are in the same plane and 
all the singly connected elemental plates are on the same side of the primary 
plate, then the bends are in the same direction. 
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FIGURE 9.31 Part after Step 3. 

3 b e n d  stages 

FIGURE 9.32 Parts with multiple bend stages. 

Parts with all the bends in the same direction can be formed by wiping down 
all the singly connected elemental plates in a relatively easy to construct forming 
tool, with wiping punches, die block, and a pressure pad. The pressure pad is 
placed below the multiply connected elemental plate when wiping the singly con- 
nected elemental plates in a direction opposite to that of the press stroke (also 
known as "wiping up"), and placed above the multiply connected elemental plate 
when wiping the singly connected elemental plates in the same direction as the 
press stroke (also known as "wiping down"). Figure 9.33 shows parts that have 
all their bends in the same direction. 

Parts with bends not in the same direction will have singly connected ele- 
mental plates on both sides of the primary plate. These parts require more 
complex form tooling in order to form them at a single progressive station or in 
a single secondary form die. Typically, such tooling would include specially sized 
punch and die steels and two pressure pads of differing spring constants. 

As explained earlier in Section 9.6.2, Direction of Bends, another processing 
strategy is to form the part at more than one station (wiping down at one station, 
and wiping up at another) or using two secondary form dies (wiping down in both 
dies, but reorienting the part in between dies). Either way, such a bend con- 
figuration significantly raises fabrication hours for form tooling, and the part in 
Figure 9.34 is an example. 
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FIGURE 9.33 Parts with all the bend lines in the same plane and all the bends in the same 
direction. 

FIGURE 9.34 Part with all bends not in the same direction. 

9.7.5 Determination of Bend Stages from Part 
Sketch 

In general, during the initial stages of design we will probably not know the points 
of separation between the various elemental plates that form a bent part. For 
example, in place of the part sketch shown in Figure 9.28, one is more likely to 
encounter the part sketch shown in Figure 9.35. The part as shown in Figure 9.35 
cannot be stamped. Instead, to produce the part with sheet metal as indicated in 
the drawing would require the use of deep drawing, or wipe forming followed 
perhaps by one or more welding operations. Deep drawing is a process that 
involves high tooling costs, due to extensive tryout, and high processing costs, due 
to the slow cycle time of hydraulic presses. To produce the part by stamping, then, 
some of the junctions of the plates that constitute the part must be separated 
from each other. 

Figure 9.36 shows two possible alternatives. In the first alternative plates Pll 
and P12 are separated from each other but connected to the primary plate, Ppr. 
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P31 
FIGURE 9.35 Original sketch of part shown in Figure 9.28. 

P31 
(a) (b) P31 

FIGURE 9.36 Alternative designs to part shown in Figure 9.35. 

Plates P14, P21, and P31 are connected to each other. However, P14 and P21 are sep- 
arated from the primary plate. 

In the second alternative, P12 is connected to Pll but separated from plate 
Ppr. In both alternatives, three bend stages are required. Thus, from the stand- 
point of tooling, the two designs are approximately the same. 

In some situations, the number of bend stages required for alternative 
designs will not be the same. For example, if the part did not contain plates 
P21 and P14, then the design shown in Figure 9.37a would require one more bend 
stage than the one shown in Figure 9.37b. Except for situations where func- 
tionality does not permit, parts should be designed using the minimum 
number of bend stages. Thus, the design shown in Figure 9.37b should be 
selected. 
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(a) (b) 

FIGURE 9.37 Alternative designs. 

FIGURE 9.38 Non-stampable design. 

Non-stampable Parts 

In designing a part, one must take care not to design parts that cannot be 
stamped. Figure 9.38 shows plates P14, P21, and P31 separated from each other but 
connected to Ppr. This part cannot be produced as shown because of the inter- 
ference between plates P21 and P14 when they are unfolded. 

Other examples of non-stampable parts are 

1. Parts that do not have a uniform sheet thickness, 
2. Parts that have sheet thicknesses greater than 6.5mm, 
3. Parts whose nonperipheral features (holes, extruded holes, tabs, etc.) are not 

in a direction parallel to the sheet thickness, 
4. Parts with hole diameters less than the sheet thickness, 
5. Parts with projections, other than tabs or lance forms, that protrude a dis- 

tance greater than four times the sheet thickness. Such features generally 
exceed the height that can be achieved by a local forming operation. 
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FIGURE 9.39 Example 9.2. 

9.8 EXAMPLE 2reNUMBER OF ACTIVE STATIONS 
FOR A BENT PART 

9.8.1 The Part 

As our second example we consider the part shown in Figure 9.39. We'll assume 
that the two holes are widely spaced. 

9.8.2 Number of Active Stations 

To estimate the number of active stations required to produce this part we need 
to complete Tables 9.1 and 9.2. The completed tables are shown below in Figure 
9.40. We see from Figure 9.40 that approximately 5 active stations will be required 
to produce this part. 

As a check, let us compare our estimate with the number of active stations 
required to produce the part if we follow the process plan shown in Figure 8.21. 
For this example we see that if we do in fact use the layout shown in Figure 8.21 
we overestimate the number of stations required by 1. The reason for this is that 
the process plan shown in Figure 8.21 uses the part holes as internal pilot holes. 

Figures 8.24 and 8.25 show two alternative process plans for this same L- 
bracket. Once again the two part holes are used as internal pilot holes. However, 
in one case (Figure 8.24) 4 active stations are used to stamp the part, and in the 
other case (Figure 8.25) 5 stations are used. Thus, depending upon the actual 
process plan used our estimate may or may not be precise. 

For the purpose of comparing two or more alternative designs and in 
order to avoid the need to produce a detailed process plan during the early stages 
of design, the algorithms proposed here have been found to be sufficiently 
accurate. 

9.9 RELATIVE DIE CONSTRUCTION COSTS 

9.9.1 Die Construction Hours 

As indicated earlier in Section 9.3, die construction cost includes die design cost 
and die build cost. Design and build costs are related to the total die construc- 
tion hours, tdr which is equal to the sum of the build hours, tb, and design hours, 
ta. That is: 
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N ~ b e r  of bend stages 0 (~  2 3 4 _5 

B ends in opposite directions?. (applies only to parts with 
one bend stage.) (y/n) 
Number of overbends 

N um ber of fe atur e s in the prim ary pl ate near the bend line 

Number of side actionfeatures 

Total Number of Active Stations, N~ 

Number of Stations 

o@s 4 5 6 

(0) 1 2 3  4 5  

(ff)l 2 3  4 5  

@l 45 

2 

FIGURE 9.40 Estimate of the number of active stations required to produce the part 
shown in Figure 9.39. 

tdc = tb + td (Equation 9.5) 

The build hours for each station are determined using the following equation 
(9.6), namely, 

(n+ l )  
t i -  tbasic (Equation 9.6) 

2 

where ti is the hours spent in building the tool for the ith station, n is the number 
of identical features to be imparted in the ith station and tbasic is the number of 
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Table 9.3 Basic hours required to produce various features 
using a medium-grade tool. For a high-grade tool add 10 
hours. For a low-grade tool, subtract 10 hours. (Note: Data 
based on information provided by collaborating stampers.) 

Operation Medium Grade 

Bending 40 
Blanking 40 
Piercing 30 
Standard Hole 30 
Nonstandard Hole 45 
Extruded Hole 50 
Lancing 40 
Notching 40 
Embossing 40 
Lettering 40 
Semi-perf 25 
Tab 65 

(notch) (40) 
(form) (25) 

Drawing 55 
Forming 40 
Coining 40 
Curl 120 

(notch) (40) 
(bend) (40) 
(form) (40) 

Hem 120 
(notch) (40) 
(bend) (40) 
(form) (40) 

Side-Action Feature 80 

hours required for building a medium-grade tool to produce a single feature. 
Build hours include the time spent in creating the die block and stripper plate 
cavities, machining the punches, punch plate, die holder and punch holder, and 
assembling all the components (see Figure 8.18). 

The total build hours for the die is the sum of the build hours required for 
each station, namely, 

tb = ~ ti (Equation 9.7) 

Table 9.3 gives typical values of tbasic. 
Design hours are a function of the part complexity. The more complex the 

part and the greater the number of features in it, the greater the number of work- 
stations, hence, the greater the number of hours spent in designing the tool. It 
has been found that design hours are directly proportional to the number of 
active stations (Mahajan, P.V., 1991) and can be estimated from the following 
equation: 

td = 18.33Na - 3.33 (Equation 9.8) 

The total die construction time, tdc, is obtained by summing together the times to 
both design and build the tool, that is, 
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tdc = tb + td (Equation 9.9) 

9.9.2 Die Construction Costs Relative to 
a Reference Part 

The relative die construction cost for a given part was defined earlier (see Section 
9.2.2) as the die construction cost for a designed part divided by the die con- 
struction cost for a reference part. That is: 

Kdc 
Cdc = ~ (Equation 9.10) 

Kdco 

where Kdc and Kdco refer to the die construction costs for the designed part and 
reference part, respectively. The die construction costs are obtained by multiply- 
ing the die construction time by the hourly rate, C,. Thus, 

Kdc = tdcCh (Equation 9.11) 

and 

Kdco = tdcoCho (Equation 9.12) 

Thus, if C. = Cho then 

tdc 
Cdc - (Equation 9.13) 

tdco 

If the reference part is taken as a stamped washer (OD = 50mm; ID = 10 
mm; t = 1.5 mm) made of low-carbon cold-rolled steel (CRS), then the tool con- 
struction time for the washer is about 138 hours. 

9.10 EXAMPLE 3--RELATIVE DIE CONSTRUCTION 
COST FOR A FLAT PART 

As an example we will consider the part shown in Figure 9.10 and first introduced 
in Example 1 in Section 9.5. It was shown in Example 1 that 4 active stations are 
required to produce this part. Table 9.4 lists the particular operation to be carried 
out at each workstation along with a calculation of the build time required for 
the die. In this case 145 hours are required to build the die. 

The number of hours required for designing the die for the part is given by 
substituting into Equation 9.8. Thus, 

Table 9.4 Build hours required for Example 3. 

Station Operation tbasic ti 

1 Pierce 2 pilot holes 30 45 
2 Pierce 1 standard hole 30 30 
3 Pierce 1 standard hole 30 30 
4 Blank out part 40 40 

tb 145 
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Table 9.5 Build hours required for Example 4. 

Station Operat ion tbasi c t i 

1 Pierce 2 pilot holes 30 45 
2 Pierce 2 standard holes 30 45 
3 Notch 40 40 
4 Wipe form 40 40 
5 Blank out part 40 40 

tb 210 

td = 18.33Na-  3.33 = 18.33(4) - 3.33 = 70 hours 

The total die construction time in this case is, therefore,  

tdc = 145 + 70 = 215 hours 

and the relative die construction cost is 

Cdc-- (215)/138 = 1.56 

9.11 EXAMPLE 4--RELATIVE DIE CONSTRUCTION 
COST FOR A BENT PART 

As our next example we will consider the part  shown in Figure 9.39 that was first 
considered in Example  2 (in Section 9.8). It was shown in Example  2 that 5 active 
stations are required to produce this part.  Three of these stations are required 
for shearing and local forming, and the other  2 stations are required to carry out 
the wipe forming operation.  Table 9.5 lists the particular operat ion to be carried 
out at each workstat ion along with a calculation of the build time required for 
the die. In this case it is seen that  210 hours are required to build the die. 

The design hours for this die are 

td = 18.33Na-  3.33 = 18.33(5) - 3.33 = 88 hours 

Thus, the total die construction time is, 

tdc = 210 + 88 = 298 hours 

The relative die construction cost is 

Cac = (298)/138 = 2.16 

9.12 EFFECTS OF PART MATERIAL AND SHEET 
THICKNESS ON DIE CONSTRUCTION COSTS 

Unlike the processes of injection molding and die casting where maintenance  
costs are charged as needed,  in stamping maintenance  charges, learning and 
nervous factors are charged up front as part  of tool construction cost. 

Harde r  workpiece materials require more  tool maintenance (especially tool 
regrind). In addition, some materials exhibit more  springback and as a result 
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Table 9.6 Factors to account for the effects of sheet 
thickness on die construction and die material costs. 

Sheet thickness (mm) Ft Fdm 

0.125-3.00 1.0 1.0 
<0.125 1.7 1.0 
>3 1.0 1.4 

more experimentation (called tryout) and learning is required to obtain satis- 
factory results. Thus, in those cases where "harder" workpiece materials such as 

�9 Cold rolled red brass (C23000) 
�9 Cold rolled cartridge brass (C26000) 
�9 Hard aluminum alloys (1100-H18; 5052-H18) 
�9 Stainless steel (302 annealed, 304 cold rolled) 

the design and build hours for bend stations should be increased by 10%. 
Die construction costs are also affected by the sheet thickness of the part. 

Sheet thickness is the thickness of the stock metal material used in the stamping. 
For shearing operations, the clearance between the punch and die must be less 
than the sheet thickness. For sheet thickness less than 0.005 inches (0.125 mm), 
adequate tool clearances between the punch and die are difficult to achieve, 
causing tool fabrication costs to increase. In addition, thin material can buckle 
when being fed in a progressive die. Hence, such a stock thickness is considered 
critically thin. 

Although a stock thickness greater than 0.125 inches (3.00mm) has only a 
negligible effect on tool fabrication costs, it does significantly increase tool mate- 
rial costs. In addition, thick stock, which is coiled for use on progressive dies, has 
undesirable wrinkles. Hence, such a stock thickness is often considered critically 
thick. 

The factors Ft and Fdm account for the effects of sheet thickness on the die 
construction costs and the die material cost, respectively. Thus, the relative die 
construction cost, Cue, is given by: 

Cdc = C'dcFt (Equation 9.14) 

where C'ac is defined as the value of Cdc as obtained from Equation 9.13. Values 
for Ft and Fam are given in Table 9.6. 

The method for estimating the die material cost, Cam, and the role that Fdm 
plays in the determination of Cam is discussed in the next section. 

9.13 RELATIVE DIE MATERIAL COST FOR 
PROGRESSIVE DIES 

Die material costs consist of the cost of the die set (punch holder, die holder, 
guide posts, bushingsmFigure 9.41), tool steel (die block, punches, die inserts, 
cams, back gage, finger stop, etc.), and soft or machine steel (punch plate for 
holding individual punches, stripper plates, and noncritical parts). As mentioned 
earlier, some items are standard and can be catalog purchased. Such items include 
the die set itself, punches, die buttons, pilots, springs, and other products. In 
general, 25% of the total cost of the die material is due to the die set itself. The 
remaining 75 % is due to tool steel and soft material. Hence, a good estimate of 
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S t a t i o n  2 Stat ion  1 
Blanking punch ~ Piercing punches 

(removes blank from strip) ~ (pierces holes into strip) 

[iii!iiii' , ' ~ ~ Punchholder 

Pilots 
(enters previousl~ Punch plate 

pierced holes) ~ ~ (holds punches) 
H •iiiiiiiiiiiiiiiiii!i!iii•iiiiiiiii••iiiiiiiiiiiiiiiiiiii!iii!iii!ii!iii!i!iiiiiiiiiiiii• I!iiiiiiiiii!iii!ii!iiiiii!iii!iil liiiii!!il 

@tripper plate (removes strip from around punches) 
N 

v.~ g ' / / / / / / / / / / / / A  t / I l l / 7  r/J 

Die block 

•i!iiiiiii•iii•i!i•ii!i!iiiiiiiiiiiiiiiiiiiiii!ii!ii!iiiiiiii!iiiiiiiiiiiiiiiii!iiiiiiii•iii•• liiii!iii!ii!i!ii!iiiiiiiiiiiiiiiil  iiiiii!iiiiiii!iii!iii!iii!iii !ii !i!i!i!i!iiiiiiii!iiiiiiii!iii!ii!iiiiiii !iii!i  
I 

Die holder 
Strip 

�9 �9 
\ 

I C) (~ ~ -  Finished link 

\ 
Scrap 

FIGURE 9.41 Some components included in die material cost. 

the total die material cost can be taken as four times the cost of the die set 
required. 

Assuming that a "one-up" tool is being used (i.e., that only one part at a 
stroke is being made), then the die material cost is a function of the size of the 
die set. The size of the die set is, in turn, a function of the number of stations 
required to produce the part. The number of active stations required is obtained 
from Tables 9.1 and 9.2. 

As discussed before in Chapter 8, Section 8.7.2, Strip Development, in addi- 
tion to active stations, most progressive dies also make use of idle stations. This 
is done in order to strengthen the die, to avoid closely spaced punches, and to 
distribute the cutting load over a larger area. The number of idle stations required 
depends on the unbent length of the part, Lub, in the direction of strip feed (see 
Figure 9.42). When Lub is small, more idle stations are added in order to avoid 
closely spaced punches. Table 9.7 can be used to determine the total number of 
stations required. 

Table 9.8 can be used to determine the size of the die set, Sds. Substituting 
the value of Sds into the following equation (Mahajan, EV., 1991) gives the die 
material cost for the part relative to the die material cost of the reference washer: 

Cdm = Fdm[2.7Sds/(25.4) 2 + 136]/260.2 (Equation 9.15) 
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I 
K 

( 

L u b  

Direction of feed 

s ip 
0 �9 

\ 
\ 

Scrap 

Strip 

o o t 1 

o ~ I 
?1 " K L ub Scrap 

�9 �9 

Finished link 

FIGURE 9.42 Link laid out on strip in two different orientations. 

Table 9.7 Determination of the number of stations 
required (Mahajan, P.V., 1991). The subscripts 1 and 2 refer 
to the number of stations required for shearing and local 
forming, and bending and side-action features, respectively. 

N u m b e r  o f  A c t i v e  S t a t i o n s :  Na = Nal + Na2 = 
Number of Idle Stations: Ni = Nil + Ni2 = 

(a) For Lub < 25 mm 
N,j = 1.5(Naj- 1), j =  1, 2 

(b) For 25 mm < Lub < 125 mm 
Nil = 0 (parts without curls) 
Nil = 2 (parts with curls) 
Ni2 = (Na2 - 1) 

(c) For Lub -> 125 mm, Nil - Ni2 = 0 

Total Number of Stations: Ns = Na + Ni = 

The value of Fdm accounts for the effect of sheet thickness on die material  
cost and is obtained from Table 9.6. 

9.14 EXAMPLE 5--RELATIVE TOOLING COST 

9.14.1 The Part 

As our first example  for calculating the total relative tooling cost for a part  let's 
consider the part,  made  of cold rolled steel, shown in Figure 9.43. Assume  that 
we've sketched the part  as shown so that  the separat ion between the various ele- 
menta l  plates reflects what  is indicated in Figure 9.43. Let 's  assume that  we are 
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Table 9.8 Die block and die set size (Mahajan, RV., 1991) with bottom plate of die set 
shown. 

Die  b l o c k  Guide  pos t  Die block size (mm) 
- Ld~ = NsLub+ 2Lex = 

Ldb = Lubn + 2Lex  = 
where: 

e dl )~ Lub  = envelope dimension parallel to strip feed 
Lubn = envelope dimension perpendicular to strip 
feed 
Lex = 25 if NsLub -< 75 
Lex = 37 if 75 < NsLub < 250 
Lex  = 50 if NsLub > 250 
Die set size: 

K A ~ A = Ldl + 25 = 
A r e a  o c c u p i e d  b y  B = Ldb + 25 = 

all stations Sa~ = AB = 

Sheet thickness - 1.6 m m  

semi-perfs (2) 

25 

1.6 

O 

25 

~ 20 

58 

FIGURE 9.43 Example 5mOriginal design. All dimensions in mm. 

at the configurat ion design stage and have several  a l ternat ive approaches  we 
could use to analyze the part.  

In one approach,  we could assume the worst  possible conditions. In this case, 
we would  treat  holes A, B, and C as side-action features  and d imens ion  the cutout  
so that  it is narrow. The advantage  to this approach  is that  we could obta in  a com- 
par ison be tween  the most  costly design and one  that  is less costly. 

Alternatively,  we could assume the best  possible conditions. In this case, we 
could assume that  we do not  know as yet whe the r  holes A, B, and C are to be 
side-action features. We would also assume that  the d imensions  of the cutout  are 
not  yet  known,  and consequent ly  that  it is not  to be t r ea ted  as narrow. With these  
assumptions,  we obta in  a lower b o u n d  with regard  to tooling cost, and investi- 
gate the possibility of redesign suggestions that  will lower  the cost to p roduce  the 
part  still further.  

Finally, we could take a middle  approach.  In this case, we might  assume that  
we know that  the locat ion of holes A and C are not  critical, but  that  we ' re  uncer-  
tain about  hole B. We also assume that,  since we are not  cer tain about  the precise 
dimensions  of the cutout,  we will t reat  it as narrow. Thus, we will obta in  a com- 
par ison be tween  a design that  treats the cutout  as na r row and hole B as critical, 
with one  that  does  not  t reat  t hem as na r row and critical, respectively. 
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Table 9.9 Number of build hours required for Example 5. 

Station Operation tbasi c t i 

1 Pierce 2 pilot holes 30 45 
2 Pierce 2 standard holes 30 45 
3 Pierce 1 standard slot 30 30 
4 Pierce 1 standard hole 30 30 
5 Create 2 semi-perfs 25 37.5 
6 Notch 40 40 
7 Bend 1 40 40 
8 Bend 2 40 40 
9 Bend 3 40 40 

10 Separate part 40 40 

tb 387.5 

In this example we will assume the best possible conditions and obtain the 
minimum relative tooling cost. Thus we are assuming that all dimensions are 
approximate and that none of the features are closely spaced, near a bend, or 
result in side-action features. In addition, the cutout that is present will not be 
assumed to be narrow. 

9.14.2 Relative Die Construction Cost 

Number of Active Stations 

Before determining the number  of active stations required to stamp the part let's 
first determine whether  or not the part is even stampable. The part is certainly 
unfoldable (see Figures 8.26 and 8.27). In addition, the part has a uniform sheet 
thickness less than 6.5 mm, and hole diameters greater than the 1.6 mm thickness 
of the sheet.Also, the nonperipheral  features are in a direction normal to the sheet 
thickness, and the part contains only straight bends. Hence, the part is stampable. 

There are 4 distinct feature types, 3 distinct types of holes, and semi-perfs. 
There are also 3 bend stages. Thus, from Figure 9.44 we see that 10 active sta- 
tions are needed. 

Relative Die Construction Cost 

The number  of build hours required is 387.5 (see Table 9.9). The die design hours 
are 

ta = 18.33Na- 3.33 = 18.33(10) - 3.33 = 180 hours 

hence, the total die construction time is 

tdc = 387.5 + 180 = 567.5 hours 

Thus, the relative die construction cost is 

Cdc = (567)/138 = 4.11 

Since the part has a sheet thickness between 0.125 and 3.00mm and is made 
of cold rolled steel, Ft is 1.0 and no correction needs to be made to the calcula- 
tion of Cdc. 
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Features 

Ex temal pilot hole s 

N ta~ bet of c~ stinct fe a~ e typ e s, nf 

Nta~bef of closely ~acedfeatt~e types, nfc 

Nt~ber of featt~e types with featt~es in Ol~_Oo~ite 
di~ e clion, hop 
T abe. (y/n) 

Em bosses near lore loedphery? (yln) 

Cud s or hem ~. (y/n) 

B 1 anking out ~ali on 

Total Number of active stations, Nal 

Number of Stations 

(!) 

01 23(~)56 789 

(~)I 23 456 789 

(~)I 2 3  456 789 

2(0) 

�9 

6 

Wipe Forming 

Number of bend stages 0 1 2(~) 4 5 

B ends m opposite direction~. (applies only to parts with 
one bend stage) (y/n) 
Nt~bef of ovefbenc~ 

Nt~bef of featt~es in the l~im azy plate near the bend line 

Number of side actionfeai~es 

Total Number of Active Stations, Ne 

Number of Stations 

02 3(~56 

(~1  2 3  45 

(ff)l 2 3  45 

(~)1 2 3  45 

4 

FIGURE 9.44 Number of active stations required for Example 5. 

9.14.3 Relative Die Material Cost 

The length of the flat envelope of the part before bending is approximately 
92 mm, and the width of the flat envelope is about 65 mm. We assume that the 
part is fed with the width of the envelope parallel to the direction of strip feed. 
Thus, Lub = 65 mm and L u b  n - -  92 mm. 

Using Table 9.7, since Lub = 65 mm, and since no curls are present, then no 
idle stations, Nil, are required for shearing and forming. 

Since Na2 = 4, then the number of idle stations required during the wipe 
forming stages of the part is 

Ni2 = (Na2-  1) = 3 
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Thus, the total number  of stations required, Ns, is 13. 
From Table 9.8, the die block size required is 

Ldl = NsLub + 2Lex = 13(65) + 2(50) = 945 mm 

Ldb = Lubn + 2Lex = 92 + 2(50) = 192 mm 

Hence, the die set size, Sds is 

Sds = (Ldl + 25)(Ldb + 25) = 970(217) = 210,490mm 2 

Since Fdm = 1, the relative die material cost is, from Equat ion 9.15, 

Cdm = [2.7Sds/(25.4) 2 + 136]/260.2 = 3.91 

9.14.4 Total Relative Die Cost 

The total relative die cost is obtained from Equation 9.4, thus, 

Cd = 0.8Cdc + 0.2Cdm = 0.8(4.11) + 0.2(3.91) = 4 .07  

9.14.5 Redesign Suggestions 

The major cost drivers in this case are the number of stations required to impart 
the various shearing and local forming operations and the number of bend stages 
required. The number  of shearing stations could be reduced if all the holes were 
identical. Thus, instead of requiring 3 stations to pierce the holes only 1 would be 
required. Reducing the number  of multiply connected plates can reduce the 
number  of bend stages. Redesigning the part as shown in Figure 9.45 can reduce 
the number  of multiply connected plates. 

Redesign Alternative 2 has no multiply connected plates, and hence 
requires only one bend stage. In addition, all of the bends are in the same 
direction, hence, the total number  of active stations is 8 : 6  for shearing and 
local forming, and 2 for bending. The build hours are reduced to 307.5 hours 
and the design hours are reduced to 143 hours. Hence, the total die construc- 
tion time for alternative redesign 2 is 450.5 hours, and Cdc for this design 
becomes 3.26. This results in a reduction of die construction cost of approximately 
21%. 

The reduction in the number of active stations from 10 to 8 will also 
result in a reduction in the die material cost. In this case, Nil is still 0 and 
Ni2 is reduced to 1. Hence the total number of stations, Ns, required is 
reduced from 13 to 9. The new die block set is then approximately 865mm 
(Ld~) by 185 (Ldb) and the die set size, Sds, becomes 186,900mm 2. The die material 
cost, Cdm, for Alternative 2 is, therefore, 3.52. This is a 10% savings in die mate- 
rial cost. 

The overall die cost for the redesigned part is 

C d = 0.8(3.26) + 0.2(3.52) = 3.31 

This is an overall savings in tooling cost of 19%. 
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(b) Alternative 2 

FIGURE 9.45 Alternative redesigns for Example 5. 

5~ 8 ~ g ~  ~ 3  6 

FIGURE 9.46 Original design. 

9.15 EXAMPLE 6mRELATIVE TOOLING COST 

9.15.1 The Part 

As our final example we consider the part shown in Figure 9.46. To analyze 
this part, we will take a middle-of-the-road approach. That is, except for 
holes A (see Figure 9.47), we will assume that the other holes are not critical 
and they will, therefore, not be treated as side-action features. Although 
the details of holes A are not as yet known, we will assume that we know 
enough about this design that even at this configuration stage we know that 
their location is critical and, thus, they will be treated initially as side-action 
features. 
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FIGURE 9.47 Details of hidden features. 

o o / 

Plat 
overlap 

FIGURE 9.48 Overlapping plates. 

9.15.2 Relative Die Construction Cost 

Number of Active Stations 

The original design (sketch) of the part is shown in Figure 9.46. Figure 9.47 shows 
the details of the hidden features. 

The part has a uniform sheet thickness less than 6.5 mm, and hole diameters 
greater than the 2.0 mm thickness of the sheet. In addition, the nonperipheral fea- 
tures are in a direction normal to the sheet thickness. However, upon unfolding 
the part, in order to determine the size of the fiat envelope, it is seen that ele- 
mental plates M and N overlap (Figure 9.48), hence, the part is not stampable! 

Redesign Suggestions 

If the length of the plates M and N are reduced as shown in Figure 9.49, the plate 
is now stampable. This redesigned part will now be analyzed. 

Number of Active Stations for Redesigned Part 

In order to determine the amount of die detail present, it is necessary to check 
for the presence of side-action features. In this case the location of holes A was 
specified to have a tight location tolerance from the bend line. Hence, holes A 
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FIGURE 9.49 Redesigned part. 

Table 9.10 Number of build hours required for Example 6. 

Station Operation tbasi c t i 

1 Pierce 2 pilot holes 30 45 
2 Pierce 3 standard holes 30 60 
3 Create 2 semi-perfs 25 37.5 
4 Notch 40 40 
5 Bend 1 40 40 
6 Bend 2 40 40 
7 Side-action feature 80 80 
8 Separate part 40 40 

tb 382.5 

must be formed after bending and are, therefore, a side-action feature. Thus, holes 
A are not included in the determinat ion of the number  of active stations required 
for shearing and local forming. 

Using Table 9.1, it is seen that since the part contains 3 standard holes and 2 
semi-perfs in the same direction, the total number  of active stations required for 
shearing and local forming, Nal is 4. Using Table 9.2, it is seen that since the part  
contains 2 bend stages and has 1 side-action feature, the number  of active sta- 
tions required for bending and side-side action features, Na2, is also 4. Thus, a total 
of 8 active stations is required to produce this part. 

Relative Die Construction Cost 

The calculations carried out in Table 9.10 show that the number  of build hours 
required is 382.5. 

The die design hours are 

td = 18.33Na- 3.33= 18.33(8) - 3.33 = 143.3 hours 

hence, the total die construction time is 

tdc = 382.5 + 143.3 = 525.8 hours 
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Thus, the relative die construction cost is 

C d c  -- 525.5/138 = 3.81 

Since the part has a sheet thickness between 0.125 and 3.00mm and is made of 
cold rolled steel, Ft is 1.0 and no correction needs be made to the calculation 
of Cdc. 

9.15.3 Relative Die Material Cost 

The length of the flat envelope, Lul, is 186 mm and the width of the flat envelope 
of the part is 148 mm. If the part is fed with Luw parallel to the direction of strip 
feed, then Lub - 143 and Lubn = 186 mm. 

Using Table 9.7, since Lub - 148 mm, no idle stations, Nil, are required for 
shearing and forming. 

Since Na2 = 4, then the number  of idle stations required during the wipe 
forming stages of the part are 

Ni2 = ( N a 2 -  1) = 3 

Thus, the total number of stations required, Ns, is 11. 
From Table 9.8, the die block size required is 

Ldl = NsLub + 2Lex = 1 1 ( 1 4 8 )  + 2 ( 5 0 )  = 1728mm 

Ldb = Lubn -I- 2Lex = 186 + 2(50) = 286 mm 

Hence, the die set size, Sds, is 

Sds-- (Ldl--I- 25)(Ldb + 25) = 1753(311) = 545,183mm 2 

Since Fdm = 1, the relative die material cost is, from Equation 9.15, 

Cdm = [2.7Sds/(25.4) 2 + 136]/260.2 = 9.29 

9.15.4 Total Relative Die Cost 

The total relative die cost is obtained from Equation 9.4, thus, 

Cd -" 0.8Cdc "+" 0.2Cdm -" 0.8(3.81) + 0.2(9.29) = 4 .91  

9.16 WORKSHEET FOR RELATIVE TOOLING 
COSTmSTAMPING 

To facilitate the calculation of the relative tool costs for stamping, the worksheet 
shown below can be used. The worksheet may be reproduced for use with this 
book. 
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Worksheet for Relative Tooling Costs--Stamping 

Original Design 

Unfoldable?  

Uni form sheet  thickness? 

Sheet  thickness < 6 .5mm? 
. . . .  

Hole  d iamete r  > sheet  thickness? 

Features  normal  to sheet  thickness? 

Yes No 

Are  bends straight bends? 

Without  mult iple plate junctions? 

Pr imary plate without  overbends  on all sides? 

IF  A L L  R E S P O N S E S  A R E  Y E S m P A R T  IS 
S T A M P A B  LE ! 

Number of Active Stations 

Nal (see Table 9.1) = Na2 (see Table 9.2) = 

N a = N a i + N a 2 =  

Relative Die Construction Cost 

tb (see Table 9.3) = td = 18 .33Na-  3.33 = 

tdc = tb + td = Cdc = tdc/138 = 

Ft  (see Table 9.6) = Cdc = C'dcFt = 

Relative Die Material Cost 

Flat  Envelope:  Lul = Luw = 

Direct ion of strip feed: Lub = Lubn = 

Idle Stations Nil (see Table 9.7) = Ni2 (see Table 9.7) = 

Total Stations Ns = Na + Nn + Ni2 = Fdm (see Table 9.6) = 

Ldl = NsLub + 2Lex = Ldb = Lubn + 2Lex = 

A = Ldl + 25  = B = Lab + 25  = 

Sds = AB = 

Calm = Fdm[2.7Sds/(25.4) 2 + 136]/260.2 = 

Cd = 0.2Cdm + 0.8Cdc = 

Redesign Suggestions (or % savings if a redesign): 
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9.17 SUMMARY 

The purpose of this chapter was to present a systematic approach for identify- 
ing, at the configuration design stage, those features of the part that significantly 
affect the cost of stampings. In addition, the goal was to learn how to design so 
as to minimize difficult-to-stamp features. Therefore, a methodology for estimat- 
ing the relative tooling cost of proposed stamped parts based on configuration 
information was presented. Unlike injection molding and die casting, however, 
where the total relative tooling cost can be determined at the configuration stage 
of design, we found that in stamping only a range of relative tooling costs can be 
determined. Nevertheless, a great deal of information concerning tooling cost can 
be determined at the configuration stage, and this information can be used to 
help guide the generation and selection of part configurations before parametric 
design is done. 
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QUESTIONS AND PROBLEMS 

9.1 

9.2 

9.3 

As part of Example 1 (see Figure 9.10), a process plan was obtained for the 
case with the largest dimension of the fiat envelope of the part fed parallel 
to the direction of strip feed. Develop a process plan for this same part with 
the largest dimension of the rectangular fiat envelope of the part fed per- 
pendicular to the direction of strip feed. How do these results compare with 
the results obtained in Example 1, Section 9.5? 
In determining the relative die material cost for the part shown in Figure 
9.43 (Example 5, Original Design), it was assumed that the strip layout was 
such that the longest fiat dimension of the part, Lul, was perpendicular to 
the direction of strip feed. Determine the relative die material cost for this 
same part if Lul is laid out parallel to the direction of strip feed. Do you 
anticipate any difficulties in implementing such a process plan? 
In determining the relative die material cost for the Alternative 2 design 
(Figure 9.45b) of the part considered in Problem 9.2 above, it was assumed 
that the strip layout was such that the longest fiat dimension of the part, Lul, 
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was perpendicular to the direction of strip feed. Determine the relative die 
material cost for this same part if Luj is laid out parallel to the direction of 
strip feed. What is the total relative die cost in this case? Which of the two 
layouts (i.e., Lu~ parallel to the direction of strip feed, or Lu~ perpendicular 
to the direction of strip feed) seems more feasible? 
As part of the same training course discussed earlier in Problem 4.1 in 
Chapter 4, for example, assume that you have been teaching some new hires 
the approach discussed in this chapter for comparing two alternative 
designs. One of the trainees seems skeptical that this approach works. In 
order to convince the trainee of the viability of this method: 
(a) Develop a detailed process plan for the Alternative 2 design of 

Example 5. 
(b) Estimate the relative die construction costs for Alternative 2 design 

using the process plan just developed. 
(c) Using the process plan developed in Chapter 8, "Sheet-Metal 

Forming" (see Section 8.7.3), estimate the relative die construction 
costs for the original design. 

(d) Using the results obtained in parts b and c of this problem, estimate 
the percentage savings in relative die construction costs if Alternative 
2 design is used. 

(e) Compare the results obtained in part d above with the results obtained 
in Section 9.14. 

The part shown in Figure P9.5 is made of a soft cold rolled steel. The loca- 
tion of holes A and C are not critical. Distortion of hole B is not permitted. 
Determine: 
(a) The relative die construction cost for the part. 
(b) The relative die material cost for thee part. 
(c) The overall die cost for the part. 

1.6 

Pr imary  
plate  

3~ 

4 

FIGURE P9.5 

9/,>",,./-., , , ,26 

2.5 

5 

~,~"-[Extruded hole 

. , ~ S e m i - p e r f  

, t  26 

(All dimensions are in mm.) 

9.6 Develop a detailed process plan for the part shown in Figure P9.5. Compare 
the number of active and idle stations, Na and NI, respectively, that you used 
in your plan with the number of active and idle stations used in your esti- 
mate of the relative die constructions costs in Problem 9.5 above. 
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9.7 The part shown in Figure P9.7 is made of a soft cold rolled steel. The dimen- 
sion A is 9 mm. It is an important dimension that must be held to within +/- 
0.02 mm. Determine: 
(a) The relative die construction cost for the part. 
(b) The relative die material cost for the part. 
(c) The overall die cost for the part. 

A = 9  
A: To le rance  to  be 3 . ~  ~ 

h e l d  t o +  0 .02  m m  161 ~" 

E x t r u d e d  ho l e  

3 A 

50 

21 

FIGURE P9.7 (All dimensions are in mm.) 

9.8 

9.9 

For the part shown in Figure P9.5, suggest an alternative design for the part 
and estimate the savings in tooling cost as a result of the redesign. 
For the part shown in Figure P9.7, suggest an alternative design for the part 
and estimate the savings in tooling cost as a result of the redesign. 
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Stamping: 
Total Relative Part Cost 

10.1 INTRODUCTION 

In Chapter 9, "Stamping: Relative Tooling Cost," we expressed the total cost of 
a stamped part in terms of: tooling cost per part, KJN; plus processing cost, K~; 
plus material cost, Km. At the configuration stage, since the final dimensions and 
tolerances of the par t  are not yet established, only tooling cost can be estimated. 
In the case of stamping, it may be possible to obtain only a lower boundary on 
the tooling cost at the configuration stage. 

Once we arrive at the parametric design stage, however, the final dimensions 
and tolerances are known. Thus the total relative tooling cost can now be more 
accurately obtained by the methods presented in Chapter 9. In addition, at the 
parametric stage the relative processing cost, the relative material cost, and thus 
the overall relative part cost can be obtained. 

In this chapter we concentrate on methods for evaluating the relative 
processing cost and the overall relative part cost for stamped parts made on 
progressive dies. In general, progressive dies are used for parts whose unfolded 
length, Lug, is less than 100mm. For values of Lul between 100mm and 200mm, 
both progressive dies and die lines of compound and single dies are commonly 
used. For parts larger than 200 mm, die lines are more common than progressive 
dies. This is due primarily to press capacity constraints that arise as the size of 
progressive dies increases. 

The analysis that follows is restricted to the use of progressive dies. It has 
been shown that for production volumes in excess of about 100,000, parts are 
most economically produced using progressive dies (Dastidar, P.G., 1991). In fact, 
in many cases even for production volumes down to about 10,000, the use of pro- 
gressive dies can result in a lower production cost. 

10.2 RELATIVE PROCESSING COST, CE 

If tcy represents the effective cycle time of the press, and Ch represents the 
machine hourly rate, then the relative processing cost, Ce, is: 

t cyCh 
Ce  = ~ -" t r C h r  (Equation 10.1) 

toCho  

where to and Cho represent the cycle time and the machine hourly rate for 
the press used to produce the reference washer introduced in Chapter 9 
(Section 9.9.2). 

215 
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As Equation 10.1 indicates, in order to estimate the processing cost, we must 
first estimate the relative machine hourly rate, Chr, and the relative cycle time, tr. 
Since both these parameters require an estimate of the total force required of 
the press to perform the stamping operations, we present next a procedure for 
estimating the required press tonnage. 

10.3 DETERMINING PRESS TONNAGE, Fp 

The press size required depends on the length of the press bed, A (which must 
be large enough to accommodate the die set), and the force required to stamp 
the part. The force required is a function of the number and type of features being 
formed, the size of the part, and the workpiece material. 

The required (or rated) press tonnage, Fp, is generally taken as approximately 
50% larger than the computed force, F, in tons, required to form the part. The 
added 50% is an approximate factor to account for uncertainties in the material 
properties and other estimates. That is: 

Fp = 1.5F (Equation 10.2) 

where F is the estimated total force in tons required to form the part. 
The required force, F, is the sum of several factors: 

F = Fs + Fb (Equation 10.3) 

where 

Fs = Forces for Shearing 
Fb = Forces for Bending 

The shearing force required, Fs, is the sum of stripper forces, Fst, required to 
remove the strip from around the shearing and blanking punches, and the sepa- 
ration force, Fout. The separation force Fout is the force required to separate the 
part from the strip at the last station of the progressive die, and the force required 
to shear and form the individual nonperipheral features. The force required to 
create the individual nonperipheral features can be approximated by multiply- 
ing the sum of Fst and Fout by a factor, Xdd, which depends on die detail. Values 
for Xda can be obtained from Table 10.1. Thus, the required shearing force is given 
by 

Fs = (Fout + Fst)(1 + Xdd) (Equation 10.4) 

where 

Fout = 1.5LoutOst (Equation 10.5) 

Fst = 21Loutt (Equation 10.6) 

Fout and Fst - the force in Newtons 

(~s = the shear strength of the material in MPa 

Lout = the length of the periphery of the part in mm 

t = sheet thickness in mm 

The 1.5 factor in Equation 10.5 is used to account for any peripheral 
features (cutouts, notches, etc.) that occur on the periphery of the part 
and are not accounted for by Lout. If no notches are present, then Equation 
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Table  10.1 Values of Xdd  for use in Equation 10.4.

Feature
N”ifber Opposite

Features
Directions? Penalty

In)
WNI

Standard
Hole

Non-standard
Hole
Coin

Standard
Emboss

Non-standard
Emboss

Extruded
Hole

Form

Lettering

Total
Penalty

Small Parts (LX<  l0Q  mm)

4 (:  Total Penalty X<  8 =>  Medium Die Detail

Medium Parts [lOO mm x L X< 200 mm)
]

6 x Total Penalty %x12=>  Medium Die Detail
Total Penal& >12=> Hiqh Die Detail

Large Parts (L B  200 mm)
]

10  < Total Penalty %<I  7=> Medium Die Detail

I I I

Die Detail Xdd

Low 0
Mf3liUIT-l 0.22
High 0.286

10.5 will overestimate the force required. However, given the approximate
nature of the calculations performed here, this is not considered a serious
limitation.

The bending force in Equation 10.3 above is computed as follows:

F,,  = o,L,,t/lS (Equation 10.7)

where
Fb is the bending force in Newtons

ot is the tensile strength of the material in MPa,

Lbt is the sum of all the straight bend lengths.

Values for the shear strength and tensile strength of some common materials
can be determined with the help of Table 13A.2 of Chapter 13, “Selecting Mate-
rials and Processes for Special Purpose Parts.” When shear strength is unknown
but tensile strength is known, an approximate value for the shear strength is
obtained by multiplying the tensile strength by a value between 0.65 and 0.85. For
high values of tensile strength one should use 0.85 as the multiplying factor. For
low values of tensile strength one should use 0.65. When in doubt, use 0.70.

10.4 PRESS SELECTION

Given the length of a die set, A, and the total force, F, required to stamp a part,
a press can be selected from Figure 10.1. Then Figure 10.2 can be used to deter-
mine the relative hourly rate, ChT,  for the selected press.
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Rated Tonnage
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Left-to-Right Dimension of Die Set, A (in.)

Rated Tonnage
700- : : : 1 : : : ; i :

: : 24 spm : : : (

200 - . . . . I . . . . a ----,---.,-...  . ..-..----  r ____,  __ ..,- ._
: :8() : : : :
:g():  : : ’ : :

Il-m~ *

50 60 70 80 90 100 110 120 130 140 130 lt

Left-to-Right Dimension of Die Set, A (in.)

FIGURE 10.1 Rated tonnage of  presses.

Figures 10.1 and 10.2 are used as follows. Enter the Figure at the value of A
along the abscissa. Then move vertically upward at this value until the first hor-
izontal line is reached that has a rated tonnage equal to or greater than the
required force Fp’ This horizontal line will correspond to a press with a speed
expressed in strokes per minute (SPM) shown along the horizontal lineThe  rated
tonnage of the press can be read along the ordinate at the level of the horizon-
tal line. The rated tonnage, SPM value, and length A determine a press whose
hourly rate is given in Figure 10.2. The vast majority of stampers using progres-
sive dies uses coiled stock that is automatically fed to the die. Occasionally, the
stock is manually fed.

By continuing to move upward in the Figure 10.1 at the value of A, other
presses -larger, slower (usually), and more expensive-can also be selected.
Generally speaking, however, the smallest press capable of producing the forces
required will result in the lowest overall part cost.

10.5 DETERMINING THE RELATIVE CYCLE TIME

The previous section describes how a press can be selected and its hourly rate
determined. To establish part cost, however, we must also know the rate at which
useful parts can be produced. The press has a speed (SPM), but this is not the
same as the rate at which useful parts are produced, even though it is assumed
in what follows that one part is completed with each stroke of the press. (This is
done with what are called “one-up” coil fed progressive dies.) The reasons are
(1) not all parts produced are in fact useful; and (2) it takes time to set up the

0
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Relative Hourly Rate, Chr
3

2 5.

2

15.

1

0 5.

n
200 250 300 350 400 450

Press Tonnage (USCS tons)

500 550 600 650

FIGURE 10.2 Relative machine hourly rate,  Chr.

progressive dies for actual production, during which time no parts are produced
at all.

We define the cycle time, t,, as the average time required to produce a useful
part (or the effective cycle time). The relative cycle time, t,, is the average cycle
time of a part compared with the average time to produce the standard part.
Thus, relative cycle time is given by:

where t, is the cycle time for the reference part and t, is the effective cycle
time for the part to be produced. In the case of stamping, the cycle time required
to produce the reference washer is 0.234s. (See Table 10.3.)

The effective cycle time, t,, in seconds, for a given press is given by (Dasti-
dar, PG., 1991)

1 t
t
” = 3600 (Feff GOSPM) +

setup

N 1 (Equation 10.8)

where Feff is the press efficiency (i.e., the proportion of time the press is up) and
accounts for the downtime of the press due both to routine maintenance of the
press and dies. SPM is the number of strokes per minute achievable by the press;
tsetup  is the approximate setup time in hours (approximately 1 hour in many cases);
and N is the production volume.

As noted in Section 10.2 above, the relative part cost is given by

With the methods described above, both t, and Chr can be computed.
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0

FIGURE 10.3 Example I.

10.6 EXAMPLE 1 -RELATIVE PROCESSING COST
FOR A PART

The part shown in Figure 10.3 is made of a commercial quality, cold rolled steel.
The relative tool construction cost for this part was determined earlier in Chapter
9, Section 9.14. It was assumed there that holes A, B, and C were not side-action
features and that the cutout shown was not narrow.

Let us assume that the dimensions and tolerances of the part have been final-
ized such that holes A, B, and C remain as non-side-action features and that the
cutout remains wide. Let us now determine the relative processing cost for the
part.

The length of the perimeter of the unfolded part, Lout, is about 350mm. From
Table 13A.2 of Chapter 13, the approximate shear strength of a commercial
quality carbon steel sheet is about 306 MPa (i.e., 0.85 times tensile strength). Since
the sheet thickness is 1.6mm,  then from Equation 10.5, Fout is

F out = l.SL,,,o,t = 1.5(350)(306)(1.6)  = 257kN

From Equation 10.6, the stripping force, Fst, is

Et = 21L,,,t  = 21(350)(1.6)  = 11.8kN

Previously, in Chapter 9, we found that the largest dimension of the unfolded
length is 92mm. Thus, From Table 10.1, it is seen that since the part has 4 stan-
dard holes (4 penalty points), and 2 semi-perfs in the same direction (2 penalty
points), the part is considered to have medium die detail, and Xdd = 0.22. Thus,
the total force required for shearing, F,,  is

F, = (F,,,  + I?,,)(1  + Xdd)  = (257 + 11.8)(1.22)  = 328 kN

The total length of all the bends, Lbt,  is 65 mm. Since the tensile strength of
a commercial quality carbon steel sheet (Table 13A.2 of Chapter 13) is about 360
MPa, then, from Equation 10.7,

Fb = o,L,,t/l8  = (360)(65)(1.6)/18  = 2.1kN

Thus, the total force requirement is
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F = F, + F,, = 328 + 2.1 = 330.1 kN

Thus, the
that is,

minimum press force required, F,, is obtained from Equation 10.2,

F, = 1.5F  = 495 kN = 56 tons

The die set length A was determined earlier (Chapter 9) to be given by

A = Ldl + 25 mm = 970 mm = 48.2 in

Hence, from Figure 10.1, the smallest press that can satisfy both the required
tonnage and the required die set length, is a llO-ton  press with a speed of 90
strokes per minute.

From Figure 10.2, the relative hourly rate for this press, Chr,  is about 1.3.

Production Volume = 7 0,000

A reasonable value for the press efficiency, Feff,  is 0.75. Thus, from Equation 10.8,
the effective cycle time for the press, at a production volume of 10,000, is

1 1
t -CY = 360 4 0.75( 60) (90) + 10,000 1 =1.25s

Therefore, since the cycle time required to produce the reference washer is
0.234s (see Table 10.3)

t 1.25t,=LL=- = 5.34
to 0.234

The relative processing cost for the part is, thus,

c, = t,C, = 5.34(1.3)  = 6.94

Production Volume = 7 00,000

For a production volume of 100,000,

t, = 0.924s

t, = 3.95

c,  = 3.95(1.3)  = 5.13

(As an exercise you should confirm the values shown for a production volume
of 100,000.)

10.7 EXAMPLE 2-RELATIVE PROCESSING COST
FOR A PART

Figure 10.4 shows the redesigned version of the part shown in Figure 10.3.
Because Lout and Lbt do not significantly change, and since the amount of
die detail remains at medium, the minimum required press force is still about
56 tons.

Because the number of stations required to produce this redesigned part has
been reduced (see Chapter 9, Section 9.14),  the value of A is about (865 + 25)mm
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FIGURE 10.4 Redesigned part.

or 35 inches. In this case it is seen, from Figure 10.1, that we still require a 110-
ton press with a speed of 90 SPM. Thus, in this case there would be no savings in
processing cost. On the other hand, if the number of stations required to produce
the part can be reduced still further such that A becomes about 32 inches, then
from Figure 10.1 we see that a 60-ton press with a speed of 400 SPM can be used.
The relative hourly rate for this machine is about 1.2.

Punching all of the holes at 1 station instead of 3 stations could reduce the
number of active stations. This can be done by either making all of the holes iden-
tical or by ignoring the guideline that distinct features should be stamped at sep-
arate stations. For purposes of illustration we will assume that a 60-ton press can
be used for this part.

Production Volume = 7 0,000

From Equation 10.8 the effective cycle time for this press, at a production volume
of 10,000, is

t =360
1 1
-CY 0.75(60)(400)  + 10,0001 = 0.560s

Therefore,

t 0.560t, =cy=- = 2.39
to 0.234

The relative processing cost for the part is, thus,

c, = t&. = 2.39(  1.2) = 2.87

This is a 57% reduction in processing cost.

Production Volume = 7 00,000

For a production volume of 100,000, show that

t, = 0.236s

tr = 1.01

c,  = l.Ol(1.2) = 1.21

This is about an 83% reduction in processing cost.
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Table  10.2 Some relative material prices, C,,,  for sheet
metal.

Material C mr

Hot rolled, oiled steel 0.84
Low carbon CRS, killed 0.97
High carbon CRS, spring 0.98
Low carbon CRS, half hard 0.98
Low carbon CRS 1.00
Low carbon CRS, galvanized 1.39
Low carbon CRS, zinc coated 1.41
Aluminum alloy 1.79
Annealed CRS, spring 1.86
Stainless steel 5.09
Cu sheet ,  electrolyt ic  tough 6.04
Phosphor bronze,  spring 8.41

10.8 RELATIVE MATERIAL COST

The expression for the relative material cost for a stamped part, C,, is identical
to Equation 5.5, namely,

C
K m V

m =-=-
K

C
mo v, mr

(Equation 10.9)

where V and V, are the volume of the part and the reference part, respectively,
and Cm,  is the price of the material relative to low-carbon cold rolled steel (CRS).
The value of V,,  from Table 10.3, is 3750mm”.  Table 10.2 contains the relative
material prices for some of the most commonly stamped materials.

10.9 TOTAL RELATIVE PART COST

As in the case of injection molding, the total production cost of a stamped part,
Kt, can be expressed as the sum of the material cost of the part, Km,  the tooling
cost, Kd/N,  and the equipment operating cost (processing cost), K,. Thus,

K
K+,  =Km +$+Ke (Equation 10.10)

where Kd  represents the total cost of the tool and N represents the number of
parts, or production volume.

If Km,, Kdo,  and K,, represent the material cost, tooling cost, and equipment
operating cost for the reference part, then as shown in Section 5.17 of Chapter
5, the relative part cost, C,, can be written as

Cr = Cmfm  + (CJN)fd  + C,fe (Equation 10.11)

where fm, fd, and fe represent the ratio of the material cost, tooling cost, and pro-
cessing cost of the reference part to the total manufacturing cost of the reference
part, that is

fm = Kmo/Ko,
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Table  10.3 Relevant data for reference part.

Part Material C R S

Material Cost (I&,) 5.72 x 10-4 cents/mm3@)
Part Vol (V,)(‘) 3750 mm3
Die Material Cost (I&.& $1 ,041C3)
Die Construction Time 138 hours(3)
(Includes design and build hours)
Labor Rate (Die Construction) $40/hrc3)
Cycle Time (t,) 0.234 s
Press Hourly Rate (C,,) $27 .20t3)

(1) Material Price Update, Xerox Corp., Jan. 1991; (2) Based on the
total material required to make the part, i.e., L, L,, t; (3) From
collaborating companies.

fd = Kdo/Ko,

fe  = K,,/K,

Cd, C,, and C, are, respectively, the tooling cost, material cost, and equipment
operating cost of a part relative to the material cost, tooling cost, and equipment
operating cost of the reference part. Values for Cd can be obtained from Equa-
tion 9.4, which is repeated below for convenience, and values for C,  and C, can
be obtained from Equations 10.9 and 10.1, respectively:

cd = 0.8& + 0.2cd, (Equation 9.4)

If we assume that a “one-up tool” is being used, that is, only one part per
stroke is produced, then from the data given in Table 10.3 for the reference part,
the cost of the reference part in dollars is given by

K, = 0.0233 + 6561/N, (dollars)

where the first term is the sum of the material and processing costs and the second
term is the tooling cost for the reference part. As in the case of injection molding
and die casting, it is seen that at low production volumes most of the cost of the
part is due to tooling cost.

At a production volume N, = 6717 the cost of the reference part is $1.00.
Since once again the main concern is a comparison of alternative designs for a
given part, the actual cost of the reference part is not vital. All that is really of
interest is a comparison in relative costs between two competing designs. For this
reason it becomes once again convenient to obtain the relative cost of a part with
respect to the standard part when K, is $1.00. In this case the values of fm,  fe, and
fd become

fm = KmO/K,  = 0.0215

fe  = K,,/K,  = 0.00177

fd = Kd,/K, = 6561

and
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C, = O.O215C,  + (6561/N)Cd  + O.O0177C, (Equation 10.12)

A comparison of Equations 10.12 and 5.12 show that, unlike injection
molding and die casting, processing costs in stamping do not make up a signifi-
cant proportion of part costs. This is primarily due to the high speed (short cycle
time) of the presses used.

10.10 EXAMPLE 3-TOTAL RELATIVE PART COST
FOR A PART

As originally designed, the total relative die construction cost, Cd,  for the part
shown in Figure 10.3 (Example 5 in Chapter 9, Section 9.14) was found to be
3.49.

For a production volume of 10,000, the relative processing cost, C,,  for the
part was found (Example 1, Section 10.6) to be 6.94, while for a production
volume of 100,000, C, was found to be 5.13.

The volume of the part material needed to make this part is

V = L,,L,,t  = 92(65)(1.6)  = 9568mm3

Thus, using the values of V, and Cmr found in Table 10.3,

c, = (V/V,>C,, = (9568)/(3750)(1.0)  = 2.55

Production Volume = IO, 000

At a production volume of 10,000, the total relative cost of the part is, from Equa-
tion 10.13,

C, = 0.0215(2.55)  + (6561/10,000)(3.49)  + 0.00177(5.13)  = 2.35

For the redesigned version of this part (Figure 10.4) Cd = 2.84, and, from Example
2, C, = 2.87. Thus,

C, = 0.0215(2.55)  + (6561/10,000)(2.84)  + 0.00177(2.87)  = 1.92

This is an 18% savings in overall part cost. This is essentially equal to the savings
in tooling cost found in Example 5 of Chapter 9 and is due to the fact that at this
production volume tooling cost is the dominant factor.

Production Volume = 100,000

As an exercise shows that even at a production volume of 100,000 the savings in
part cost achieved by redesigning the part are still almost entirely due to the
savings in tooling cost.

10.11 WORKSHEET FOR RELATIVE PROCESSING
COST-STAMPING

To facilitate the calculation of the relative processing cost and the overall rela-
tive part cost, the worksheet can be used. This copy may be reproduced for use
with this book.
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Worksheet for Relative Processing Costs and Total Relative Cost-Stamping

Original Design/Redesign

Tonnage required (linear dimensions in mm)

Material =

t =

OS= MPa  q  =

Detail = low/med/high Xdd  =

MPa  Lout  =

Lbt =

Fout  = l.SL,,,o,t  =

F,  =  (Fout  +  F,t)(  1 +  &d) =

kN Fst  = 21L,,,t  = kN

Fb=  (&,t/l8  = kN

A = inches (from die material

calculation)

F, = 1.5F  = l.5(F,+Fb) =

(Note: 1 ton = 8.89kN)

Press Selection (See Figure 10.1)

T o n s  = S P M  = Chr  =
(See Figure 10.2)

Relative Processing Cost

N b = 3600[1&(60SPM)  + l/N] t, = tql0.234 c,  = trchr

Relative Material Cost

Total Relative Part Cost (C, = o.o215c,  + (6561/N&  + O.O0177C,)

N cr

Redesign Suggestions (or % savings if a redesign):
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10.12 SUMMARY

In this chapter we concentrated on methods for evaluating the relative process-
ing cost and the overall relative part cost for stamped parts made on progressive
dies. It was shown that the processing cost of a stamped part represents a very
small percentage of the overall part cost. This is due to the high-speed presses
that are used and that result in very short cycle times. For this reason for pro-
duction volumes less than 100,000 most of the savings achievable in the design
of stampings occurs due to the reduction in tooling costs. At very high produc-
tion volumes (2 million, say), material costs dominate and part design and strip
layout design become vital so as to reduce material consumption.
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QUESTIONS AND PROBLEMS

10.1 Imagine that you work for a local stamping company, ABC Tool and Die,
situated near a large university. As part of the company’s outreach
program you’ve been invited to give a talk to a mechanical engineering
design class that is involved in the design of a product that contains a sub-
stantial number of stamped parts. As part of your talk you decide to focus
on the design of the parts as it affects tooling cost.
(a) Explain why you decided to focus on tooling cost as opposed to

material or processing cost.
(b) Explain in detail exactly which features of a part affect tooling cost.

10.2 As part of the same talk given in Exercise 10.1 above, show a sketch of
two parts that can easily be injection molded or die cast but would be dif-
ficult if not impossible to stamp. Be sure to explain why.

10.3 For a production volume of 50,000 parts, determine the relative process-
ing costs for the part shown in Figure P10.3.  Assume that the part is made
of soft cold rolled steel. (Note: The relative tooling costs for this part was
determined in Problem 9.5 of Chapter 9).
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FIGURE P10.3 (All  dimensions are in mm.)

10.4 Repeat the calculations of Problem 10.3 for a production volume of
1 ,ooo,ooo.

10.5 For a production volume of 50,000 parts, determine the relative process-
ing costs for the part shown in Figure P10.5. Assume that the part is made
of soft cold rolled steel. Note: The relative tooling cost for this part was
determined in Problem 9.7 of Chapter 9.

A = 9
A: Tolerance to be

Extruded hole

FIGURE P10.5 (All  dimensions are in mm.)

10.6 Repeat the calculations of Problem 10.5 for a production volume of
1 ,ooo,ooo.

10.7 For the redesigned version of the part shown in Figure P10.3  (Problem
9.8 of Chapter 9), what are the relative processing costs for the part at
production volumes of 50,000 and l,OOO,OOO?
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10.8 Determine the overall relative part cost for the parts considered in Prob-
lems 10.3 and 10.5.

10.9 Determine the savings in overall part costs for the part considered in
Problem 10.3 if it is redesigned as discussed in Problem 9.8 of Chapter 9.

10.10 Determine the savings in overall part costs for the part considered in
Problem 10.5 if it is redesigned as discussed in Problem 9.9 of Chapter 9.



Chapter 11

Other Metal
Shaping Processes

11 .I INTRODUCTION

The vast majority of piece-parts found in consumer products is formed by those
processes emphasized in the previous chapters, in particular, injection molding,
die casting, and stamping. This is the reason so much time was spent discussing
these particular processesThese  are the processes that you, as a designer or man-
ufacturing engineer, will most likely use or encounter while engaged in the prac-
tice of mechanical or industrial engineering. There are, however, other processes
that are important, and these processes will be briefly discussed in this chapter.
More detailed information concerning the processes can be found in the list of
references for this chapter.

11.2 METALS AND PROCESSES

There are three broad categories of metal shaping processes, namely, casting,
forming, and machining. Casting is used to produce thinned-walled parts with
intricate shapes or hollowed areas. Casting is usually selected as the manufac-
turing process of choice based on a part’s complex geometry and lower final part
cost. A decision to use casting is not typically based on the necessity of provid-
ing a part with particular mechanical properties.

With forming, a part shape is obtained by deforming the workpiece while the
volume remains constant. There are two broad categories of forming processes,
namely, bulk deformation processes and localized deformation processes. In bulk
deformation we change the thickness of the cross-section in order to obtain the
part shape. Rolling (Figure ll.l), drawing (Figure 11.2) extruding (Figures 11.3
and 11.4),  and forging (Figure 11.5) are examples of bulk deformation processes.
Stamping, which was discussed in Chapter 9, “Stamping: Relative Tooling Cost,”
and Chapter 10, “Stamping: Total Relative Part Cost,” is an example of a local-
ized deformation process. With localized deformation the thickness remains
essentially constant.

Machining, which is used primarily for low-production volume parts, for the
production of prototypes, and for the production of the tooling used in processes
such as stamping, injection molding, and other processes, generates a part shape
by changing the volume of the workpiece through the removal of metal.

From your previous study of materials you are probably aware that the prop-
erties of metal alloys are accompanied by such terms as cast and wrought. Cast
metals are those metals that have been formed by casting. Wrought metals are
those which have been formed by rolling, drawing, extruding, or forging.

231
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Bloom rolled to
structural shape

(beam,  rails, etc.)

Slab Billet

rollers

- - - - - - -

B
- - - - - - -

roll?rs

Slab rolled to Billet rolled to
sheets and strips bars and rods

FIGURE 11 .l Reducing the thickness of  a cast  ingot via rolling to produce blooms,  slabs,
and bil lets .  Also shown are  blooms,  slabs,  and bil lets  converted to structural  shapes,  sheet
metal,  and bars.

FIGURE 11.2 Reducing the diameter of  a rod using drawing.

Force
)

:e (extruded product)

FIGURE 11.3 An example of  extrusion using flat  dies.

1-l 2-2 3-3

FIGURE 11.4 An example of  extrusion using gradually shaped dies .
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Dies mounted on press or hammer

FIGURE 11.5 An exampZe  offorging.

In Chapter 6, “Metal Casting Processes,” we discussed various casting
processes. In Chapter 8, “Sheet-Metal Forming,” we discussed several sheet-metal
forming processes in which wrought metals, formed by rolling, are used to
produce thin-walled parts. In Sections 11.3 and 11.4 we will discuss forging and
extruding. In Section 11.5 we will discuss machining.

11.2.1 Rolling

Rolling (Figure 11.1) is a process of producing large reductions of thickness and
of forming metal strips into profiles by passing the metal workpiece through
rollers. The process can be done either hot or cold. The large reductions are
usually done hot, and the final reductions are generally done cold in order
to produce a better surface finish and closer tolerances (see ASM  Metals
Handbook, Vol. 14).

Rolling is usually the first process used after casting an ingot. Cast ingots are
rolled to form slabs (thick flat plates, say 40mm thick), billets (long thick rods
with square, rectangular, or circular cross-sections), and blooms. Slabs are then
rolled into sheets, plates, and welded pipes, and billets are rolled and drawn into
bars, rods, pipes, and wires. Blooms are roll formed into structural shapes such as
I-beams and rails.

Cold roll forming is currently used to produce a variety of shapes and prod-
ucts and is presently employed to produce parts that were previously formed
by extrusion (see Section 11.2.3 and Problem 11.2). Unlike extrusion, however,
roll-formed parts must be designed to have a constant wall thickness. Metal
gutters, tubes, and moldings are just three examples of parts that are currently
roll-formed.

11.2.2 Drawing

Drawing (Figure 11.2) is a process of reducing the diameter of a wire, bar, or tube
by pulling it through a die of similar cross-section (see ASA  Metals  Handbook,
Vol. 14). Drawing is usually done at room temperature; as a result strain hard-
ening occurs. Since several passes are usually needed to reduce the thickness to
the desired diameter, annealing is often required after two or three passes. Rods
up to 6 inches (150mm) and wires down to 0.001 inch (0.025 mm) are drawn.
Rods with diameters greater than 5mm are done on a draw bench. Rods and
wires with diameters less than 5mm are drawn in coiled form.

In order to initiate the process, the workpiece must be pointed so that it can
be slipped into the die. Pointing can be done by machining, dipping in acid,
or swaging. Occasionally the workpiece is simply heated then pushed through
the die.
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11.2.3 Extrusion and Forging

Extrusion is a process of converting a cast or wrought billet into a long prismatic
part of uniform cross-section by pushing the billet through a die (see ASA Metals
Handbook, Vol. 14). Extrusion can be done by using flat or almost flat dies as
shown in Figure 11.3, or by using gradually shaped dies as shown in Figure 11.4.
Extrusion is discussed in greater detail later in this chapter (Section 11.4).

Forging is a process of plastically deforming metal, usually hot, into desired
shapes by compressing the workpiece between two dies (Figure 11.5). Like injec-
tion molding, die casting, and stamping, forging presents the designer with the
possibility of designing a multiplicity of semicomplex (geometrically) special
purpose parts. The next section is devoted to a more detailed discussion of
forging.

11.3 FORGING

Forging is a bulk deformation process in which the geometry of a part is shaped
by squeezing (with a mechanical or hydraulic press) or hammering (with a gravity
or power-assisted hammer) a hot workpiece between two die halves attached to
a press or hammer. Because the workpiece is plastically deformed, its cast struc-
ture is refined and the grains or fibers align in the direction of flow. The result-
ing directional alignment of the fibers makes a forging stronger and more ductile
than castings, and enables a forging to exhibit greater resistance to shock and
fatigue. Thus forging is used to produce some of the most critically stressed parts
found in aircraft, automobiles, and tools.

11.3.1 Types of Forging

There are two broad categories of forging: open die and closed die. Closed-die
forgings are also referred to as impression forgings since the forging dies partially
enclose the workpiece material and restrict the flow of metal.

Open-die forging is a process where a hot metal workpiece is squeezed or
hammered between flat, circular, or v-shaped dies. The workpiece is not enclosed
so the metal flow is not completely restricted. Figure 11.6 shows an example of
dies used for open-die forging.

Open-die forgings are used when the part is too large to be produced in
closed dies, or when the quantity involved is too small to justify the use of closed
dies, or when a short lead-time exists.

Although complex shapes can be produced by the use of open dies, their pro-
duction requires skilled operators and is time-consuming. For these reasons, most
open-die forgings are restricted to the production of bars and shafts (round,
square, rectangular, or hexagonal cross-sections) and flat pancake-type parts.

FIGURE 11.6 Some open die sets for forging.
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FIGURE 11.7 An example of  closed-die forging using a parallelflash  gutter. Other types
of gutter designs exist that permit the dies to touch upon closure.  The type of  gutter used
is  a function of  the forging equipment used and the workpiece material  (see  ASM Metals
Handbook, Vol. 14).

Although similarly shaped shafts and bars may be available from off-the-shelf
rolled stock, forged shafts are used when superior mechanical properties are
required.

In closed-die forging the workpiece is squeezed or hammered between one
or a series of dies that enclose the workpiece on all sides. Often a series of dies
is used because solid metal is difficult to form in a single stage.

Closed-die forgings are subdivided into blocker-type forgings, conventional
forgings, and precision (low-draft) forgings.

Blocker-type forgings only roughly approximate the general shape of the
final part, with relatively generous contours, large radii, large draft angles, and
liberal finish allowances. A blocker-type forging requires considerable machining
to satisfy the final dimensions, tolerances, and surface finish of the part.

Conventional forgings, which represent the vast majority of forgings pro-
duced, more accurately achieve the final dimensions with closer tolerances and
smaller radii. Because dies must produce a more accurate part, more dies are
required. In fact, most conventional forgings are preformed using one or two
blocker dies prior to the use of the final or conventional die.

Conventional forgings generally have portions of the part machined and
other portions that remain “as forged.” Both blocker-type forgings and conven-
tional forgings are produced in dies that allow for excess material (flash) to
escape from the die cavity (Figure 11.7).

Precision forgings have little if any draft and generally require little if any
machining. Precision dies are more costly than conventional dies, and the
forgings produced with them require higher forging pressures than conventional
forgings.

Because the vast majority of special-purpose forgings are produced as con-
ventional closed die forgings, the discussion of forging machines that follows is
restricted to the discussion of conventional forgings.

11.3.2 Forging Machines

The two main types of forging “machines” used in
the United States are hammers and presses.

H a m m e r s

commercial forging plants in

Hammers are either gravity type or power assisted. With a gravity drop hammer,
the upper die is attached to a ram and is raised by either a board, belt, or air
(Figure 11.8). It is then allowed to fall freely to strike the workpiece. In power-
assisted drop hammers, air or steam is used against a piston to supplement the
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..............................................................................................................................................................................................................I Upper die

FIGURE 11.8 A gravity drop hammer.

Station 1 Station 2

-mrtially formed
workpiece in

station 1
FIGURE 11.9 A closed die with two die stations.  Although forging dies are often depicted
as separate  blocker  and conventional  dies ,  this  is  not  usually the case .  Generally,  a  forging
die is  divided into two or more sections or  stations,  and the workpiece is  moved from one
station to the other in order to forge the part.

force of gravity during the downward stroke. The energy used to deform the
workpiece is obtained from the kinetic energy of the moving ram and die.
Because hammers are energy-restricted machines, multiple blows (usually three)
are required at each stage (i.e., for each die) during the forging process.

In addition to regular drop hammers, there are also counterblow hammers.
In a counterblow hammer, two rams are activated simultaneously and driven
toward each other.The two die halves strike the workpiece at some midway point
between the two rams. Vertical counterblow hammers are used in order to avoid
the need for the heavy anvil and foundation weights required with gravity drop
hammers.

Horizontal counterblow hammers (also called impacters) also exist. In this
case, two rams of equal weight are driven toward each other by compressed
air in a horizontal plane. Horizontal counterblow hammers are used for the
automatic forging of workpieces by utilizing a transfer unit to move the partially
completed forging from die station to die station (Figure 11.9).
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FIGURE 11.10 A mechanically driven forging press.

Presses

Forging presses (Figure 11.10) can be either mechanically driven or hydraulically
driven. Although mechanical presses contain the same general components as
stamping presses, forging presses tend to be stiffer and more robust. Unlike the
blow delivered by a hammer, a mechanical press squeezes the metal between the
two die halves; one squeeze is used for each stage (die) of the process. While
hammers are energy restricted, mechanical presses are stroke limited. The largest
force is delivered at bottom dead center.

The general components of a hydraulic forging press are similar to those
of hydraulic presses used for stamping. Hydraulic presses are load-limited
since the maximum load can be delivered at any position within the press
stroke range. Multiple ram hydraulic presses are available, and can be used
to forge cavities that are equivalent to external undercuts found in die
castings.

Presses tend to be more expensive than hammers. For this reason, hammers
are used whenever possible. However, presses can produce all of the types
of forgings produced by hammers and, in addition, can forge some low ductile
alloys that might fragment under hammer blows. In addition, for rate-sensitive
materials, hydraulic presses are preferred since the load can be slowly
applied.

11.3.3 Factors Influencing Design for Forging

Ma teria Is

Forging difficulty (and hence cost) is a function of both part material and part
shape. These two factors are strongly interrelated; thus, a shape that is relatively
easy to forge in one material (aluminum, for example) may be difficult or impos-
sible to forge in another (say a nickel based superalloy).

Table 11.1, taken from Knight, W.A. and Poli, C., 1982, contains a list of
materials and alloys that can be forged. The materials have been divided into
six groups and have been ranked in general order of forging difficulty. Details
concerning the actual material alloys allocated to each group, together with rec-
ommendations for forging conditions and other issues, can be found in Knight,
W.A. and Poli, C., 1982. Materials that are not generally forged (e.g., cast iron)
have not been included.
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Table 11.1 Materials for forged parts (Knight,  W.A. and Poli ,  C.,  1982).

G r o u p Material

Average
Relative
Density ’

Average
Relative

Price ’ Comments

0 Aluminum 0.346 4.70
Magnesium 0.228 22.84

Copper and Copper
Alloys
(Brass, bronze, etc.)

Carbon and Alloy Steels 1.0 1.04

Martensitic and Ferritic
Stainless  Steel
Maraging  Steels
Tool  Steels
Austeni t ic  Sta inless
Austeni t ic  Nickel  Alloys
of Iron

5 Titanium and Titanium
Alloys

1.076 13.10

0.992 5.38

1.018 34.24
1.014 12.96
1.012 7.37
1.019 16.16

0.577 89.53

High duct i l i ty;  readi ly  forged into
precise,  intricate shapes; low
forging pressures; can be forged
on both presses and hammers,  but
presses preferred when deformation
is severe.
Readily forged into intr icate shapes;
requires generally less pressure
than equivalent  shapes in low-
carbon steels;  presses preferred.
With good process design can be
forged with small  draft  angles down
to zero degrees.
Most  widely forged materials ;
readily forged into wide variety of
shapes using conventional  methods
and standard equipment;  hammers
and presses both used. Oxidizes
considerably during heating and
scale may present a production
problem, as does decarburization
unless  s teps are taken to control  i t .
Forged with a variety of  lubricants ,
to reduce die wear and oxidation,
including glass  coat ings,  and
colloidal  graphite.
Forged by convent ional  methods,
but require higher pressures than
carbon or low al loy steels;
hammers and presses both used.
More difficult  to forge than carbon
and alloy steels;  requires greater
pressure; hammers preferred to
presses.  Two to three times as
much energy is required for
forging as for carbon and alloy
steels  for  otherwise s imilar  parts .
Forging pressure increases rapidly
with decreasing temperature;  close
tolerance forgings can be produced
but only at  great expense.

‘Relative to low-carbon steel

Shapes

There are basically three types of forged parts produced: compact (or chunky)
parts in which the length, width, and height of the part are approximately equal;
flat (disk-like) parts; and long parts where the part length is significantly greater
than the part width.

Compact shapes can generally be made from billets or blanks, and usually
have a simple forging sequence. In general, they can be formed using one blocker



Other Metal Shaping Processes 239

die and one conventional die. Thus, if formed on a press, two operations are
required. If formed using a hammer, generally the workpiece will be struck three
times with each die station. A significant proportion of parts in this category
contain external undercuts that require multiple-action forging machines.

Flat parts are also generally produced from billets or blanks, and upsetting
(counterflow) type material flow predominates. Flat parts are usually produced
using two or three die stations. For simple flat parts with uniformly thick walls, a
blocker die is used to distribute the material properly, and then an impression
die is used to finish the forging. For flat parts with thin sections, two separate
blocker die stations are often required to properly distribute the workpiece
material.

Long parts are produced directly from bar stock and in general require elon-
gation and drawing stages prior to the impression forging sequence. For example,
in the case of long slender parts with two or more heavy sections separated by
light sections, some preliminary preforming operations are used to thin down the
metal in the center section and provide more mass at the ends for later opera-
tions. In general, three or four die stations are required to produce the final
forged part.

From this discussion it should be apparent that the basic shape of a forged
part affects the number of dies required, and hence the tooling costs.

As in die casting and injection molding, die costs increase if the part requires
a non-planar parting surface, and if multiple action dies are required to produce
external undercuts. Unlike injection molding and die casting, however, die costs
are also a function of the part material as noted above. Material that is difficult
to move requires more preforming stages and decreases die life.

Although part shape, part complexity, and part material affect the number
of dies or die stages required (hence die cost), as the number of dies or die stages
increase the sequence of operations necessary for processing the part also
increases; hence, processing costs increase too. In addition, multiple-action
machines are more costly, so parts with external undercuts are also more costly
to process.

11.3.4 Design for Manufacturing Guidelines for
Forged Parts

The nature of the forging process in which solid metal is squeezed and moved
within a die set to form a part leads to the following broad DFM guidelines:

Because all the pre-forming operations required to forge a part result in long
cycle times, and because the robustness required of the dies, hammers, and
presses result in high die and equipment cost, when compared to stamping
and die casting, forging is an expensive operation. Thus, if possible, forging
should be avoided.

Of course, there are times when functionality dictates a forged part, or
when other processes are even more costly. In these cases:
Select materials that are relatively easy to deform. These materials will
require fewer dies, shorten the processing cycle, and require a smaller
hammer or press.
Because of the need for the metal to deform, part shapes that provide rela-
tively smooth and easy external flow paths are desirable. Thus, corners with
generous radii are desirable. In addition, tall thin projections should be
avoided since such projections require large forces (hence large presses
and/or hammers), more pre-forming stages (hence more dies), cause rapid
die wear, and result in increased processing cycle time.
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4 . For ease of producibility, ribs should be widely spaced (spacing between lon-
gitudinal ribs should be greater than the rib height; spacing between radial
ribs should be greater than 30 degrees). Closely spaced ribs can result in
greater die wear and an increase in the number of dies required to produce
the part.

5 . Internal undercuts, and external undercuts caused by projections, must be
avoided since they are impossible to form by the movement of solid metal.
External undercuts that are the result of holes should be avoided since they
increase both die costs and processing costs.

A more quantitative guide to design for forging, complete with classification
systems and relative cost models, can be found in Knight, W.A. and Poli, C., 1982;
Gokler, M.I., et al., 1981.

11.4 ALUMINUM EXTRUSION

11.4.1 The Process

Like forging, aluminum extrusion is a solid metal flow process, but the process is
very different. In aluminum extrusion, a round aluminum billet is heated to
700-900°F; the billet remains solid. It is then inserted into the cylindrical cavity
of a large “container” and, by means of a hydraulically powered ram, the metal
is forced out through a die hole or holes of the desired shape (Figures 11.3
and 11.4).

After extrusion, the metal cools slowly, is given a slight mechanical stretch-
ing, and then cut to desired lengths. Almost always, extrusions are given addi-
tional heat treating to add strength and hardness, and sometimes a surface
treatment called anodizing is done to improve appearance and provide better
weatherability.

Aluminum extrusions can be formed into an amazingly wide variety of
shapes, and anodized into many attractive colors. Examples of extrusions are
found in residential window casements, commercial storefront structures, picture
frames, chalk trays, and many standard structural shapes.

There are a number of aluminum alloys (most containing small amounts of
magnesium, silicon, and other elements) that can be readily extruded and then
heat treated (see ASM Metals Handbook, Vol. 14).

Extrusion dies for aluminum are relatively inexpensive. If there is to be a
reasonable quantity of production, die costs are usually essentially negligible on
a per pound basis.

11.4.2 Qualitative Reasoning on Design for
Manufacturing for Aluminum Extrusion

Most of the DFM considerations for aluminum extrusions evolve from the diffi-
culty of forcing the metal to flow uniformly from a large round billet out through
small complex die openings. This issue leads to the following “rules” that can help
guide the generation of more easily extrudable aluminum parts:

1 . Sections with both thick and thin sections are to be avoided. Metal tends to
flow faster where thicker sections occur, thereby giving rise to distortions
in the extruded shape. Use designs that will function with all the walls as



Other Metal Shaping Processes 241

(a> p--q
instead of this

09 +
instead of this

0c PY
instead of this

consider this
i-l l-l

Ll Ll

consider this

consider this

w /
instead of this consider this

FIGURE 11.11 Some examples of  design for extrusion rules.

uniform in thickness as possible. Avoid designs that require “slugs” of mate-
rial (Figure ll.lla).

2 . Long, thin wall sections should be avoided, since such shapes are difficult
to keep straight and flat. If such sections are absolutely necessary then the
addition of ribs to the walls will help distribute the flow evenly (Figure
ll.llb).

3 . Hollow sections are quite feasible, though they cost about 10% more per
pound produced. The added cost is often compensated for in the added tor-
sional stiffness that the hollow shape provides. It is best if hollow sections
can have a longitudinal plane of symmetry (Figure 11.11~).

4 . “Semi-hollow” features should be avoided. A semi-hollow feature is one that
requires the die to contain a very thin-and hence relatively weak-neck.
Figure 1 l.lld shows the applications of this rule.

For additional information on design guidelines for aluminum extrusion, see
The Aluminum Extrusion Manual.

1 1 . 5  M A C H I N I N G

11 .!%I The Process and the Tools

Machining is a process that produces parts of desired size and shape by remov-
ing material in the form of small chips from a solid workpiece using a single or
multiple-edged cutting tool. Since the process removes material already paid for,
machining is not an economical process and is not generally used to produce
special purpose parts for consumer products. However, it is often used to improve
the tolerances or surface finish of parts made via other processes (e.g., sand
casting, forging, etc.) by accurately removing small amounts of material from
selected portions of the surface. In addition, machining is used to produce the
tools, punches, and dies used in most processes such as injection molding, die
casting, stamping, and other processes.

There are several kinds of machine tools, though not all of them will be dis-
cussed here. Among the most common are the following.
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Tool post -

Tailstock

centerl  <->  1
Cross slide’ 0 Lead screw
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FIGURE 11.12 Principal  components and movements of  a  lathe and the  basic  operations
that can be performed on it .

Lathes

Lathes are used primarily for the production of cylindrical or conical exterior
and interior surfaces, via turning, facing, boring, and drilling (see Figure 11.12).
Lathes are also used for the production of screw threads. In a lathe, the work-
piece is rotated while the cutting tool is moved (“fed”) into the workpiece in a
direction parallel and/or perpendicular to the axis of rotation of the workpiece.

Vertical and Horizontal Boring Machines

These machines are used in place of lathes for the machining of large workpieces.
They can be used to perform turning, facing, and boring. Boring machines are
also used to form grooves and for increasing the diameters of existing holes.

Vertical and Horizontal Milling Machines

These machines (Figure 11.13) are used to form slots, pockets, recesses, holes, and
other features. In this case the cutting tool is rotated and the workpiece is fed.

Planing and Shaping Machines

These machines are used primarily for reducing the thickness of blocks and plates
and for “squaring up” blocks and plates. Shapers are also used to machine notches
and keyways  and to form flat surfaced on parts formed by other processes
such as casting and forging. In the shaping machine shown in Figure 11.14 the
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FIGURE 11 .13 Principal  components and movements of horizontal and vertical  milling
machines and the basic  operations that can be performed on them.

FIGURE 11.14 Horizontal  shaper,  used primarily to reduce the thickness of blocks  and
plates.
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, Tool Feed (servo controlled)

Power Source
Tool (movable, negative

electrode)

(a) Schematic illustration of electrical discharge machine setup

Mounted on a fixture
which is attached to

(b)  Schematic of traveling wire EDM setup

FIGURE 11.15 Principal  components  of  electrical  discharge machines (EDM}.

workpiece is clamped to the table while the cutting tool, which is attached to a
heavy ram, moves horizontally. On the forward stroke, the cutting tool removes
metal.After the return stroke of the ram, the worktable is fed to the side in prepa-
ration for the next cutting stroke.

Surface and Cylindrical Grinding Machines

In a surface grinding machine the workpiece is fixed to the table that recipro-
cates longitudinally and is fed laterally. A grinding wheel is fixed to a rotating
horizontal spindle and grinds the workpiece as the table reciprocates and is fed.
Surface grinding machines are used primarily for improving the tolerance and
surface finish of flat surfaces. Cylindrical grinding machines are also used to
improve the tolerances and surface finishes of cylindrical surfaces. In this case
both the workpiece and the grinding wheel rotate.

Electrical Discharge Machines (EDM)

Electrical discharge machining (EDM) is a process of removing metal by means
of an electrical discharge spark. There are two kinds of EDM machines, a “solid”
EDM machine (Figure 11.15) and a “wire” EDM machine. In the solid EDM
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Part to be wire EDMed

Starter hole

Finished Part

Slug to be used as punch

‘Scrap’ to be
used as die

FIGURE 11 .16 Using wire  EDM to produce a blanking punch and die .

machine, a tool (usually graphite, but sometimes copper or brass) that contains
the shape to be machined into the workpiece together with the workpiece itself
is connected to a dc power source. The workpiece is placed in a tank filled with
a dielectric fluid. The tool is fed into the workpiece. When the electrical poten-
tial between the two is sufficiently high, a spark is created that removes a small
amount of material from the workpiece.

The solid EDM process is used to machine narrow slots, small holes, and com-
plicated shapes. It can be used on any material that conducts electricity, and it is
not significantly affected by the material hardness or strength. The EDM process
is much slower than the traditional machining process described in Section 11.5
and leaves a “pitted” surface finish that may require further grinding or hand
finishing. For these reasons, EDM is avoided when possible.

The wire EDM process is a variation of this process and is often used to
produce stamping dies and punches. In this case a computer program is devel-
oped to produce the desired shape. Then the workpiece, from which the punch
and die are to be fabricated, is prepared with all the necessary holes, including a
starter hole for the wire. The thin wire electrode, usually made of brass, is inserted
into the starter hole and the punch and die are made.

For example, the setup shown in Figure 11.15b  could be used to produce the
blanking punch and die for the link shown in Figures 9.41 and 9.42 (see Figure
11.16). For a more detailed discussion concerning the use of EDM to produce
stamping dies see Sommer, Carl, 2000.

For a more detailed description of each machining process, as well as other
machining processes, see reference ASM Metals Handbook, Vol. 16.

11.5.2 Qualitative Guidelines on Design
for Machining

In machining, the fact that metal already paid for is removed by use of a sharp
cutting tool leads to the following design guidelines:

1 . If possible, avoid machining. If the desired geometry can be produced by
another process such as casting, molding, stamping, and so on, the cost
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will almost certainly be lower (unless, of course, you’re making only a few
parts).
However, if machining cannot be avoided, then specify the most liberal tol-
erances and surface finishes. Most machining operations are performed in
two operations, a roughing operation and a finishing operation. The rough-
ing operation is used to remove large quantities of metal without special
regard to tolerances or surface finishesThe  finish cut it performed to provide
the necessary tolerances and surface finishes. Since surface roughness is
directly related to the rate of feed used-large feeds produce high values of
surface roughness (rough surfaces), and low feeds produce low values of
surface roughness (smooth surfaces)-and low feeds result in longer machin-
ing times, surface finishes better than those absolutely necessary for func-
tional purposes should not be specified.
For turning operations on a lathe, avoid designs that require sharp internal
corners. Corner radii equal to the tool-nose radius of the cutting tool should
be specified. Sharp internal corners call for either the use of sharp tools that
break more easily or additional operations.
For planing and milling operations, avoid sharp internal corners, radiused
external corners, and slot widths and shapes other than those available using
standard off-the-shelf cutters. Internal corners should be specified so that
they are equal to the cutter radius of milling cutters and the tool radius of
planing cutters. Since sharp external corners are a natural result of these
processes, such corners should be specified.

Although these general machining guidelines apply across the board, a more
detailed list of features, which can be readily provided on machined components,
can be found in Boothroyd, G., 1975.

11.6 SUMMARY

The purpose of this chapter was to introduce you, as a designer or manufactur-
ing engineer, to some of the other important metal shaping processes. The goal
was to give designers a qualitative understanding of these processes to help
support their design decisions and their communications with manufacturing
engineers. With each process description a set of qualitative DFM guidelines was
presented, which are particularly useful in the early stages of design.
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QUESTIONSAND PROBLEMS

11.1 Explain what is meant by hot rolling, and list some products that can be
made on a rolling mill.

11.2 Figure P11.2 shows a simplified cold roll forming operation for producing
an open gutter. Also shown is a potential sequence of rolling operations
for producing a semi-closed gutter. With this information as a background,
list some products that could be shaped by cold roll forming.

What advantages, if any, does roll forming have over extrusion?

Workpiece\

w-m -

B

-----

station 1 Station 2 Station 3

FIGURE  PI 1.2

station 1
7 Station 2

Station 3

Station 4

Station 5
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11.3 Figure PH.3 shows the current design of a stainless steel forging. The
spacing between the radial ribs is 22”. Assume that you have been assigned
the task of redesigning the forging so as to reduce manufacturing costs.
What suggestions would you make? Explain your reasoning in detail.

FIGURE P11.3 (All  dimensions in mm, from Knight,  WA. and Poli,  C.,  1984.)

11.4 Figure P11.4 shows the current design of a low-carbon steel forging.
Assume that you have been assigned the task of redesigning the forging
so as to reduce manufacturing costs. What suggestions would you make?
Explain your reasoning in detail.

250

FIGURE PI 1.4 (All  dimensions in mm, from Knight,  WA. and Poli ,  C,  1984.)
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11.5 Figure P11.5  shows the current design of an aluminum forging.
Assume that you have been assigned the task of redesigning the
forging so as to reduce manufacturing costs. What suggestions would
you make? Explain your reasoning in detail.

120 \/ 57
/\

178

28

184

FIGURE P11.5 (All  dimensions in mm, from Knight,  WA. and Poli ,  C.,  1984.)

11.6 Figure P11.6a  shows three versions of an injection-molded link with
two holes. Version 1 has circular holes, version 2 has rectangular
holes with rounded corners, and version 3 has rectangular holes with
sharp corners.

Figure P11.6b  shows two alternative mold designs that can be
used to produce these links. The first version is that of an integer
mold in which the projections required to create the two holes are
machined directly into the core. Also shown in Figure P11.6b  is a
second version that is called an insert mold. In this version two core
pins that are inserted into the core replace the projections shown in
the first version of the mold.
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a) Assuming that the link is to be molded using an integer mold, which
of the three hole designs would be least difficult to provide in the
mold? Which would be the most difficult to provide?

b) Repeat part (a) under the assumption that an insert mold is to be used
to produce the link

Link with
circular holes

I” I”
Link with Link with

rectangular rectangular
holes - rounded holes - sharp

corners corners

0a
core core backplateI I

Integer Mold

corepin  (insert used
to create hole)

Insert Mold

FIGURE P11.6

11.7 Shown in Figure PH.7 are two links with circular holes. In one design the
link is provided with sharp external corners, and in the other design the
link is provided with rounded external corners. From the point of view of
machining the mold required to injection-mold the link, which version is
easier (less costly) to produce? Explain.

Link with Link with
rounded sharp
corners corners

FIGURE P11.7
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11.8 Figure P11.8 shows an injection-molded part with two grooves in the side
walls. These grooves, as you may recall, are called side shutoffs. Figures
P11.k  and P11.8d  show two alternative mold designs for producing the
part. From the point of view of machining, which mold is less costly to
produce? Are there any difficulties, other than machining difficulties, with
either of these molds?

(b) Part with cutting
plane through grooves

(c) Sectional view of
mold for creating
part

(a) Part to be
molded

w Sectional view of
alternative mol.d  far
creating part

FIGURE Pll  A

11.9 Figure P11.9 shows two alternative molds that can be used to create a deep
box-shaped part with a through hole in the base of the box. From a machin-
ing point of view, which mold is easier to produce?

;i.lI
i ’

(a) Side view of box
shaped part with
a through hole in
the bottom (b) Mold to produce part (c) Alternative mald for

producing the part

FIGURE P11.9



Chapter 12

Assembly

12.1 ASSEMBLY PROCESSES

Note: Much of the material on assembly in this book is based on data and other
information extracted primarily from the works in the list of references. Readers
are urged to consult these original references, especially the pioneering work of
G. Boothroyd, for more detailed information and analysis.

The manufacturing process of assembly is generally thought of as consisting
of two distinct operations: handling followed by insertion. Both handling and
insertion can be done either manually or automatically.

In the case of manual handling, a human assembly operator stationed at
a workbench (Figure 12.1) reaches and grasps a part from a bin, and then
transports, orients, and prepositions the part for insertion.

In the case of automatic handling, parts are generally emptied into a parts
feeder, such as a vibratory bowl feeder (Figures 12.2 and 12.3) which contains
suitable orienting devices (Figure 12.4) so that only correctly oriented parts exit
the feeder in preparation for insertion. Feedtracks are then used to transport the
correctly oriented parts from the feeder to an automatic workhead. Escapement
devices release the parts to the workhead.

In manual insertion, the human assembly operator places or fastens the
part(s) together manually. Although power tools may be used, the process is still
essentially one of manual insertion under human control.

When automatic insertion is used, automatic workheads, pick-and-place
mechanisms, and robots are utilized.

12.2 QUALITATIVE GUIDELINES ON DESIGN FOR
ASSEMBLY (DFA)

12.2.1 Reduce the Part Count

As pointed out by Boothroyd in Product Design for Assembly and Assembly
Automation and Product Design, the two main factors affecting the assembly cost
of a product are (1) the number of parts contained in the assembly, and (2) the
ease with which the parts can be handled (transported, oriented, and preposi-
tioned) and inserted (placed, fastened, etc.).

It is somewhat obvious that if one product has 50 component parts and if an
alternative version of the same product has only 10 parts, then the one with the
fewer number of parts will ordinarily cost less to assemble. Thus, the best method
available for reducing assembly costs is to reduce the number of parts in the
assembly.

Part reduction can be accomplished either by the outright elimination of
individual component parts (eliminating screws and washers and using a press or

253
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FIGURE 12.1 A manual assembly operator sitting at a workstation.

Gravity Feed Track

Workcarrier Buffer

Workstation

ially  completed assembly
transferring to next station

FIGURE 12.2 Automatic assembly-free transfer system.

Bowl
Workhead

FIGURE 12.3 A four-station automatic assembly system using a four-station rotary index-
ing machine.
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Wiper Blade

b reorients to a

FIGURE 12.4 Example of tooling for automatic handling. (From “Handbook of Feeding
and Orienting Techniques for Small Parts,” G. Boothroyd, C. Poli, and L. Murch,  Mechan-
ical Engineering Department, University of Massachusetts at Amherst.)

snap fit to fasten two components, for example) or by combining several com-
ponent parts into a single, perhaps injection-molded, part. If fasteners cannot be
completely eliminated then, Boothroyd suggests to reduce the number or variety
of fasteners by incorporating the fastening function by use of another feature.
Although screws themselves may not be expensive, handling and inserting
them is.

Figure 12.5 shows the back cover subassembly for an electric razor. The orig-
inal subassembly (Figure 12Sa), consists of nine parts: the back cover, the front
cover, two side plates that slide into place on the body and are then held in place
by the back cover, four screws to secure the back cover to the body, and a label.

The redesigned back cover subassembly (as done by students) is shown in
Figure 12Sb.  It consists of two parts, a redesigned back cover, and a screw. The
body is redesigned so that the cover can snap into place; a single screw is pro-
vided to assist in securing the cover to the body. Although not indicated on the
drawing of the redesigned cover, the label has been replaced by lettering molded
into the back cover.

It seems obvious that the assembly costs for the second design would be less,
but the question remains as to whether or not the overall manufacturing costs
have been reduced by this redesign. Later in this chapter we will try to deter-
mine the answer to this question.

12.2.2 Reduce the Manual Handling Time

Once a designer has reduced the number of parts contained in an assembly to
its “minimum,” the remaining parts must be designed so that they are easy to
handle and insert. According to Boothroyd in, among other places, Product
Design for Assembly, a part is easy to handle manually if (1) it is easy to grasp
and manipulate with one hand without grasping tools, (2) it is both end-to-end
symmetric (as defined below) as well as rotationally symmetric, and (3) its size
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Portion of snap fit design
to reduce screw count

FIGURE 12.5 The redesign of  an electric  shaver cover as suggested by students as part  of
a class project .  The drawing shown on the left  is  that of  the original design.  The drawing on
the right is their suggested redesign.

and thickness are such that grasping tools or optical magnification are not
required.

Tangling and Nesting

Parts that nest or tangle (vending cups, helical springs, etc.; see Figure 12.6) are
difficult to grasp singly and manipulate with one hand; they present obvious
handling difficulties. In addition, parts that are sticky (a part coated with grease
or an adhesive), sharp (razor blade), fragile (glass), slippery (ball bearing coated
with light oil), or flexible (belts, gaskets, etc.; see Figure 12.7) are also difficult to
grasp and manipulate with one hand, and thus should also be avoided by design-
ers when possible.

Symmetry

To facilitate ease of handling, parts should be designed with symmetry in mind.
As pointed out in Boothroyd and Dewhurst, among others, parts that have end-
to-end symmetry (that is, parts that do not require end-to-end orientation prior
to insertion) require less handling time than parts that are not end-to-end sym-
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FIGURE 12.7 An example of flexible parts where two hands are needed to maintain
orientation prior to insertion.

metric. A screw is an example of a part that does not have end-to-end symme-
try, but a washer is an example of a part that does have end-to-end symmetry. A
screw must be oriented so it can be inserted shank end first, but in the case of a
washer either “end” (side) may be inserted first.

Parts that have complete rotational symmetry (i.e., parts that do not require
orientation about the axis of insertion such as a screw or washer) take less time
to handle than parts that do not have any rotational symmetry-a house key for
example. Parts with no symmetry take more time to orient than parts with some
symmetry. For example all car keys lack end-to-end symmetry (i.e., only one end
of the key can be inserted into the keyhole), but some car keys have 180” rota-
tional symmetry (i.e., either serrated edge can be aligned with the key hole), and
others have no rotational symmetry (only one serrated edge exists, and it must
be properly aligned with the key hole). Many of us have probably experienced
the situation where the key with no symmetry takes more time to properly orient
than the key with 180’  rotational symmetry. Figures 12.8 and 12.9 show exam-
ples of parts with and without symmetry.
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12.2.3 Facilitate Automatic Handling

Parts can be easily handled automatically if they can be (1) easily fed (e.g., in
a bowl feeder), and (2) easily oriented (see Boothroyd and Dewhurst, 1989;
Boothroyd, 1992; and Boothroyd, Poli, and Murch, 1982). In general, parts that
are difficult to grasp and manipulate manually are also difficult to feed in a
feeder. Parts that have end-to-end symmetry as well as rotational symmetry are
also more easily and economically oriented in a bowl feeder than parts that do
not have any symmetry.

As Boothroyd and Dewhurst (1989) point out, a general rule of thumb is that
if the part cannot be made symmetrical, then accentuate its asymmetry. That is,
avoid making it almost symmetrical. A complete guide for designing parts for
automatic handling can be found in Boothroyd and Dewhurst, 1989; Boothroyd,
1992; and Boothroyd, Poli, and Murch, 1982.
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Difficult to align Easy to align
FIGURE 12.10 Redesign to fac i l i ta te  a l ignment .

12.2.4 Design for Easy Insertion

Based on additional research carried out by Boothroyd (1992; and with
Dewhurst, 1989),  it has also been shown that insertion costs, whether done man-
ually or automatically, are reduced if parts are designed so that they are easy to
align, easy to insert, and self-locating with no need to be held in place before
insertion of the next part. Manual insertion costs are also reduced if access and
view are not obstructed while attempting to insert one part into the partially
completed assembly. In addition, extra operations (reorienting of a partially
completed assembly, for example) should be avoided.

A part is easy to align if insertion is facilitated by well-designed chamfers or
other features, such as a recess, so that the required accuracy of alignment and
positioning is obtained. Figure 12.10 shows an example of a part that was
redesigned to facilitate alignment. Figures 12.11 and 12.12 show examples of parts
redesigned to provide easy access and to be easily viewed.

Insertion against a large spring force, the resistance encountered with self-
tapping screws, and the resistance encountered when using an interference fit
(press fit), are all examples of resistance to insertion. The use of small clearances
can also result in resistance to insertion. Jamming and wedging that result during
insertion can also be considered resistance to insertion. Methods for avoiding
jamming in a design are discussed in detail in Boothroyd and Dewhurst (1989)
and Boothroyd (1992).

Anyone who has tried to do maintenance or repair work on a car has expe-
rienced the situation where parts were designed such that both access and vision
were obstructed. Such designs should obviously be avoided.

Figure 12.13 shows two designs. In both designs, the assembly operator places
a disk on a plate with the holes aligned. In the original design, shown on the left,
the plate is not provided with a recess. Thus, the disk is not self-locating and it
must be held such that it maintains its position and orientation relative to the
plate prior to insertion of a peg (screw) that will secure the disk to the plate. In
the design shown on the right, the plate is provided with a recess making the
placement of the disk on the plate self-locating with no need to hold the disk

-
-

before insertion of the peg.

12.3 TOTAL ASSEMBLY COST

12.3.1 A Rough Rule of Thumb

Precise quantitative methods are available for use by designers and manufactur-
ing engineers to estimate the time or cost to handle and insert parts (Boothroyd
and Dewhurst, 1989; Boothroyd, 1992). During the early stages of design,
however, much more approximate methods can be helpful in guiding design
decisions. One approximate method is based on the assembly advisor shown in
Figure 12.14.
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FIGURE 12.11 An example of  obstructed access.
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0 TFzi
Obstructed view Easily viewed

;ind access and accessed
FIGURE 12.12 An example of  obstructed view and access .

Not self-locating Self-locating

FIGURE 12.13 Example of redesign in order to make an insertion of the part self-
locating.
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FIGURE 12.14 Assembly advisor.

In the assembly advisor parts are rated as good designs, fair designs, poor
designs, or most costly designs from an ease-of-assembly point of view only. This
rough qualitative evaluation depends upon whether or not the part is easy to
grasp and manipulate, and on the ease or difficulty of alignment and insertion.
The numerical values shown in Figure 12.14 are simply rough approximations of
the amount of time in seconds required to handle and insert a part that exhibits
the characteristics indicated.

Another rough approximation based simply on part count can also assist in
guiding early design. The reasoning is as follows: A “perfectly” designed part from
an assembly viewpoint, which is not used as a fastener, will take on average about
3 seconds to handle and insert (Boothroyd, 1992). On the other hand, a difficult-
to-assemble part, based on the criteria described above, will take about 11 to 13
seconds to handle and insert. Based on the experience of the author, after ana-
lyzing many assemblies and subassemblies, it has been observed that it is possi-
ble to obtain a rough estimate of the time required to manually assemble a
product by simply assuming that, on average, the handling and insertion time per
part is from 7 to 9 seconds. Fasteners will take longer to handle and insert than
nonfasteners, and some parts will take longer to handle and insert than others,
but if at least 10 parts are contained in the assembly, on average the total assem-
bly time will be 7 to 9 seconds per part or task.

The greater the number of parts in the assembly, the better the above esti-
mate is likely to be. Thus, a reasonably well designed product that contains about
20 parts will be likely to take more or less 180 seconds to assemble manually. A
comparable product that has only about 10 parts will be likely to take more or
less 90 seconds to assembleThus  the product that can have its part count reduced
in half will likely have about a 50% reduction in assembly costs.

12.3.2 Example l- Electric Shaver Cover

To illustrate the use of the assembly advisor let us consider the electric shaver
shown in Figure 12.5. The original design of the shaver is shown in Figure 12.15
with the handling and insertion characteristics of each part labeled. It is assumed
here that the body of the shaver would be inserted into an assembly fixture that
is designed so that the body can be easily aligned. Table 12.1 shows a summary
of the rough assembly time calculations.
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Screws (4)
- e a s y  t o  g r a s p
- n o t  e a s y  t o  a l i g n
- e a s y  t o  i n s e r t

g r a s p
a l i g n
insert

Side plates (2)
- e a s y  t o  g r a s p
- n o t  e a s y  t o  a l i g n
- e a s y  t o  i n s e r t

‘EY

FIGURE 12.15 Original design of  the shaver shown in Figure 12.5 with handling and
insertion characteristics of the individual parts labeled.

Table  12.1 Results  of  using the assembly advisor  to  determine a  rough approximation
to the assembly time for the electric shaver cover shown in Figure 12.15.

Part Name Number of Part Design Time per Part Total Time

Base 1 Good 4 4
Front cover 1 Poor 8 8
Side plates 2 Poor 8 16
Back cover 1 Poor 8 8
Screws 4 Poor 8 32
Label 1 Good 4 4

Total  Assembly
Time

72
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The redesigned version of this shaver cover is shown in Figure 12Sb and con-
sists of just three parts. It is assumed here that the redesign has been carried out
so that all parts, including the screw, are easy to align. Hence, it is easy to show
that the assembly advisor estimates that about 12 seconds is required to assem-
ble the cover to the shaver. This redesign results in, roughly speaking, a savings
of 83% in assembly time.

For a more precise estimation of manual assembly time the reader should
use the Boothroyd methods discussed in detail in his references Product Design
for Assembly and Assembly Automation and Product Design. In addition, Assem-
bly Automation and Product Design should be consulted for a detailed discus-
sion of the effects of restricted access and restricted vision on the initial
engagement of screws.

12.4 SUMMARY OF DFA GUIDELINES

In summary, in order to reduce assembly costs and to facilitate both handling and
insertion, a designer should make every effort to design parts and products such
that:

1 .

2 .

the above are often regarded as the most important.

The minimum number of parts needed for proper functioning of the product
is used. This will probably require the elimination of as many screwing oper-
ations as possible and the incorporation of more press and snap fits as a
means of fastening. (However, screws are sometimes needed to provide more
secure joints. It has also been argued that screws used in efficient robotic
assembly can improve the yield-percentage of acceptable products-of an
assembly line.) (See Ulrich et al., 1991.)
Parts are designed so that they are easy to grasp and manipulate with one
hand using no grasping tools (i.e., parts do not nest or tangle, are not sticky,
sharp, fragile, slippery, flexible, etc.).
Parts are end-to-end and rotationally symmetric as much as possible-or else
obviously asymmetric.
Parts are designed so that they are easy to align and to insert (i.e., contain
chamfers and/or recesses).
For manual assembly, both access and vision are not restricted.
For automatic assembly, insertion should be in a straight line from above.

Although other criteria exists for the design of parts for ease of assembly,

12.5 REDUCING PART COUNT BY COMBINING
SEVERAL PARTS INTO ONE

12.5.1 Introduction and Assumptions

As discussed in the previous section, one of the best methods for reducing total
manufacturing costs is to reduce assembly costs. The best way-though not the
only way-to reduce assembly costs is to reduce the number of parts to be assem-
bled. This can be done either by the outright elimination of parts (by replacing
screws, nuts, and washers with press or snap fits), or by combining two or more
individual parts into a single part. In the latter case, the parts involved are most
often injection-molded, die-cast, or stamped. When part reduction by combina-
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tion of parts occurs, the resulting part is usually more complex than the individ-
ual parts, and so the question arises as to whether or not the new complex part
is in fact less expensive (considering tooling and processing) than the total cost
of the individual parts being replaced, including their assembly.

A detailed analysis is presented below that derives relations needed to
compare the cost of producing a single, more complex injection-molded or die-
cast part with the cost of producing and assembling multiple parts for the same
purpose. In the analysis that follows it is assumed that:

1 . The wall thickness of the (n) individual parts that are to be combined are
approximately equal.

2 . The projected area of the single part is no greater than the projected area of
the assembled parts that they are replacing. (The two electric shaver covers
in Figure 12.5 are examples.) Although on occasion this may not be true, we
will see shortly that even if the projected area of the new part is equal to the
sum of the projected area of the n parts they are replacing, the conclusions
we reach in the next section will remain the same.

12.5.2 Comparative Analysis

To answer the question of whether or not one, perhaps more complex, part is
more economical to produce than n, perhaps simpler, parts, we will introduce AK,
where

AK = [Cost to produce n single parts] + [Cost to assemble the n parts] -
[Cost to produce one functionally equivalent part]

(Equation 12.1)
In terms of symbols:

AK=CK,i +C,,  -Kt, (Equation 12.2)

where

KG = total cost of producing the ith part,
C
Jc

= cost of assembly for the n parts (always a positive quantity)
= total cost of producing the single functionally equivalent

part to replace the n parts.

In this section, the subscript x will always be used to denote the single
replacement part.

Note that, with this definition, if AK is positive, then the single replacement
part is the less expensive option.

To begin the analysis, we denote the total cost to produce an injection-
molded, die-cast, or stamped part by the following equation:

KdK, =K, +-+K,
N

(Equation 12.3)

where K, is the total production cost of the part in units such as dollars or cents,
K, is the material cost, K, is the processing cost, Kd represents the total cost of
the tool, and N represents the production volume or total number of parts to be
produced using the tool.
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Substituting Equation 12.3 into Equation 12.2 gives

AK=C
i

(Equation 12.4)

Comparing Material Costs

In general, the amount of material used to produce the more complex replace-
ment part is about equal to the amount of material required to produce the
original parts. Thus, we assume that

c Krni  = Krnx
i

(Equation 12.5)

and AK reduces to

AK=T(%+K,i)+C, -($+Kex) (Equation 12.6)

Comparing Processing Costs

Now we define

AK, = CKei -K,,
i

(Equation 12.7)

That is, AK, is the difference in processing costs between the sum of the individ-
ual parts and the single replacement part.

The following argument leads to the conclusion that AK, is a positive
quantity:

1 . Since the two versions of the design are to be functionally equivalent, the
material and wall thickness for both versions will generally be approximately
the same. In fact, as we learned for injection-molded and die-cast parts (in
Chapters 5 and 7), if good design practice is followed then the wall thickness
of the parts should all be constant. Thus, as we can see from Figure 5.2 in
Chapter 5, the cycle time for each injection-molded part, including the
complex replacement part, should be about the same.

2. In general, each injection-molded part requires its own die and its own
injection molding machine. Consequently, the processing cost to produce
each part is the product of the machine hourly rate and the cycle time of that
part. Since the cycle time for each part is essentially the same, the difference
in processing cost between producing n separate parts and the one replace-
ment part is simply the difference between the sum of the n machine hourly
rates required to produce the n parts and the machine hourly rate for the
single replacement part.

3 . In Chapters 5 and 7 we learned that the machine hourly rate is proportional
to the machine tonnage required to mold or die cast the part. The machine
tonnage in turn is directly proportional to the projected area normal to the
direction of mold closure. From Tables 5.5 and 7.5 of Chapters 5 and 7, respec-
tively, it is seen that at least a seven-fold increase in tonnage (i.e., an approxi-
mate seven-fold increase in the projected area of the part) is required for the
machine hourly rate to double. Since the replacement part is usually about
equal in size to the largest of the individual parts it is replacing (recall
assumption 2 in Section 12.5.1, Introduction and Assumptions), then the con-
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solidation of n parts into a single functionally equivalent part will result in a
value of AK, that is greater than zero. (It would be virtually impossible for
the projected area of the single replacement part to be such that it will result
in a tonnage requirement and hourly rate that would cause AK, to be nega-
tive.) Hence, in general,

AKe>O (Equation 12.8)

Thus:

AK=?!+
K

+(AK,  +C,,)-2 (Equation 12.9)

where the two terms in parentheses, AK, and C,,,  are always positive.

Comparing Die Costs

If K, is the total cost for the reference part, then Equation 12.9 can be written
as follows:

AK
Ko c

Kdi 1 AK, +C,,  Kdx 1-= -m
i K, N +

- - -
K, Ko N

(Equation 12.10)

As shown earlier, Equation 4.4, for example,

KS- -
KI  - C di = 0.8Cdci + 0.2Cd,i (Equation 12.11)

Kdx- -

K
-  cdx =  0.8& +0.2&n,

0

(Equation 12.12)

Thus,

AK 1 AK,  +C,,-= c(oe8cd($  + 0-2c(jmi)N +
KO i

K
0

- (0.8cd,  + 0.2c,,,)+

(Equation 12.13)

Now we define

ACdm  =  c  Cdmi  -  Cdtnx (Equation 12.14)

Since each injection-molded or die-cast part usually requires its own die, and
since the replacement part must be approximately equal in size to the largest of
the individual parts it is replacing, then the total die material needed to produce
n simple parts must be greater than the die material required for the single
replacement part. That is,

A&, > 0 (Equation 12.15)

Total Costs

Substituting the results above into Equation 12.13 for AK, we get:
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AK 
Ko 

+rAK - -fank Ko 

where all of the terms in brackets are positive. 
If we now define 

0.2ACdm 1_ 0"8Cdcx 
N J N 

(Equation 12.16) 

ACdc "- E C dci -- Cdcx 
i 

(Equation 12.17) 

and if we recall from Chapters 4 and 5 (Figures 4.1 and 5.2) that the minimum 
value of Cdc is 1, then we can conclude that 

If Cdc x < n 

then ACdc is a positive quantity 

and AK is positive. 

That is, if the relative die construction cost for the replacement part is less than 
the number of the parts being replaced, then it is certainly less costly to replace 
these individual parts by a single part. 

If Cdr is greater than n, inspection of Equation 12.16 shows that it may still 
be more economical to combine the parts. However, in this case we would need 
to first determine the actual relative die construction costs for each individual 
part using the method described in Chapters 4 (Section 4.6) and 7 (Section 7.2) 
and then sum these values to determine if Equation 12.16 is positive. If it is pos- 
itive, then once again it is certainly more economical to use the single, possibly 
more complex, part. 

12.5.3 If Equation 12.16 Is Not Positive 

Even if Equation 12.16 is not positive, it may still be more economical to produce 
the one-piece version since assembly costs and processing costs have not yet 
been accounted for in detail. In this situation it can be shown (see Poli 
and Fenoglio, 1991) that if the production volume N satisfies the following 
expression: 

0.8Kdo (Cdcx - n )  
N > (Equation 12.18) 

Keo t r (~  i Chri--Chr) 

where 

Kdo = the sum of the tool construction cost (Kdco) and tool material cost 
(Kdmo) for the reference washer (values for these are given in Tables 
5.1 and 7.6 of Chapters 5 and 7, respectively). 

Keo = processing cost for the reference washer (values for these are given 
in Tables 5.1 and 7.6 of Chapters 5 and 7, respectively). 

tr = the cycle time for the part relative to the cycle time for the refer- 
ence washer (a method to determine this was discussed in Chapter 
5). 

Chri = the machine hourly rate for the ith part relative to the machine 
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hourly rate for the reference washer (a method to determine this 
value was discussed in Chapter 5). 

Chr = the machine hourly rate for the replacement part relative to the 
machine hourly rate for the reference washer (a method to deter- 
mine this value was discussed in Chapter 5). 

then it is more economical to replace the n-part assembly by an equivalent 1-part 
assembly. 

Quite often when combining parts to form a single part, three or more parts 
are involved. In this case a conservative version of Equation 12.18 is 

0.8Kdo (Cdcx - n) 
N > (Equation 12.19) 

KeotrChr 

In arriving at Equation 12.16 it was assumed that the replacement part was either 
injection-molded and/or die cast. It will be left as a student exercise to determine 
those conditions when it is more economical to replace a multiple part stamping 
with a single stamped component. 

12.5.4 Example 2mAIternative Designs for Electric 
Razor Cover 

Figure 12.5 shows the back cover subassembly for an electric razor. The original 
subassembly consists of nine parts. The redesigned back cover subassembly 
consists of two parts: an injection-molded back cover and one screw. 

There are two variations of the redesigned cover. One is shown in Sectional 
View 1 in Figure 12.16 and requires an internal undercut to accommodate the 
snap fit. The other is shown in Sectional View 2 in Figure 12.16 in which the 
function is accomplished without need for an internal undercut. 

We want to determine whether either version of the new more complex back 
cover design is less costly to produce than the original back cover subassembly, 

Screw 

! 

I 
! 

i 
I 

" Sectional view- 1 i Redesigned back cover 

ional view-2 

FIGURE 12.16 Two alternative designs of the revised back cover. 
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which consisted of the five molded parts: the back cover itself, two side plates, a 
front cover, and a label. We ignore the fact for the moment that four screws are 
needed with the original design versus one for the redesigns. 

To compare the costs, we estimate the relative die construction cost for the 
two designs by using the methodology in Section 4.6 of Chapter 4, "Injection 
Molding: Relative Tooling Cost." Although the dimensions of the cover are not 
given in Figure 12.16, the dimensions are such that the part can be considered 
a "small" part, that is, the largest dimension of the cover is less than 250mm 
(10 inches). Using Figure 4.1 and the methodology described in Section 4.6, we 
can easily show that for the design depicted in Sectional View 1, the part is box- 
shaped with one internal undercut present, a non-planar dividing surface, and no 
external undercuts. Thus, Cb is 3.73. From Figure 4.19 we can conclude that the 
cavity detail is low, hence, from Table 4.1 the subsidiary complexity, Cs, is 1.0. We 
will also assume commercial tolerances and an SPI 3 surface finish. Hence, from 
Table 4.2, Ct is also 1. Thus, the relative die construction cost for the redesigned 
cover, Cdcx, is approximately 3.73. 

For the design shown in Sectional View 2, no undercuts are present, thus, the 
value of Cdcx is approximately 1.92. 

Thus, since n = 5, and in both cases the value of Cdcx is less than n, then it 
makes economic sense to replace the four simple parts with this one more 
complex part. The screws add to the cost savings. 

12.5.5 Example 3--Cdcx > n 

Suppose it is determined that the die construction cost, Cacx, for a replacement 
part in the above example is 6. Then Cdcx would be greater than n, the number 
of parts it is replacing (5 in this case). Hence, we cannot immediately conclude 
that it is economically viable to replace the four simple parts by this single more 
complex part. 

Let us further assume that by the methods of Chapter 4 the value for Caci for 
each of the five original parts is such that 

Z Cdci • 5.6 < Cdcx 
i 

which implies that we still cannot conclude that it is more economical to combine 
these five parts. 

To determine the production volume N required to make the single part 
more economical despite these results, we compute N from: 

0.8Kdo (Cdcx --n) 
N > (Equation 12.19) 

KeotrChr 

where from Table 5.1 of Chapter 5 

Kdo ------ $7,000 

Keo_ = _ $0.13 

and from the original student project report that analyzed the electric razor cover 

tr = 2.4 

Chr = 1.21 
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Substituting these values into Equation 12.19 gives the following, 

N > 0.8($7000)(6.0 - 5)/$0.13(2.4)(1.21) = 14,833 

That is, as long as the production volume is to be greater than about 15,000, then 
it is more economical to produce the single more complex part than to produce 
the four simple parts that must then be assembled. (Remember, we still haven't 
considered the fact that we've eliminated three screws and have fewer parts to 
assemble.) 

Note that the required production is not especially large for a modern mass- 
produced product, especially one marketed worldwide. Thus one is tempted to 
conclude that it is almost always better to combine parts when the resulting single 
part is indeed functionally equivalent and can actually be produced. We know of 
one case, however, where twenty parts were combined into one awfully complex 
single part that, it turned out sadly, could not be produced by anyone. That part 
had to be made in two parts. However, the reduction from twenty to two parts 
resulted ultimately in great savings in assembly costs. Valuable time was lost, 
however, in finding out that the single part could not be made. 

12.6 SUMMARY 

This chapter has presented a very brief introduction to the process of manual 
assembly. The purpose of this chapter was to introduce you, as a designer 
or manufacturing engineer, to recognize those features of a part, which 
affect manual assembly time, hence, cost. Included in the chapter are a set of 
qualitative guidelines on design for assembly (DFA) and a summary of DFA 
guidelines. 

Also included in this chapter was a detailed analysis that derived the rela- 
tions needed to compare the cost of producing a single, more complex injection 
molded or die cast part with the cost of producing and assembling multiple parts 
for the same purpose. 

Since much of the material on assembly in this chapter is based on data and 
other information extracted primarily from the works in the list references, you 
are encouraged to consult these original references, especially the pioneering 
work of G. Boothroyd for more detailed information and analysis. 
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Q U E S T I O N S  A N D  P R O B L E M S  

12.1 Figure P12.1 shows a drawing of a type of caster assembly that is com- 
monly found on heavy boxes. Using the assembly advisor, Figure 12.14, 
evaluate the ease or difficulty of assembling the caster. What  suggestions 
would you make in the design in order to reduce assembly costs? Can you 
estimate the approximate savings in assembly costs? 

screws  (6} 
- easy to grasp & manipulate 
- not easy. to align 

~ 7  ,~7 washers  (6) easy to insert 

U LJ / "easY t~ grasP & manipulate ~ ~ ~ 
:: 35 mm i - easy to .align 45 n a n  

K i i ~ ] -  easy to insert 
I I  K ~ I' : II plate I ,~"~'~, . . . . .  ~,'-"!! I /  I i i '.i . . . . .  .i . . . . .  9 I 

easy to grasp , ~ ~ , /  ~ '  : : : : 
&manipulate; ~ 1 1  II ~ 6 - w a s h e r s ~ ' ~ '  

"not easy to align" - -  I I I I 
�9 ' bolt eas to insert 

l II III - n o t  e a s y  to  a l i g n  6-nuts -easy to grasp & manipulate ~ -~ "~ - - - "  
I // i l i  - easy to insert - easy to align / / \  

7 ~~~f::::::::tU - ~ '  '" ~ " easy to insert / k , , , ,@~  

/ r  -washer / /I washer wheel -~ 
- easy to g & m 

- easy to grasp & manipulate b racke t s  (2) - not easy to align 
- not easy to align - easy to grasp & manipulate 
- easy to insert - easy to align (due to fixture design) - easy to insert 

- easy to insert 

Fixture used to assemble the caster. The parts are 
assembled in the following order: nuts, washers, 
brackets, plate and screws. The partially completed 
assembly is then turned over and placed once again 
into the fixture. The remaining parts are then 
assembled. The handling and insertion characteristics 
are based on this order of assembly. 

FIGURE P12.1 

12.2 Figure P12.2 shows a drawing of a portion of a floppy disk drive that is 
commonly found in PCs. Using the assembly advisor, Figure 12.14, evalu- 
ate the ease or difficulty of assembling the parts shown. What  suggestions 
would you make in the design in order to reduce assembly costs? Can you 
estimate the approximate savings in assembly costs? 
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T O P  V I E W  

die  cast  b a s e  
- easy to grasp 
- easy to align /- 

s i d e  pane l s  (2) _ (due to fixture)/- 
(injection molded) - easy to insert / -  
"easy to grasp \ I _ / 
"nd.~ge/y t~ [~:z~l:~ I ltl ~ 

D= I"":tf:' 'tH 
uf :, ~ ~ ~,:tu 

e jec tor  b u t t o n ~  \ 
(injection molded) 

- easy to grasp & manipulate 
- not easy to align 
- easy to insert 

s c r e w s  (6) 
easy to grasp & manipulate 
not easy to align 
easy to insert 

s c r e w s  (4) 
" easy to grasp & manipulate 
- not easy to align 
- easy to insert 

F R O N T  V I E W  SIDE V I E W  

name p late  ~ 
(adhesive backing) 4.25" front pane l  (injection molded) 
- not easy to grasp & - easy to grasp & manipulate 
manipulate - not easy to align 

- not easy to align - easy to insert 

o o o I 

5.25" 

Note: Ejector button is connected to the disk ejector mechanism (not shown) via 
a coil spring. 

FIGURE P12.2 

12.3 Figure P12.3 shows the assembly drawing for a small stapler of the type 
often carried in a briefcase or purse. The entire stapler itself is considered 
as part  number  1 and is shown in Figure P12.3a. The remaining compo- 
nents (shown in Figure P12.3b) consist of the following: 
2 -  Base (injected molded).  
3 -  Staple remover  (injected molded).  This is a component  not normally 

found on staplers. It is inserted through the top of the base and is fas- 
tened to the base via a snap fit. The remover  can be easily pivoted about 
one end so that after insertion it rests in a recess contained on the 
underside of the base (not shown). It can be used to remove staplers 
from papers that have been stapled together. 

4 -  Base plate (stamped). Used to fold the staplers as they are used. 
5 - Spring plate (stamped). The staple holder compresses this spring as 

staples are used. It is used to return the staple holder and cover to its 
normal  position after staples are used. 

6 -  Staple holder subassembly (shown in greater  detail in Figures P12.3c 
and P12.3d). 

7 - Top cover. 
Using the assembly advisor, estimate the difficulty (or ease) of assembling 
the stapler. The handling and insertion characteristics of each part  and 
subassembly is indicated in the drawings. 
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(a) Part 1, The assembled stapler 

Note 1" All parts are easy to grasp and manipulate 
unless otherwise indicated. 

Note 2" All parts are easily aligned, viewed, and accessed 
unless otherwise indicated. 

I 
I 

I I 

(7) Top cover ] i 
- Not easily aligned I I 

I - Snaps onto (6) I ~ , .  
(6) Staple holder 

~/ ' ,b~ subassembly 

~ snap fits onto (2) 

i 
' 
I 
I 
t 
I 
I 
I 

~1 
(4) Base plate I ! 
- snaps onto (2) t ~ ~  i 

I I , [ ~ ~ (5) Spring plate 
I ; , tx~ (3) Staple ~ I - tangles 

! remover i [ q l i [ ~  i ', [ [ - press fit on (2) 

~t[l~l[  i l l  i 
.a~il Ili ! ~  ! 

I I  i I 

~ ~ , , "  -insertrted into fixture 

(b) Stapler assembly drawing 

FIGURE P12.3 continued 



274 Design for Manufacturing 

(3) Spring 
- nests 

(2) rod 

(3) Spring subassembly - - - - - - - S  

- snaps onto (2) 
- not easily aligned 

(4) Staple dispenser 
- snaps onto (2) 

(C) Spring subassembly drawing 

(2) Staple holder 

. - " . . , ,L /  

) Seat 

(d) Staple holder subassembly 

FIGURE P12.3 continued 

1 2 . 4  

1 2 . 5  

1 2 . 6  

In Section 12.5 it was shown, for the case of both injection molding and 
die casting, that if the relative die construction cost for a replacement 
part is less than the number of parts being replaced, then it is less costly 
to replace these individual parts by a single more complex part. Following 
a procedure similar to the one used in Section 12.5, determine whether or 
not this same result can be applied to stamped parts. 
One possible method for reducing assembly costs for the assembly shown 
in Figure P12.1 is to die cast the plate and two brackets as a single part. 
Based solely on the potential reduction in overall manufacturing costs, 
would you recommend that these three parts be combined into a single 
component? 
Figure P12.6a shows the original design of a small door (envelope dimen- 
sions of 120mm by 65 mm) found in a vehicle. The original design consists 
of five parts including a screw, washer, spring, latch, and door. Figure P12.6b 
shows an exploded assembly drawing for the same door. Figures P12.6c 
and P12.6d show the redesigned version of this same door. The redesigned 
version replaces the screw, washer, spring, and latch by a redesigned latch 
that incorporates two flexible arms that provide the same function as the 
original coil spring. The redesigned latch is simply placed on the door as 
shown in Figure P12.6d and then depressed horizontally so as to snap the 
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Latch handle 
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the l a t e h ~  Spring 
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(a) 

Flexible arms - replace coil spring 

(d) 

FIGURE P12.6 
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latch into the slightly redesigned door. Based on the results obtained in 
Section 12.5.2, would you conclude that the redesigned latch and door are 
an economical replacement for the original design? None of the original 
parts nor any of the redesigned parts contain undercuts. 



Chapter 13 

Selecting Materials and 
Processes for Special 

Purpose Parts 

13.1 INTRODUCTION 

When it has been determined that a designed object is to be a special purpose 
part, the task of engineering conceptual design includes 

1. Determining the basic material class (e.g., steel, thermoplastic, aluminum, etc.) 
"that has the properties to provide the necessary service per formance . . . "  and 

2. The basic manufacturing process (e.g., injection molding, stamping, extrusion, 
etc.) to be used to " . . .  process the material into a finished part." (Deiter, A 
Materials Processing Approach, 1983.) 

In this chapter we describe a methodology for making these important choices 
at the conceptual engineering design stage. In later chapters, we will discuss how 
these general choices are made more specific during configuration and paramet- 
ric design. 

Selecting a material class and manufacturing process for a part is a bit like 
the proverbial chicken-egg argument: Which comes first? That is, should we select 
a material first and then a process, or vice-versa? Either way, ultimately it is the 
combination of material and process that must work compatibly during the 
design, production, and use of a part to meet the requirements of the Engineer- 
ing Design Specification. 

The task of selecting materials and processes is not an easy one. One reason 
is that there are so many materials and processes to choose from. For each mate- 
rial, there are dozens of material properties that have to be considered. And for 
each process, there are a variety of process capabilities and limitations to be con- 
sidered in relation to the design and production requirements of the part. More- 
over, the choice is also influenced by other issues having to do with concerns such 
as safety, cost, availability, codes, disposal, and so on. 

To make the problem even harder, the choice of material and process is influ- 
enced by a part's size, shape, and geometry, but at the conceptual stage there is 
little information yet available about either the configuration or the dimensions 
of the part. For example, stronger materials can lead to thinner-walled parts and, 
as we learned in earlier chapters, certain processes can better cope with geo- 
metrically complex parts. We must nevertheless make basic material-process 
selections at the conceptual stage before it is feasible to go on to the configura- 
tion and parametric stages. We do not always make only a single selection, but 
the field of possibilities is usually reduced to no more than two or three. 
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Despite the fact that a part's configuration and parametric design have not 
yet been determined, there is still information available at the conceptual stage 
that can be used to guide material and process selection. A great deal of this 
information is recorded in the Engineering Design Specification (see Section 1.5). 
For example, the environmental conditions under which the part must perform 
are specified, and whether the part will be subjected to relatively small or large 
forces is also known. 

In addition to information stated explicitly in the Specification, more can be 
inferred with reasonable correctness. For example, the approximate size, shape, 
and degree of geometric complexity are generally understood qualitatively even 
though the details of configuration and parametric design have not been 
addressed specifically. 

In this chapter, we present a general methodology for selecting one or more 
material-process combinations for special purpose parts at the conceptual stage. 
Though this method and some of the data used to support it will also be useful 
in refining the material-process selection at later stages of the design process, the 
discussion in this chapter is essentially limited to the conceptual stage. A more 
detailed approach to material selection can be found in Ashby's Materials Selec- 
tion in Mechanical Design. 

Though some data is given, data on all materials and all processes is not 
included in this book. There are simply too many materials and processes. Thus, 
some of the most commonly used materials and processes are included here, and 
it is assumed that readers will have taken courses or have access to information 
that will provide more complete coverage. The major goal here is to provide a 
methodology for materials and process selection. As always, designers are 
strongly urged to consult with materials and manufacturing experts about 
material-process selections before considering the selection "final." 

13.2 TWO APPROACHES--A BRIEF OVERVIEW 

13.2.1 Preface 

There are two approaches to determining candidate material-process combina- 
tions for a part. Designers can use either approach depending on which is most 
natural to the part being designed. Both approaches end up at the same point. 
The two approaches are: (1) material-first; or (2) process-first. 

In the material-first approach, designers begin by selecting a material class-- 
guided by the requirements of the application. Then processes consistent with the 
selected material are considered and evaluatedmguided by production volume 
and information about the size, shape, and complexity of the part to be made. 

In the process-first approach, designers begin by selecting the manufacturing 
processmguided by production volume and information about the size, shape, 
and complexity of the part to be made. Then materials consistent with the 
selected process are considered and evaluatedmguided by the part's application. 

In the next two subsections, an overview of each of these approaches is pro- 
vided. Then in the remainder of this chapter these approaches are described in 
greater detail. 

13.2.2 Material-First Overview 

In the material-first approach, application-related criteria derived from such 
issues as the environment in which the part will be used, the relative strength 
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Table 13.1 Preliminary material and process selection: Metals: Cast. 

Level I Level H Level III Level IV 
Material Material Materials Processes Material Examples 

Metals Cast Steels (carbon, alloy, stainless) 
Sand Casting 
Investment Casting 
Centrifugal Casting 
Ceramic Mold Casting 
Forging 

Aluminum and Magnesium Alloys 
Sand Casting 
Investment Casting 
Centrifugal Casting 
Ceramic Mold Casting 
Die Casting 
Permanent Mold Casting 
Shell Mold Casting 
Plaster Mold Casting 
Forging 

Copper Alloys 
Sand Casting 
Investment Casting 
Centrifugal Casting 
Ceramic Mold Casting 
Shell Mold Casting 
Plaster Mold Casting 
Forging 

Zinc Alloys 
Sand Casting 
Centrifugal Casting 
Ceramic Mold Casting 
Die Casting 
Permanent Mold Casting 
Plaster Mold Casting 
Forging 

ASTM A27-81 
ASTM A352-80 
ASTM A148-80 
ASTM A297 

Aluminum A380.0 
Aluminum A413.0 
Aluminum 201.0 
Magnesium AZ91D 
Magnesium AZ63A 

C94800 
C84400 
C80100 
C81400 

SAE 903 
SAE 925 
Alloy 7 
ILZRO 16 

required, safety or code requirements, and so on, are used to select a set of can- 
didate material classes. These criteria are discussed more completely in Section 
13.4. In addition, to assist with material selection, Appendix 13.A contains four 
tables (Tables 13A.1, 13A.2, 13A.3, and 13A.4) that list a number of material 
properties and property ranges for broad classes and subclasses of materials. The 
values are approximate and intended only to assist designers with trial material 
choices. More exact and complete tables of properties can be found in Refer- 
ences. The organization of the tables is as follows: 

Table 13A.1 Properties of selected cast metals (alloys of aluminum, magnesium, 
copper, zinc, and steel). 

Tables 13A.2 and 13A.3 Properties of selected wrought metals (alloys of alu- 
minum, magnesium, copper, and steel). 

Table 13A.4 Properties of selected plastics (thermoplastics and thermosets). 

Tables 13.1 to 13.4 illustrate that with each material class, there is an 
associated set of feasible processes, as shown in the column labeled Level III for 
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Table 13.2 Preliminary material and process selection: Metals: Wrought. 

Level I Level H Level III 
Material Material Materials Processes 

Level IV 
Material Examples 

Metals Wrought Steels (carbon, alloy, stainless) 
Stamping 
Forging 
Extrusion 
Rolling 
Drawing 

Aluminum and Magnesium Alloys 
Stamping 
Forging 
Extrusion 
Rolling 
Drawing 

SAE 1008mhot rolled 
SAE 1008---cold rolled 
SAE 2330---cold drawn 
301 Stainless 
410 Stainless 
Aluminum 2024 
Aluminum 2124 
Aluminum 1100 
Aluminum 6061, 6063 
Aluminum 7075 
Magnesium AZ61A-F 
Magnesium AZ80A-75 

Copper Alloys 
Stamping C23000 
Forging C37700 
Extrusion C11000 
Rolling 
Drawing 

Zinc Alloys 
Stamping ZN-0.08PB 
Forging ZN-1Cu 
Extrusion Z300 
Rolling 
Drawing 

metals and Level II for plastics. For example, if the material class selected is 
thermoplastics, then Table 13.3 indicates that the feasible processes are 
injection molding, extrusion, extrusion blow molding, rotational molding, and 
thermoforming. 

Now refer to Tables 13.5 through 13.7. Assuming the part is to be made of a 
material in a selected class, information about the part size, general shape, and 
complexity can be used to rule out some processes and point favorably to others. 
For example, Table 13.7 indicates that injection molding is usually not a good 
choice if production volumes are less than about 10,000. 

In summary, the materials-first approach to materials-process selection maps 
first from application information to a class of materials by using material data 
and properties similar to those given in Tables 13A.1, 13A.2, 13A.3, and 13A.4. 
(More will be said about this in Sections 13.3 and 13.4.) By using Tables 13.1 to 
13.4, we are then able to select processes consistent with the materials selected 
based on application information. Then information about the part is added, and 
the result mapped into a process type using the guidelines presented in Tables 
13.5 through 13.7. Figure 13.1 illustrates the approach in rough schematic form. 

13.2.3 Process-First Overview 

In the process-first approach, the first step is to select a candidate process type 
(or types) using information available about production volume and about the 
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Table 13.3 Preliminary material and process selection: Plastics: Thermoplastics. 

Level I Level H Level III Level IV 
Material Material Processes Material Examples Material Examples 

Plastics Thermoplastics ABS Magnum 213 (Dow) 
Injection Molding Cycolac T (GE) 
Extrusion ABS Glass Reinforced AbsafiL G 11200/30 
Blow Molding (Akzo Eng.) 
Rotational ABS Carbon Reinforced J-1200CF/20 

Molding (Akzo Eng.) 
Thermoforming 

Polystyrene 

Polycarbonate Glass 
Reinforced 
Polycarbonate Carbon 
Reinforced 
Acetal 

Acetal Glass Reinforced 

Polyamide 
Nylon 6/6 
Nylon 6 
Nylon 6 Glass 
Reinforced 
Nylon 6/6 C Reinforced 

Polyethylene 

Polypropylene 

Polysar 410 (Polysar) 
PS318 (Huntsman) 
R-40FG (Thermofil) 

R-40F-5100 (Thermofil) 

Delrin 900 (duPont) 
Celcon M25 (Ceolanese) 
Thermofil G-40FG 
(Thermofil) 

Adell AS-10 (Adell) 
Zytel 408 (duPont) 
Ashlene 830 (Ashley) 
CR1401 (custom Resin) 
NyLafil G 3/0 (Akzo) 
Ultramid A3WXH(BASF) 
Chevron PE1008.5 
(Chevron) 
Excorene pp 122f (Exxon) 

Consider Application Information 
(Stresses, environment, codes, disposal, etc.) 

Select Feasible Material Class(es) 
(See Tables 13A-l, 13A-2, 13A-3) I 
Select Associated Process Type(s) 

(See Tables 13-1 to 13-4) 

Consider Part Information [~ 
(Production volume, size, shape, complexity) P 

Select Feasible Process Type(s) 
(See Tables 13-5 to 13-7) 

FIGURE 13.1 A schematic illustration of the materials-first approach. 
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Table 13.4 Preliminary material and process selection: Plastics: Thermosets. 

Level I Level H Level III Level IV 
Material Material Processes Material Examples Material Examples 

Plastics Thermosets 
Compression 
Molding 
Transfer 
Molding 

Alkyd 
Alkyd Glass Reinforced 

Epoxy Glass Reinforced 

Polyester Glass Reinforced 

Durez 246668 (Occidental) 
Glaskyd 2051B (Am. 
Cyanmid) 
Rogers 2004 (Rogers) 
Rogers 1961 (Rogers) 
Durex 30003 (Occidental) 

Table 13.5 Preliminary process and material selection: Wrought Processes. 

Wrought 
Processes Materials Production Volume Part Size Shape Capability 

Stamping 

Forging 

Extrusion 

Aluminum 
Steel 
Copper 
Brass 

Minimum quantity 10,000 
to 20,000. For smaller 
volumes and simple 
geometries, low-cost steel 
rule dies can be used in 
place of progressive dies. 

Generally less than 
450mm (18 inches). 
Larger sizes are 
done using die 
lines in lieu of 
progressive dies. 

Aluminum For medium- and large- 
Magnesium sized forgings a 
Copper production volume of 
Steel 1,000 to 10,000. For small 
Titanium forgings (under 1/2 lb.) a 
Superalloys production volume of 

100,000 may be required. 
Aluminum 1,000 (larger parts) to From 1/4 to 10 or 
Steel 100,000 (small parts) 12 inches (6 to 
Copper 300mm) in diameter. 
Magnesium Lengths can be very 
Zinc long. 

Maximum size is 
generally less than 
800mm (32 inches). 

Moderate 
complexity is 
possible; however, 
moldings and 
castings are 
capable of 
producing more 
complex shapes. 
Moderate shape 
complexity. No 
internal undercuts 
possible. External 
undercuts limited 
to simple 
depressions. 
Constant cross- 
section 

part 's approximate size, shape, and complexity. Information to support this selec- 
tion is presented in Tables 13.5 to 13.7. Intelligent use of these tables requires a 
basic understanding and knowledge of the information presented in previous 
chapters. For example, if the part is a long part that has a constant cross-sectional 
area then extrusion is a possibility. If the part has a complex geometric shape (a 
telephone housing for example) then molding or casting is required. 

Once a process has been selected, the next step is to use application infor- 
mation to rule out or point favorably to a material class associated with the 
selected process. Note that in column 2 of Tables 13.5 to 13.7, there is a set of 
material classes associated with each process type. Thus, if we decide to use 
molding to produce a telephone housing then we can select from among a ther- 
moplastic and a thermoset.  

Schematically, the process-first approach is shown in Figure 13.2. 
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Table 13.6 Preliminary process and material selection: Casting Processes. 

Casting Production 
Processes Materials Volume Part Size Shape Capability 

Die Casting Generally 
aluminum and 
zinc. Brass and 
magnesium are 
also die cast. 

Investment Steel 
Casting Stainless Steel 

Aluminum 
Magnesium 
Brass, Bronze 
Ductile Iron 

Sand All common 
Casting metals 

Centrifugal Most metals 
Casting 

Permanent 
Mold 
Casting 

Plaster 
Mold 
Casting 
Ceramic 
Mold 
Casting 

Generally greater 
than 10,000. 

Generally less 
than 10,000. 

Minimum 
quantity between 
1 and 100. 

Aluminum Minimum 
Zinc quantity about 
Magnesium 1,000. 
Brass 
Mainly aluminum Minimum 
and copper, quantity about 10. 

All common Minimum 
metals, quantity about 10. 

Maximum part size 
usually less than 
600mm (24 inches) 

Maximum size 
generally less than 
250mm (10 inches). 

No maximum size. 
Size limited by 
carrying capacity of 
crane. 

Largemusually 
over 100 pounds. 

About the same as 
die casting. 

Generally limited to 
parts weighing less 
than 100 pounds. 
Generally limited to 
parts weighing less 
than 100 pounds. 

Almost any shape is 
possible. Internal 
undercuts should be 
avoided for practical 
reasons. 
Same as die casting. 

All shapes are 
possible. External 
undercuts are limited 
due to need to extract 
pattern from sand. 
Generally rotationally 
symmetrical, but 
nonrotational parts 
are possible. 
About the same as 
die casting. 

Undercuts are 
difficult to provide. 

Undercuts are 
difficult to provide. 

13.3 A HIERARCHICAL ORGANIZATION OF 
MATERIAL ALTERNATIVES--TABLES 13.1 TO 13.4 

13.3.1 Introduction 

At the conceptual stage, though it may occasionally happen, it is unlikely to be 
necessary to go so far as to propose specific materials such as 1030 hot rolled 
steel or 6063-T5 aluminum or Zytel 408 (a nylon 6/6 polyamide thermoplastic 
made by duPont). The reason we don't  generally need such specificity yet is that 
the evaluation of the physical concept seldom depends on it. The finer discrimi- 
nations can therefore generally be postponed---consistent with least commit- 
ment--unt i l  the configuration or parametric stage. 

With this in mind, Tables 13.1 to 13.4 have been prepared to support the 
selection process by organizing materials into a hierarchy of classes. The tables 
organize the most commonly used materials in four levels, from very broad (e.g., 
metals or plastics) to very specific (e.g., Lexan 101). Here are two examples that 
illustrate the meaning of the four levels: 
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Table 13.7 Preliminary process and material selection: Plastic Processes. 

Plastic 
Processes Materials Production Volume Part Size Shape Capability 

Injection Thermoplastics 
Molding (Unfilled, 

reinforced) 

Compression 
Molding 
Transfer 
Molding 
Extrusion 

Blow Molding 

Rotational 
Molding 

Thermoforming 

Thermoplastics 
(Unfilled, 
reinforced) 

Thermoplastics 
(Unfilled, 
reinforced) 

Thermoplastics 

Thermoplastics 
Thermosets 
(some) 

Thermoplastic 
sheets and 
films 

Generally greater 
than 10,000. 
However, less 
expensive tooling 
can be used for 
smaller production 
volumes. Seldom 
used for volumes 
less than 1,000. 
Same as injection 
molding. 

Low (compared to 
injection molding) 

Maximum part size 
usually less than 
600 mm ( 24 
inches). 

Same as injection 
molding. 

Most common 
extruders have 
maximum diameters 
of about 200mm 
(8 inches). Some 
are available up to 
12 inches, or more. 
Generally between 
1 ounce and 1 
gallon. Maximum 
size about 55 
gallons. 
Limited by size of 
molding machine. 
Usually must fit 
within 5-foot 
diameter sphere. 
Usually 1 foot to 6 
feet. However, 
some as large as 10 
feet by 30 feet. 

Almost any shape 
is possible, 
including internal 
and external 
undercuts. 

Same as injection 
molding. 

Constant cross- 
sectional. 

Hollow thin- 
walled parts. 
Minor undercuts 
okay. 

Hollow thin- 
walled parts. 

Simple flat- and 
boxed-shaped 
parts. Holes and 
openings cannot 
be formed; 
secondary 
operations 
required for 
these. 

Example A Example B 
Level I Metal Plastic 
Level II Wrought  Thermoplastic 
Level III Aluminum ABS 
Level IV Aluminum Alloy 6061 ABS Magnum 213 (Dow) 

13.3.2 Level I of the Hierarchy 

At the highest level (I) of the class hierarchy in Tables 13.1 to 13.4, the material 
classes are 
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Consider Part Information 
(Production volume, size, shape, complexity) 

Select Feasible Process Type(s) 
(See Tables 13-5 to 13-7) 

Select Associated Material Class(es) 
(See Tables 13-5 to 13-7) 

Consider Application Information 
(Stresses, environment, codes, disposal, etc.) 

Select Feasible Material Class(es) 
(See Tables 13-5 to 13-7) 

and/or (Tables 13A-l, 13A-2, 13A-3) 

II 
FIGURE 13.2 A schematic illustration of the process-first approach. 

metals, 
plastics, 
ceramics, 
wood, and 
concrete 

Only metals and plastics are considered below this top level in this book. 

Metals vis-a-vis Plastics 

Tables 13A.1, 13A.2, 13A.3, and 13A.4 list some of the most commonly used 
metals and plastics along with their more important mechanical and physical 
properties. It is evident from this data that, in general, plastics tend to be less 
dense (hence, lighter in weight than a comparable metal part), less costly, better 
able to resist corrosion, and better insulators than metals. In addition, as we 
learned in Chapters 3 to 5, plastics can be processed into almost any conceivable 
shape, with any desired surface finish (from mirror to textured)mand often 
require no finishing. 

Metals, however, tend to have better mechanical properties. The elastic 
modulus of steel, for instance, is almost 60 times higher than that of an unrein- 
forced rigid plastic, and the moduli of aluminum, zinc, and copper alloys are about 
20 times higher than unreinforced plastic. (The moduli for reinforced plastics are 
about 3 times that of unreinforced plastics.) Also, steels have higher temperature 
capabilities, better thermal and electrical conductivity, and are capable of being 
processed by a very fast processing method: stamping. On the other hand, carbon 
steels usually need costly protective procedures such as pickling, galvanizing, 
priming, and painting to prevent rust. 

Metals and plastics, especially reinforced plastics, often compete head to 
head as the material of choice. In recent years, plastic has been used increasingly 
to replace or substitute for metal. Some examples are automobile bumpers, auto- 
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mobile fuel tanks, lawn tractor hoods, wheel covers, instrument panels, and elec- 
tric staple guns. Some consideration has also been given to the use of a plastic 
(long-fiber nylon) automobile. The reasons for this trend have to do with a variety 
of factors, including weight (to help automakers meet the U. S. Government's 
average fuel economy requirements), corrosion resistance, insulating effects, con- 
solidating parts (to reduce assembly costs), and improving ergonomics (i.e., user 
comfort). 

Because of the wide variety of possible applications and evaluation criteria, 
it is not possible to state any very specific rules about when plastic or metal will 
be the preferred choice. When the mechanical properties (strength at operating 
temperatures, creep, impact resistance, fatigue resistance, etc.) of plastics are ade- 
quate for the task, however, their other very desirable properties will usually 
make them the choice. However, the total cost (material cost, tooling cost, and 
processing cost) of a plastic part is not necessarily less than that of a function- 
ally equivalent metal part. 

13.3.3 Level II of the Hierarchy 

At Level II in the hierarchy shown in column 2 of Tables 13.1 to 13.4, metals are 
classified as either cast or wrought, and plastics are subdivided into thermoplas- 
tics and thermosets. 

Metals: Cast vis-a-vis Wrought 

Two of the most important manufacturing considerations in selecting a material 
for a design application are (1) how easily can the material be formed into a fin- 
ished part; and (2) how might the material's mechanical and physical properties 
change during the forming of the part? 

In forging, for example, as we learned in Chapter 11, "Other Metal Shaping 
Processes," a "thin" cup-shaped part is formed by squeezing (or hammering) a 
metal billet between two die halves that are attached to a hammer or press. Actu- 
ally, the metal in a forged part will first go through a couple of intermediate 
stages: an ingot is cast, then worked (i.e., wrought) by rolling or extruding the 
ingot into a billet, and finally it is forged. 

In casting, as you recall from Chapter 6, "Metal Casting Processes," this cup- 
like part is produced by pouring or injecting molten metal into a die. The solid- 
ification process used to produce castings results in parts whose metal structure 
is usually composed of large grains, small voids, and small pockets of impurities 
called inclusions. 

Working the metal alloy from an as-cast ingot to a wrought statemas in 
forgingmis accompanied by a marked improvement in its mechanical properties. 
The associated plastic deformation refines the cast structure of the metal, closes 
the shrink voids that occur, and breaks up the inclusions. Since the porosity and 
inclusions that occur in castings are often the source of fractures, their removal 
in wrought metal is responsible for considerable increased ductility and strength 
in alloys of the same composition. For nonferrous metals this increase in ductil- 
ity can be seen by comparing the Elongation Percent for cast and wrought metals 
in Tables 13A.1, 13A.2, and 13A.3. 

The increase in tensile and yield strengths of wrought metals over those of 
a cast metal of the same composition is not easily seen by comparing the values 
shown in Tables 13A.1 and 13A.2. The difficulty comes in finding cast and 
wrought alloys of the same composition. It is certainly possible, however, to find 
a cast alloy that exhibits greater ductility and strength than a wrought alloy. 
Tables 13A.1, 13A.2, and 13A.3 show, for example, that a high-carbon steel 
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casting can have superior mechanical properties to those of a low-carbon steel 
sheet. However, for the same composition, wrought metals do have superior 
mechanical properties. 

It is interesting that cast and wrought carbon steel can be ordered from sup- 
pliers simply by specifying not the composition but the desired mechanical prop- 
erties alone. Producers can adjust the composition of the steel to meet specified 
mechanical properties. Thus, given that it is possible to select a cast metal that 
has mechanical properties equal to a wrought metal, the question becomesm 
what should guide designers in the choice between cast and wrought? 

Of course, we should always consider a casting process (hence cast metals) 
when it will be more economical. In addition, however, we should consider a cast 
metal when (1) parts have complex shapes and/or hollow sections; (2) large parts 
are being designed (sand castings can produce parts of almost any size); or when 
(3) overall manufacturing costs can be reduced by combining several simple parts 
into a single more complex part and thereby reduce assembly costs. 

Conversely, we should select a wrought metal (and consequently a wrought pro- 
cess) when the geometry of the part is simple, and relatively fast and/or inexpensive 
processes such as stamping or extrusion can be used to produce the geometry. 

Plastics: Thermoplastics and Thermosets 

Table 13A.3 contains a representative list of some of the more commonly used 
thermoplastics and thermosets. It is evident from the data contained in this table 
that, generally, thermosets have a much higher flexure modulus. Thus, thermosets 
have greater rigidity than thermoplastics. In addition, some thermosets, alkyd for 
example, have good electrical properties (including arc resistance), low water 
absorption, and retention of electrical properties at elevated temperatures. Thus, 
alkyds are most often used for automotive distributor caps, coil caps, and circuit 
breakers. Other thermosets are used for electrical connectors and switch gears, 
and circuit boards. 

Thermoplastics, however, are faster and easier to process. The cycle time is 
strongly dependent on wall thickness, but most parts made of thermoplastic mate- 
rials have cycle times between 15 and 60 seconds. The cycle time for thermosets 
parts, however, ranges between 30 seconds and 5 minutes because the material 
cures relatively slowly during the molding process. As implied in Chapter 3, 
"Polymer Processing," the tooling costs for injection molding, compression 
molding, and transfer molding are comparable; thus the lower processing costs 
for injection-molded parts generally makes thermoplastics the plastic of choice 
when it is capable of satisfying functionality requirements. 

13.3.4 Level III of the Hierarchy 

At Level III, metals are subdivided into the various broad categories such as steel 
(carbon, alloy, and stainless), aluminum alloys, and copper alloys. Plastics at Level 
III are subdivided into the various classes of thermoplastics and thermosets such 
as polycarbonates and polyesters. Usually Level III is about the right one for 
specifying and evaluating conceptual design alternatives for most special purpose 
parts. 

Metals 

Tables 13A.1 to 13A.3 contain a representative sample of some of the most com- 
monly used ferrous and nonferrous metals and metal alloys. A study of these 
tables shows that, in general, the nonferrous alloys (aluminum, magnesium, 
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copper, and zinc) are much more resistant to corrosion, lighter in weight (less 
dense), and are better thermal and electrical conductors than steel. In addition, 
the nonferrous alloys are usually also easier (and less costly) to fabricate since 
they have lower tensile and yield strengths than steel. They are also usually easier 
(and less costly) to cast since they have a lower melting temperature than steel. 
Indeed, because of steel's high melting temperature, some casting processes (e.g., 
such as die casting) are not suitable for steel. 

As a class, however, Tables 13A.1 to 13A.3 show that ferrous metals have 
higher tensile and yield strengths, and a higher modulus, than nonferrous alloys. 
Tables 13A.2 and 13A.3 show, for example, that: 

1015 Hot Rolled Steel 1100 H18 Aluminum 

Modulus, E (psi) 30 x 106 ]0 x ]06 
Tensile Strength (psi) 50 x 103 24 x 103 
Yield Strength (psi) 27.5 x 103 22 x 103 

Thus, similar parts made of steel are stiffer than those made of aluminum 
or any of the other nonferrous alloys. Consequently, for similar parts made of 
aluminum and steel and subjected to the same loading, the steel component 
(E = 30 x 106psi) will deflect only about one-third that of the aluminum compo- 
nent (E = 10 x 106psi). Thus, aluminum components must be designed in config- 
urations that provide additional stiffness. Alternatively, aluminum, magnesium, 
copper, and zinc alloys can be strengthened and (strain) hardened by heat treat- 
ment, cold rolling, or drawing. 

Low carbon steels (less than 0.20% carbon) are used primarily in the pro- 
duction of bars, sheets, strips, and drawn tubes. Low carbon steels possess good 
formability (the ductility, as seen by it's percent elongation, is high) and are 
adaptable to low-cost production techniques such as stamping. For this reason, 
low carbon steels are primarily used in the production of parts for inclusion in 
many consumer products. 

Increasing the carbon content of steel increases its strength and hardness but 
decreases its ductility and formability, thereby increasing the cost to process it. 
Mild steel (carbon content between 0.15% and 0.30%) is used in the production 
of structural sections, forgings, and plates. High carbon steel (greater than .80% 
carbon) has low ductility, but its hardness and wear resistance are high. It is thus 
used in the production of hammers, dies, tool bits, etc. 

Alloy steels are steels that contain small amounts of elements like nickel, 
chromium, manganese, etc., in percentages that are greater than normal (in 
carbon steel). The alloying elements are added to improve strength or hardness 
or resistance to corrosion. 

Plastic 

At Level III, plastics are divided into various broad family classes such as ABS, 
acetal, nylon, etc. Table 13A.4 contains a representative sampling of these plas- 
tics in both their neat (i.e., unmodified by the addition of fillers or powders) state, 
as well as in a composite material state. In the composite state, fine fibers 
(0.01mm diameter) of additives (e.g., glass fibers) are chopped to very short 
lengths and mixed with the resin in order to improve its mechanical properties. 
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Table 13A.4 shows that in every case the strength and modulus of the resin is 
increased by the addition of glass fibers. See, for example, how the strength 
and modulus of nylon 6 with 30% glass compares with that of nylon 6 without 
glass. 

Metal powders and fibers are also mixed with plastics to improve their 
electrical and thermal conductivities, and to provide EMI (electromagnetic inter- 
ference) shielding. 

In general, the term composite includes plastics that come with additives, 
fillers, and reinforcing agents like glass fibers, carbon, or graphite. A composite 
can also have additives of metal, wood, foam, or other material layers, in addi- 
tion to the resin/fiber combination. For the purposes of this chapter, composites 
are restricted to resins that contain reinforcing additives to improve the mechan- 
ical and thermal properties of the resins. 

A study of Table 13A.4 shows that polycarbonate has the highest impact 
resistance of those listed. In fact, polycarbonate has the highest impact resistance 
of any rigid, transparent plastic. For this reason, and its relative ease of pro- 
ducibility, it is used in the production of many consumer products that might get 
dropped or struck. Examples are: computer parts and peripherals, business 
machine housings, power tool housings, vacuum cleaner parts, sports helmets, 
windshields, lights, boat propellers, etc. 

Table 13A.4 shows that Nylon TM (Trademark of duPont) is resistant to oils 
and greases and most common solvents. It has high strength (for a plastic) and a 
high modulus, and it has a relatively high maximum service temperature. The 
coefficient of friction of Nylon is also low and for this reason it is frequently used 
in the production of bearings, bushings, gears, and cams. 

Acetals are strong, stiff, and highly resistant to abrasions and chemicals. Like 
Nylon they have a low coefficient of friction when placed in contact with metals. 
They are used in the production of brackets, gears, bearings, cams, housings, and 
plumbing. 

13.3.5 Level IV of the Hierarchy 

At Level IV of the hierarchy in Table 13.1 to 13.4, we have listed only a small 
number of specific examples of the material classes in Level III. Examples of 
metals are listed according to specific alloy grade (e.g., ASTM A27 6535). The 
mechanical and physical properties of a representative sampling of metals are 
given in Tables 13A.1 to 13A.3. Although Level III is about the right level for 
evaluating conceptual design alternatives, the selection of a specific material 
based on specific mechanical and physical properties must be done at Level IV. 
The selection at Level IV can usually be delayed until the parametric stage of 
design, though in some cases it must be made sooner. 

For plastics, the physical and mechanical properties given in Table 13A.4 are 
based on the generic version of a given plastic. For this reason, a range of values 
is generally given for each class of resins (such as ABS or Nylon 6). The existence 
of a range of values is partially due to the difference in properties between com- 
peting commercial brands. 

As noted above, Tables 13A.1 to 13A.4 provide just a small sampling of mate- 
rials and material properties. The American Society of Metals references must 
be consulted for a more complete listing, as well as the Modern Plastics Ency- 
clopedia and Manufacturing Handbook and Buyers" Guide, for more complete 
and accurate material properties, and for additional assistance in the selection of 
material and process combinations for various applications. 
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13.4 APPLICATION ISSUES IN 
SELECTING MATERIALS 

How and where a part is to be used--that  is, the conditions of stress and the envi- 
ronment it will encounter when in useEobviously have a great influence on the 
choice of a suitable material for the part. In this section, we list and discuss briefly 
a number of the most common application issues. There may well be others that 
will be relevant in certain applications, so designers must be thorough in consid- 
ering other possible issues in addition to those listed. (Remember, what you 
forget to consider is the biggest danger!) 

13.4.1 Forces and Loads Applied 

Magnitude 
To a certain extent, of course, the internal stresses experienced by the materials 
of parts can be reduced by competent configuration design. However, it is still 
generally true that the larger the external forces, the greater the need for stronger 
materials. Thus, the magnitude of external forces is a factor relevant to the 
required tensile and compressive yield strength of materials. Though steels are 
generally the strongest, other metal alloys and plastic composites can also be 
made very strong. 

Creep 
If steady loads are applied over a long period of time (i.e., months or years), and 
if the temperature of the part is elevated, then creep (the slow continuous defor- 
mation of material with time) must be considered a possibility. 

At room temperature, the deformation or strain for most metals (excluding 
lead) is a function only of the stress. As the temperature increases, materials sub- 
jected to loads that cause no plastic (permanent) deformation at room temper- 
ature may now deform plastically (creep) depending upon the combination of 
stress, temperature, and time. Since most metals (and ceramics) have high melting 
temperatures (over 2700~ for steel, about l l00~ for aluminum), they start to 
creep only at temperatures well above room temperatures. A general rule of 
thumb is that metals begin to creep when the operating temperature is greater 
than 0.3 to 0.4 times the melting temperature (see Ashby and Jones, 1980). 

Creep is often a more important concern with plastics. In fact, many plastics 
creep at room temperature. Plastics have no well-defined melting point; thus, for 
plastics the important temperature to consider is known as the glass transition 
temperature, Tg. Roughly speaking, below the glass transition temperature a 
plastic is in a glassy, brittle state; above Tg, it is in a rubbery state. Well below Tg, 
plastics do not creep. For example, the glass transition temperature for Nylon 6 
is about 50~ (122~ but that for polycarbonates is about 150~ (302~ For 
epoxies, Tg is usually greater than 100~ (212~ 

When designing with plastics that support loads, therefore, temperature is an 
especially important consideration. Unfortunately, creep data for specific plastics 
is still difficult to find in the open literature, and so must be sought from the resin 
manufacturer. 

Impact Loads 
Under certain conditions, even ductile materials (as defined by the uniaxial 
tensile test) will have a tendency to behave in a brittle manner. This is particu- 
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larly true when parts are subjected to impact or sudden dynamic loads. Thus, if 
a part in use will be subjected to impact loads, then the impact strength of the 
material to be used is a relevant design evaluation issue. 

Impact strengths are measured by either a Charpy test or an IZOD test 
(Kalpakjian, 1992). Although it is difficult to relate the results of these tests 
directly to design requirements, in general, materials that have high-impact resis- 
tance also have high strength, high ductility, and high toughness. These impact 
strengths are perhaps more useful in comparing various types of grades of metals 
or plastics within the same material family, and not as useful in comparing one 
metal with another metal or one plastic with another plastic. 

Cyclic Loads and Fatigue 

Many products and components-- the door handle on a car, the latch mechanism 
on a briefcase, a tennis racquet, a paper clip, and so on, are subjected to repeated 
fluctuating loads. Despite the fact that the loads on these parts and products may 
fall well below the tensile strength of the material, and even below the yield 
strength of the material, the door handle falls off, the latch comes apart, the tennis 
racquet breaks, and the paper clip fails. Such failures are usually due to fatigue. 
In fact, fatigue failures are responsible for the majority of the failures in mechan- 
ical components. 

If stresses in a material fluctuate, then the concept of endurance limit 
becomes relevant. When the average internal stress is zero, it has been found that 
there will be no fatigue failure if the fluctuating load amplitude is kept below a 
critical value called the endurance limit or endurance stress. 

Tables 13A.1, 13A.2, and 13A.3 show values for the endurance limit for some 
metals and metal alloys. It is clear that in general steel is better than the non- 
ferrous metals. In fact, aluminum alloys do not have an endurance limit. 

Although plastics also exhibit fatigue, for many plastics there is no well- 
defined fatigue strength (the stress level at which the test specimen will sustain 
N cycles prior to failure) or endurance limit. Thus, as in the case of metals, 
large numbers of cyclic stress reversals can be expected to cause failure in plastic 
parts even if the applied stress is low. Also, in the case of plastics, the mode of 
deformation and the strain rate have a much more profound effect on the results 
than they do for metals. In addition, high-frequency cyclic loading can cause the 
plastic to warm up and soften, thus further reducing the load-carrying capacity of 
the part. 

13.4.2 Deformation Requirements 

If the degree of a part's deformations as a result of the applied loads is 
crucial, then the resistance of material to deformation will be a factor. The 
relevant material property is the Modulus of Elasticity, or E. Low values of 
E will result in a part that, when loaded, will have large deflections (as com- 
pared to the same part/load configuration of a part made of a material with a 
large value of E). At times this may be desirablemfor example in the design of 
springs and beams that are to act as springs. The value of E also affects the natural 
frequency of a part or assembly. For example, a beam or spring with a low value 
of E (i.e., low stiffness) has a lower natural frequency than one with a high 
modulus. 

As seen from the values for the modulus of a representative sampling of 
metals, metal alloys, and plastics in Tables 13A.1 to 13A.3, the values of E can be 
summarized as follows: 
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Engineering Thermoplastics (no additives 
or fillers) 
Engineering Thermoplastics (glass 
reinforced) 
Nonferrous Metal Alloys 
Ferrous Metals and Metal Alloys 

E = 0.3-  0.5 x 106psi (2000-3500Mpa) 

E = 1.3- 2.0 x 106psi (9000-14,000MPa) 

E = 10-  20 x 106psi (68,950-13,800MPa) 
E = 30 x 106 psi (206,850 MPa) 

13.4.3 Other Application Factors 

In addition to the force and deformation requirements discussed above, there are 
many other factors related to application that may have to be considered. Among 
them are the following. 

In-Service Temperature 

Is it low? Is it elevated? Will the material be capable of functioning at these tem- 
peratures? Metals can be used at higher temperatures than plastics. Thermosets 
can be used at higher service temperatures than thermoplastics. The American 
Society of Metals references, as well as the Modern Plastics Encyclopedia and 
the Manufacturing Handbook and Buyers' Guide and other references, can assist 
us in determining the effect of temperatures on materials. 

Exposure to Ultraviolet (Sunlight) 

Will the optical properties of the material, especially plastic materials, change 
after exposure to sunlight? Once again the American Society of Metals refer- 
ences, as well as the Modern Plastics Encyclopedia and Manufacturing Handbook 
and Buyers' Guide and other references, can assist us in determining the effect 
of sunlight and other elements on materials. 

Exposure to Moisture (Fresh Water, Sea Water) 

Will the exposure be intermittent or continuous? Will the part or product be 
immersed in water? Again, the American Society of Metals references, as well as 
those of the Modern Plastics Encyclopedia and Manufacturing Handbook and 
Buyers' Guide, contain information that can assist us in determining which metals 
and metal alloys can best resist corrosion and moisture, and the effect of mois- 
ture on materials. For example, according to the Metals Handbook (Vol. 2), "Alu- 
minum alloys of the lxxx, 3xxx, 5xxx, and 6xxx series are resistant to corrosion 
by many natural waters." The Handbook goes on to state that service experience 
with these same wrought aluminum alloys in marine applications demonstrates 
their good resistance to and long life in sea water. 

Chemicals (Acids, Alkalies, Etc.) 

Will the part or product be subjected to chemicals? Will the materials we select 
be able to resist corrosion by these chemicals? 

Weather 

Some materials are better able to deal with atmospheric conditions than others. 
Ferrous alloys need protection since they corrode when exposed to air. Most alu- 
minums have excellent resistance to atmospheric corrosion, and in many outdoor 
applications they do not require a protective coating. Stainless steels are suitable 
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for exposure to rural and industrial atmospheres. Plastics, of course, do not 
typically corrode when exposed to atmospheric conditions. Again, the American 
Society of Metals references, as well as the Modern Plastics Encyclopedia and 
the Manufacturing Handbook and Buyers' Guide, are an excellent source of 
information concerning the effect of atmospheric conditions on materials. 

Insulating and Conducting Requirements 
(Electrical and Thermal; Conductivity and Emissivity) 
These can include both electrical and thermal transfers. In thermal cases, note 
that heat may be transferred by conduction, convection, and radiation. 

Transparency and Color Requirements: 
Safety and Legal 
These issues may include flammability, Food and Drug Administration regula- 
tions, Underwriters Laboratory standards, National Sanitation Foundation 
requirements, and other codes. 

The list above is just a brief reminder of things that one should consider. 
There may be-- in  fact there probably are--others. Remember,  don't forget to 
consider everything! The thing that you forget to consider will come back to 
haunt you. 

13.5 COST 

Once one or more materials have been selected then, as explained above in 
Section 13.2, an indirect selection of alternative processes also occurs. For 
example, if we decide that stainless steel must be used to produce a part of mod- 
erate geometric complexity (thin walls, external undercuts, several ribs or bosses, 
etc.), then we have ruled out, as discussed in Chapter 6, the possibility of using 
die casting. If external undercuts are present, and if these undercuts are due to 
projections, then forging is also eliminated as a possible means of forming the 
part. (If the projections are due to circular holes, then forging is still a possibil- 
ity.) Thus, from Tables 13.1 and 13.2 it is seen that we are essentially left with 
choosing from among sand casting, investment casting, and ceramic mold casting. 
If, on the other hand, an aluminum alloy could have been selected, then several 
other casting processes would have been available to choose from, including die 
casting. 

Although the selection of one material or alloy may be based in part on mate- 
rial cost, it is the total cost of a part that should be considered when making the 
final selection. And the total cost of the part is a function not only of material 
cost but also of tooling cost and processing cost. One may not always be free to 
select the material process combination that results in the lowest overall part 
cost, but elimination of that material process combination should only be done 
with good reason. 

The American Society of Metals references, as well as those of the Modern 
Plastics Encyclopedia and Manufacturing Handbook and Buyers' Guide, contain 
a comprehensive listing of materials along with a description of designations, 
mechanical properties, thermal properties, composition, and typical uses, and the 
processes best suited for the various metal alloys and grades of plastics. Those 
references should be used in conjunction with Tables 13.1 to 13.7 and Tables 
13A.1 to 13A.4. 

The material prices listed in Tables 13A.1 to 13A.4 are incomplete. The prices 
of plastics, both thermoplastics and thermosets, are easy to obtain. A pricing 
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update appears each month in the trade journal Plastics Technology. Metal prices 
are more difficult to obtain. A partial and incomplete list of base metal prices can 
be found in each issue of American Metal Market. The actual cost of a metal 
depends, however, on metallurgical requirements, dimensions and shape (bar, 
plate, channel, etc.), tolerances, surface treatment, thermal treatment, and quan- 
tity. The actual price of a metal can only be obtained by obtaining a quotation 
from a vendor. 

13.6 PART INFORMATION IN SELECTING 
PROCESSESmTABLES 13.5 TO 13.7 

The number of possible manufacturing process alternatives, though not as huge 
as the number of material class alternatives, is nevertheless substantial. Tables 
13.5 to 13.7 contain a list of the more commonly used processes together with 
the associated material classes and data about practical production volumes, part 
sizes, shapes, and approximate complexity. 

The first group of processes listed in Table 13.7 are melting and molding 
processes that can be used with both thermoplastics and thermosets. This group 
of processes offers probably the greatest flexibility in geometric shape complex- 
ity. Because of the faster processing times achievable when using thermoplastics, 
injection molding is generally the process of choice for "engineering type" plastic 
parts. 

The group of processes listed in Table 13.6 are casting processes. Casting also 
offers a great deal of flexibility in shape complexity but, because of the difficulty 
of producing internal undercuts, they offer somewhat less shape capabilities than 
molding. However, as we have learned in Chapter 6, "Metal Casting Processes," 
undercuts, especially internal undercuts, should be avoided as much as possible. 
Some casting processes can be used to cast almost any metal (sand casting, for 
example) while others, such as die casting, can be used only to cast a few metals. 
Because die casting has a faster cycle time than other casting processes, and 
because it is more automated than other processes, it is the casting process of 
choice when aluminum, zinc, or magnesium will satisfy the necessary material 
requirements. 

The group of processes listed in Table 13.5 are the wrought processes of 
stamping, forging, and extrusion. These processes offer less flexibility in our 
choice of shapes; however, amongst all manufacturing processes, stamping is the 
fastest. Based on material cost and the mechanical properties of metals, low- 
carbon cold rolled steel is generally the material choice for stampings. 

For each process listed in Tables 13.5 to 13.7 a representative list of the mate- 
rials that can be formed by the process, along with minimum production volumes, 
part sizes, and a rough guideline as to the geometric shape capabilities of each 
process, is given. Thus, based on considerations of size, production volume, and 
shape, a preliminary process selection (and, indirectly, a preliminary material 
selection) can be made from the list contained in Tables 13.5 to 13.7. 

In using Tables 13.5 to 13.7, designers involved in the design of parts for con- 
sumer products should keep in mind that from a strictly economic point of view, 
a product is not likely to be successful unless it has a minimum production 
volume of 10,000 to 20,000. The most economic processes to use at these pro- 
duction volumes are injection molding, die casting, and stamping. 

Although forging can be used at production volumes as low as 5,000, it is 
usually more costly. Forgings are typically used only when a part is to be sub- 
jected to high shock and fatigue, often as parts of machines. 
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Thus, from a practical point of view, we will in a large majority of designs be 
faced with selecting from among a cold rolled steel stamping, an aluminum die 
casting, and an engineering thermoplastic molding. 

Part size can also eliminate processes from consideration. For example, due 
to machine size limitations, most die castings, plastic moldings, and stampings are 
less than 450mm to 600mm in length. Most forgings are less than 800mm in 
length. Parts larger than this are often fabricated by joining or fastening together 
standard shapes (sheets, tubes, beams, etc.) to form the necessary geometry. 

13.7 EXAMPLES 

13.7.1 Example 1--Process-First Approach 

Figure 13.3a shows a drawing of a generic type of small handheld stapler of the 
sort we might typically carry around in a briefcase or purse. The maximum dimen- 
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FIGURE 13.3 Stapler for Example l--as drawn by students as part of a DFM project. 
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sion of the stapler is less than 4 inches (100mm). Figure 13.3b shows the top 
cover, base, and staple holder subassemblies of one brand of stapler on the 
market. For the purposes of this example, we focus on a portion of the staple 
holder subassembly, namely, the push rod subassembly shown in Figure 13.3c. 
Various versions of this subassembly are found in all staplers, since its function 
is to push the staples forward as they are used. 

Let us assume that we are involved in the design (or redesign) of a small 
stapler that is to compete with the one discussed above. Let us also assume that 
we are at the early stage of the design and that the materials and processes for 
the various components have not yet been selected. The exact geometrical shapes 
of the components have not been determined. For the purposes of this example 
we will concentrate on the preliminary selection of a process and materials 
combination to produce an alternative design for the staple piston shown in 
Figure 13.3c. 

A study of various staplers will show that a wide variety of staple piston 
geometries exist. In general, however, at the early design stages they are all basi- 
cally a simple U-shaped part similar to the one shown in Figure 13.3d. The exact 
geometrical configuration of this part, as well as the other components in the 
stapler, will depend in part on the processes and materials chosen to produce the 
various components. Thus, let's determine the alternative material/process com- 
binations that could be used to produce a U-shaped part for this application. 

From a study of Tables 13.5 to 13.7, as well as our knowledge of the previ- 
ous chapters, we know that the following processes are all capable of producing 
a U-shaped part: 

injection molding, compression molding, transfer molding, extrusion~all  of 
which are plastic forming processes, and 

die casting, investment casting, sand casting, permanent mold casting, plaster 
mold casting, ceramic mold, stamping, forging, and extrusion~all  of which are 
metal forming processes. 

Let's assume that we have estimated that we will produce about 20,000 of 
these staplers. Let us further assume that we will need some method of con- 
necting the push rod, and possibly the spring, to the piston. Thus we may possi- 
bly need the facility for producing an undercut in the part. Therefore, based on 
production volume and the possible need to produce one or more undercuts in 
the part, Tables 13.5 to 13.7 indicate that we should eliminate forging, extrusion, 
investment casting, sand casting, plaster mold casting, and ceramic mold casting 
from further consideration. 

We are now left with injection molding, compression molding, transfer 
molding, die casting, permanent mold casting, and stamping as possible pro- 
cesses for producing our U-shaped part. From Tables 13.5 to 13.7 we see that 
using injection molding implies the use of a thermoplastic material, and using 
compression molding or transfer molding implies that thermosets could be used. 
Die casting and permanent mold casting permit the use of aluminum or 
zinc. Stamping allows us to consider the use of wrought aluminum, steel, copper, 
or brass. 

Staplers of this type are typically used in normal school or office environ- 
ments, thus they are not subjected to corrosive environments and are not sub- 
jected to high temperatures. Therefore, from a service environment point of 
view, there does not appear to be a need for a thermoset polymer. In addition, 
since from our knowledge of Chapter 3, "Polymer Processing," we are aware 
that the use of thermosets requires considerably longer processing times than 
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thermoplastics, we eliminate the use of thermosets from further consideration. 
From Tables 13.1 to 13.4 (or Tables 13.5 to 13.7) we see that this in turn elimi- 
nates from further consideration the use of compression molding and transfer 
molding. 

Since we are not concerned about corrosion, Tables 13A.1 to 13A.3 indicate 
that we can also eliminate from consideration the need to use more expensive 
materials such as stainless steel, brass, and copper. We are basically left, there- 
fore, with selecting either a thermoplastic (and hence the use of injection 
molding), or aluminum or steel. The use of aluminum implies the use of either 
die casting or stamping, and the use of steel implies using stamping. 

In summary, then, by the use of Tables 13.5 to 13.7 and our knowledge of 
previous chapters, we arrive at the following possible process/material combina- 
tions for producing the staple piston, namely, 

injection molding/thermoplastic 
die casting or permanent mold casting/cast aluminum 
stamping/wrought aluminum or wrought steel 

To reduce the above list of material/process combinations still further, other 
factors must be taken into consideration. Among these factors is, of course, cost. 
Later, in Section 13.8, we will learn that for parts whose wall thickness is less than 
2 mm (0.08 inches), injection molding is generally less costly than die casting. This 
then allows us to reduce the process selection to one of either injection molding 
or stamping. At this early stage in the design process it would be difficult to decide 
which of these two processes would result in a less costly part. However, if cost 
is the overriding issue, then the technique discussed in Section 13.9 could be used 
to help decide between injection molding and stamping. 

13.7.2 Example 2mMateriaI-First Approach 

Let us approach the materials/process selection for this same stapler part using 
a materials-first approach. 

Again we assume that there is no need to consider the use of materials that 
are particularly good at high temperatures or in a corrosive environment. Thus, 
as explained in the previous example, Tables 13A.1, 13A.2, 13A.3, and 13A.4 
allow us to eliminate from consideration the need to use materials such as copper, 
brass, stainless steel, and thermosets. This leaves us basically with thermoplastics, 
aluminum (cast and wrought), and steel (cast and wrought). 

From Tables 13.1 to 13.4, and our knowledge of Chapter 3, "Polymer 
Processing," we see that using thermoplastics implies that injection molding and 
extrusion are capable of providing the necessary U-shape to the part. We also 
see that the use of aluminum implies that sand casting, investment casting, 
ceramic mold casting, forging, extrusion, and stamping can be used. Using 
aluminum also allows us to add for consideration the use of die casting and 
permanent mold casting to our list of possible processes. 

Once again, we assume a production volume in the vicinity of 20,000 and the 
possible need to produce one or more undercuts in order to assemble the push 
rod and spring to the piston. Hence, based on the information provided in Table 
13.5 to 13.7, we eliminate from further consideration the processes of extrusion, 
forging, plaster mold casting, and ceramic mold casting. 

Thus, as in the previous example, we arrive at the same conclusion, namely, 
that at this stage of the design the following material/process combinations are  
possible for producing a U-shaped part: 
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thermoplastics/injection molding 
cast aluminum/die casting or permanent mold casting 
wrought aluminum/stamping 
wrought steel/stamping 

13.7.3 Example 3mMaterial/Process Selection for a 
Fishing Reel Crank Handle 

Figure 13.4 shows an assembly drawing of a fairly common type of fishing reel. 
One of the subassemblies that makes up this reel is the crank handle subassem- 
bly, which consists of a crank, two knobs, a nut, and two rivets for connecting the 
knobs to the crank. For the purposes of this example we will concentrate on the 
crank itself. It will be assumed that some 25,000 of these reels are to be produced 
and that the reel is intended primarily for use in streams and lakes where fish are 
relatively small. 
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The forces to which the crank will be subjected are not large (certainly under 
20 pounds). The material should be one that will not rust. For these reasons, it 
appears that the part could be made from either a plastic or a metal that does 
not easily rust. 

In spite of the fact that injection molding may be the least costly method for 
producing the crank, let us assume that for marketing reasons we reject its use 
because of the perception by many fishermen that metal is better. 

Although the reel is not primarily intended for use in salt-water fishing, we 
need to consider the possibility that it may at times be used for such a purpose. 
Thus, the metal to be used should be one that would resist salt-water corrosion. 
From Tables 13A.1 to 13A.3 we conclude that aluminum or stainless steel, cast 
or wrought, could be used. From Tables 13.5 to 13.7, and our knowledge of 
Chapter 6, "Metal Casting Processes," we see that any one of a number of casting 
processes could be used to produce the part from either aluminum or stainless 
steel. In addition, we know that stamping could also be used to produce the same 
geometry. 

From our earlier discussions of stamping and the various casting processes 
it is easy to reason that for a production volume of 25,000, reasonably high 
production rates (with their lower processing costs) may be desirable. Thus, from 
the point of view of higher production rates, die casting and stamping are the 
processes of choice. Thus, it is concluded that the following material/process com- 
binations could be used to produce the crank, namely 

aluminum/die casting 
aluminum/stamping 
stainless steel/stamping 

As discussed earlier, other factors must be considered in order to reduce this 
list still further. Among these factors would be the selling cost of the ree land  the 
material to be used for the remaining components. For example, all component 
parts should be capable of resisting corrosion to about the same level. Thus, to 
make some components of aluminum and some of stainless steel would proba- 
bly not make sense. From Table 13A.3 we can also see that stainless steel is con- 
siderably more costly than aluminum. Thus, if cost is a major factor (and it usually 
is), then aluminum and stamping are probably the material and process of choice. 

13.7.4 Example 4mMaterial/Process Selection for a 
Contact Lens Case 

As our final example, let's consider we are involved in the design of a small 
storage case for an individual's contact lenses. These cases have two separate 
cylindrical compartments, one for each of two lenses. There is a cap for each of 
the compartments, which screw onto the main case and are tightened by hand, 
to prevent leakage of the neutral saline solution used for soaking the lenses 
during sterilization. The sterilization temperature of the case is controlled at 
220~ 

Let's begin the initial materials/processes selection using a process- 
first approach. We know that the case must be designed as a box-shaped 
enclosure with two separate compartments. Thus, geometry must be either 
fabricated by assembling individual components or it must be produced as a one- 
part assembly. 

As we learned in Chapter 12, "Assembly," to minimize assembly costs, we 
should design the case with a minimum number of parts. Again, from our knowl- 
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edge of previous chapters we know that the only processes capable of producing 
the main body of a lens case with two cup-shaped enclosures (minus the two 
covers) as a single part are casting, injection molding, transfer molding, and 
compressions molding. 

From Tables 13.5 to 13.7 we see that compression molding and transfer 
molding, processes that are slower than injection molding, imply the use of a 
plastic thermoset. The temperature and corrosion environments in this case are 
not severe enough to warrant the need for a thermoset; thus, we reject the use 
of compression molding and transfer molding. We are left with deciding from 
among injection molding a thermoplastic material or casting a metal. 

Because of the need to resist corrosion by saline solution, Tables 13A.1, 
13A.2, and 13A.3 indicate that aluminum or stainless steel would be the metal 
of choice. If this case is to sell for something in the order of a couple of 
dollars, then with a comparison of the material costs (shown in Tables 13A.1 
to 13A.4) for aluminum, stainless steel, and engineering thermoplastics, we 
can eliminate stainless steel from further consideration. Thus, we once again 
arrive at the choice between an aluminum die casting or an injection-molded 
thermoplastic. 

Once again, based on information provided in Section 13.8, it is easy to 
conclude that, based on price, injection molding is the process of choice. 
Consequently, a thermoplastic is the material of choice. 

The choice of which particular thermoplastic to use must be based on addi- 
tional considerations such as: 

The impact strength required. In this case, normal impact strength is needed. That 
is, normal handling, occasional dropping, but no sharp or heavy blows. 

The material will come into contact with moisture/steam at 220~ 
With the caps screwed on for eight to ten hours at 220~ creep must be consid- 

ered a factor. 
The flexural modulus is somewhat important to keep the threads from deform- 

ing, but again there are no large external loads to consider. 
Must have FDA approval that is the same as food additives. 

The information and data provided in Table 13A.4 of this chapter is insuffi- 
cient to make a selection of a specific thermoplastic to satisfy all of these require- 
ments. Table 13A.4 is simply a sampling of a few thermoplastics with only some 
of their properties. To select the specific material to satisfy all of the functional 
requirements, we must refer to a reference such as the American Society of 
Metals' Engineered Materials Handbook, Vol. 2. 

13.8 INJECTION MOLDING VERSUS DIE CASTING 

13.8.1 Introduction 

The examples discussed in the previous section indicated that we are often faced 
with choosing between (1) a thermoplastic injection molded part, or (2) a geo- 
metrically similar die-cast aluminum part. The purpose of this section is to 
provide additional information, based solely on cost, to assist in the selection 
between two such parts. It is assumed here that the size, shape, wall thickness, 
and dimensions of subsidiary features (such as holes) are identical. 

In the analysis that follows the subscript "a" will refer to an aluminum die 
casting, and the subscript "p" will refer to a plastic injection molding. 
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13.8.2 Relative Cost Model 

We define AKap as follows: 

AKap = [Cost to produce a part as an aluminum die casting] - 
[Cost to produce the same part as a themoplastic injection molding] 

(Equation 13.1) 

or 

AK ap ---- K ta - K tp = (Kma -t- K;a + Kea / - (Kmp + Kdp + Kep / N 

(Equation 13.2) 

where 
Kta-" the total cost to produce the part as an aluminum die casting 
Ktp = the total cost to produce the part as a thermoplastic injection 

molding 
Kma, Kmp = material cost of the part 
Kda, Kdp = too1 or die cost required to produce the part 

N = production volume 
Kea, Kep -- processing cost for the part 

If AKap is greater than zero, then it is more economical to produce the part as an 
injection-molded part. 

From Chapters 4 and 7, we can see from a study of the classification systems 
for basic tool complexity for injection molding and die casting (Figures 4.1 and 
7.4), respectively, that the tooling costs for moldings and die castings are essen- 
tially the same. Thus, Equation 13.2 reduces to: 

AKap = K t a -  Ktp = (Kma + Kea) - (Kmp + Kep) (Equation 13.3) 

Now define 

AKm = (Kma-  Kmp) (Equation 13.4) 

Hence, Equation 13.3 becomes 

AKap = AKm + ( K e a -  Kep) (Equation 13.5) 

Unfortunately, metal prices published in the open literature are sparse, 
and not as reliable as plastic prices. In general, because metal prices depend on 
a multitude of factors, true metal prices can only be obtained by direct quotation 
from vendors when the metals are needed. In spite of this, however, from the data 
provided in Tables 13A.1 to 13A.4, it can be seen that the cost per unit volume 
for an unreinforced engineering thermoplastic is less than that of aluminum. It 
can also be seen that the costs of reinforced plastics are in the same price range 
as aluminum. Thus, we can at least say that AKm is generally a positive quantity. 

Now Equation 13.5 shows that if the processing cost for injection molding is 
less than the processing cost for die castingmthat is, if 

Kep < Kea (Equation 13.6) 

then AKap is certainly positive and it is less costly to injection mold than to die cast. 
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We now introduce the two reference parts introduced earlier, one for injec- 
tion molding and one for die casting. We will use these reference parts to compare 
processing times (see Tables 5.1 and 7.6) and, hence, processing costs for alter- 
native competing designs. Let Keao and Kepo represent the processing cost for the 
aluminum die-cast reference part and the injection-molded reference part, 
respectively. 

If, as before (Equations 5.2 and 7.10) 

and 

Ce p _ Kep (Equation 13.7) 
Kepo 

Kea Cea- (Equation 13.8) 
Keao 

where Cep and Cea represent the cost of a part relative to the reference part, thus, 
from Equation 13.6, if 

or if 

CepKepo < CeaKeao 

Cep Keao (Choto)Al 
Cea Kepo (Chot O)plastic 

(Equation 13.9) 

then AKap is positive and it is less costly to injection mold than to die cast. 
Based on data provided in Chapter 5 and 7, Tables 5.1 and 7.6, which are 

reproduced below as Tables 13.8 and 13.9, it can be shown that 

(Choto)Al = 62.57($/hr)(17.23s) = 2.5 
(Choto)plastic 27.53($/hr)(16s) 

Thus, Equation 13.9 reduces to the following condition: 
When 

Cep (Choto)Al < = 2.5 (Equation 13.10) 
Cea (Choto)plastic 

then it becomes more economical to mold than to die cast. 
That is, when the relative processing cost for the injection-molded version of 

the design is less that 2.5 times the relative processing cost for the die-casting 
version of the design, then it is more economical to injection mold. 

Table 13.8 Relevant data for the injection-molded 
reference part. 

Part Material Polystyrene 

Material cost, Kpo 
Part volume, Vo 
Cycle time, to 
Mold machine hourly rate, Cho 

1.46 x 10 -4 cents/mm 3 
1244mm 3 
16s 
$27.53 
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Table 13.9 Relevant data for the die-cast reference part. 

Part Material Aluminum 

Material cost, Kpo 
Part volume, Vo 
Cycle time, to 
Mold machine hourly rate, Cho 

0.0006 cents/mm 3 
1885 mm 3 
17.23s 
$62.57 

Table 13.10 Machine tonnage and relative hourly rate 
based on data published in Plastic Technology or obtained 
from die-casting vendors (June 1989). 

Injection Molding Die Casting 
Machine Relative Hourly Rate,  Relative Hourly Rate, 
Tonnage Chr p Chr a 

<100 1.00 1.00 
100-299 1.19 1.11 
300-499 1.44 1.25 
500-699 1.83 1.47 
700-999 2.87 2.02 
>999 2.93 2.11 

In Chapters 5 and 7 (Sections 5.15 and 7.10) we showed that machine hourly 
rates and, consequently, relative machine hourly rates Chrp and Chra are functions 
of the machine tonnage required to mold or die cast the part. The machine 
tonnage, in turn, is a function of the projected area of the part normal to the 
direction of die closure. In both injection molding and die casting, the tonnage 
required is approximately 3 tons per square inch. Thus, comparable parts require 
comparable sized machines. The relative hourly rates for the two machines, 
however, are not equal. Table 13.10 shows how Chrp and Chra vary with machine 

Chra 
tonnage. It can be shown that 0.70 < < 1.0. Thus: 

Chrp 
when 

trp < 0.7(2.50) = 1.75 (Equation 13.11) 
tra 

then it is more economical to injection mold. 

13.8.3 Results 

In Chapter 5, "Injection Molding: Total Relative Part Cost," we introduced the 
concept of partitionable and non-partitionable parts. Very briefly, partitionable 
parts are those parts that can be easily and completely divided (except for add- 
ons like bosses, ribs, etc.) into a series of simple plates (see Figure 5.12, for 
example). Non-partitionable parts are those parts whose complex geometries 
make it difficult to partition into a series of simple plates. Figure 5.9 of Chapter 
5 shows an example of a non-partitionable part. 

Partitionable parts have exterior plates and interior plates. Simply stated, the 
exterior plates of a part are its peripheral side walls, whereas interior plates are 
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nonperipheral side walls and the base of the part. Methods for partitioning parts 
and classifying plates are discussed in detail in Chapter 5. For now we concen- 
trate only on the results relevant to comparing costs. 

Using the data contained in Chapter 5, "Injection Molding: Total Relative 
Part Cost," and Chapter 7, "Die Casting: Total Relative Part Cost," along 
with the data provided in Table 13.10, the plots shown in Figures 13.5 through 
13.9 were obtained. In obtaining these results, it is assumed that the plate 
controlling the cycle time is always an external plate, and that tolerances are 
easy to hold. Since internal walls do not play a major role in determining 
the cycle time for injection-molded parts but do often control the cycle time 
for die castings, the results depicted in Figures 13.5 to 13.9 are, from the point 
of view of injection molding, conservative. In addition, the effect of part 
surface quality or surface finish is ignored. This is done since it is difficult to 
compare moldings and die castings based on part surface finish requirements. 
Also, since engineering thermoplastics cannot generally be used for parts 
whose wall thickness is greater than 5 mm, the results shown in these figures 
are restricted to wall thickness less than 5mm. In general, when the wall 
thickness is greater than 5 mm, one would probably use either foamed materials 
or metals. 

We see from an examination of Figures 13.5 to 13.9, that for parts whose cycle 
time is controlled by relatively thin plates (wall thickness less than 2mm), it is 
always less costly to mold the part. As the size of the part increases (i.e., as 
Chrp/Chr a increases) and the wall thickness increases, then the certainty that injec- 
tion molding is less costly becomes less. 
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For values of ( C h r p / C h r a ) ( t r p / t r a )  > 2.5 it is still not necessarily true that an injec- 
t ion-molded part  is more costly. In  this situation, Equat ion 13.5 must be used in 
place of Equat ion 13.10 or Equat ion 13.11 in order to determine which of the 
two processes is more economical. In this case, the exact cost of the material  must 
be known and, for the die-cast version, the nature ( internal  or external) of the 
plate controlling the cycle time must be determined. 

13.8.4 Example~lnjection Mold or Die Cast a 
Fishing Reel Crank Handle? 

Consider the crank shown in Figure 13.4. In section 13.7.3 the possibility of injec- 
tion molding this crank was rejected for market ing reasons. We assume here that 
we wish to reexamine this issue, but strictly from the point of view of manufac- 
turing cost. It is assumed that functionally a crank with a wall thickness of 3.5 
mm will suffice. 

The crank is a slender part  without ribs. Thus, from Figures 5.2 and 7.11 we 
find that for a wall thickness of 3.5 mm, trp = 1.70 and tra - 1.48. 

A ballpark figure for the projected area of the crank normal to the direction 
of mold closure is 1875 mm 2 or 3 in 2. Thus--recal l ing that about 3 tons per square 
inch is required to mold or cast a pa r tmthe  tonnage required is about 

F = 3Ap = 3(3) = 9tons 

Hence, from Table 13.10 we see that the relative machine hourly rates for both 
versions of the design are 1.0. Hence, 

Chrp/Chra-= 1, (Chrp/Chra)(trp/tra) =- 1.15 

and from Equations 13.11 or 13.10 we conclude that it is more economical to 
mold this part  from plastic than to die cast it from aluminum. 

13.9 INJECTION MOLDING VERSUS STAMPING 

13.9.1 Introduction 

In the previous section we determined, for the case of two geometrically identi- 
cal parts, when it would be more economical to mold than to die cast. The purpose 
of this section is to discuss, for two "functionally" equivalent geometries, when it 
is more economical to injection mold a part  and when it is be more economical 
to stamp a part  that has a functionally equivalent geometry. We use the term func- 
tionally equivalent here because it is seldom possible to stamp a part that has 
exactly the same geometry as an injection-molded part. The differences in the 
physics of the two processes make certain geometries more difficult to produce 
in stamping than in injection molding. For example, it is simple to form an 
injection-molded box-shaped part  with each of the walls connected to the adjoin- 
ing wall. In stamping, while a box-shaped part  could be drawn to the same 
geometry, it would be easier to wipe form the walls as discussed in Chapter  8, 
"Sheet-Metal  Forming." In this situation the adjoining walls would not be 
connected to each other; they would, however, be connected to the base. 
Thus, when a box-shaped part whose walls are not connected will satisfy the func- 
tional requirements, then we can think of these two parts as being "functionally" 
equivalent. 
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The database provided in previous chapters dealing with injection molding, 
die casting, and stamping are sufficiently precise to allow a cost comparison 
between alternative designs within a given manufacturing process. Because of the 
similarities between injection molding and die casting they are also sufficiently 
precise to allow a cost comparison between two geometrically similar parts, one 
produced by injection molding and the other produced by die casting. Unfortu- 
nately, they are not sufficiently precise to permit an exact comparison of alter- 
native designs between two different processes. This is due in part to the fact that, 
in using the group technology approach of Chapters 4, 5, and 7, each cell of the 
matrices contains groups of parts that are similar but not identical. The relative 
tooling cost data provided is for a representative part that would fall within that 
cell. The absolute tooling costs for all parts that would fall within that cell, 
however, are slightly different. 

Although there are limitations to using the data base provided in previous 
chapters to determine whether or not a part is cheaper to mold or to stamp, it 
nevertheless does provide us with a quick first approximation based solely on 
cost. Hu and Poli, in their 1997 articles, provide a more precise technique for 
determining whether or not a part is cheaper to mold or to stamp. 

In the analysis that follows the subscript "s" will be used to indicate stamp- 
ing, and the subscript "p" will indicate injection molding. 

13.9.2 Relative Cost Model 

In Chapter 5 we found that the total cost of an injection-molded part, Ktp, was 
given by the following equation, namely, 

Ktp-- KopCrp = (Cmpfmp + (Cdp/N)fdp 4- Cepfep)Kop (Equation 13.1) 

where 

fmp = Kmop/Kop 

fdp = Kdop/Kop 

fep = Keop/Kop 

represent the ratio of the material cost (Kmop), tooling cost (Kdop), and process- 
ing cost (Keop) of the reference part to the total manufacturing cost of the refer- 
ence part (Kop), and 

Cmp = Kmp/Kmop 

Cdp = Kdp/Kdop 

Cep = Kep/Keop 

are, respectively, the material cost (Kmp), tooling cost (Kdp), and equipment oper- 
ating cost (Kep) of an injection-molded part relative to the material cost, tooling 
cost, and equipment operating cost of the injection-molded reference part. The 
production volume of the plastic part is denoted by N. 

If we assume, as in Chapter 5, that the production volume of the reference 
part is 7970, then the cost of the reference part is $1 and the total cost of an injec- 
tion-molded part is given by Equation 5.12, namely, 
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FIGURE 13.10 A bracket producible by either injection molding or stamping. Wall thick- 
ness is 3 m m  for the molded version and I mm for the stamped version. Lul = lOOmm, Lub 
= 60mm. 

Ktp = C r p  = 0.00182Cmp + (6980/N)Cdp + 0.1224Cep (Equation 5.12) 

Similarly, for a stamped part the total cost of the part is given by Equation 
10.12, namely, 

Kts- Crs - 0.0215Cms + (6561/N)Cds + 0.00177Ces (Equation 10.12) 

where once again the equation applies when the cost of the reference stamping 
is $1. 

The processing cost of a stamped part, compared to the processing cost of 
an injection-molded part, is negligible. Hence, Equation 10.12 reduces to the fol- 
lowing: 

Kts = C r  - -  0.0215Cms + (6561/N)Cds (Equation 13.2) 

If the difference between the cost to produce the part as a thermoplastic 
injection molding and the cost to produce the part as a stamping is greater 
than zero, that is if (Kp-  Ks) > 0, then it is less costly to produce the part as a 
stamping. 

Example 5 

Figure 13.10, taken from Hu and Poli's "To Injection Mold, to Stamp, or to Assem- 
bly? Part I: A DFM Cost Perspective," shows the drawing for a mounting bracket 
producible by either injection molding or stamping. The injection-molded version 
is made of nylon 6 and has a wall thickness of 3 mm. The stamped version is made 
of aluminum 3003 and has a wall thickness of i mm. 

Injection-Molded Bracket 

The injection-molded version of the bracket is a small, box-shaped part with no 
undercuts. In addition, the peripheral height from a flat dividing plane is not con- 
stant. Hence, from Figure 4.1 the basic tool complexity part code is F20 and 
Cb = 1.92. 
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Cavity detail is low, commercial tolerances apply, and the part is assumed to 
have an SPI finish of 3. Thus, Cs and Ct are both 1.0 and the relative tool con- 
struction cost for the plastic version of the part, Cdc, is 

Cdc - -  CbCsC t " - -  1.92 

Following the procedure outlined in Section 4.8 of Chapter 4, we can show that 
the value of Cdm is about 1.2. Hence, from Equation 4.4 we have 

Cdp = 0.8Cdc + 0.2Cdm = 0.8(1.28) + 0.2(1.2) = 1.26 

With regard to cycle time, the bracket is considered non-slender with 
all plates identical to each other. The plates contain no projections, and they 
are not grilled or slotted. Thus, from Figure 5.2 we have a classification code of 
N22 and a basic relative time, tb, equal to 2.67. There are no threads or inserts, 
thus, from Table 5.3, te = 0. We will assume low surface requirements and easy 
to hold tolerances, thus, from Table 5.4, tp = 1. Hence, from Equation 5.8, we 
have 

tr = (2.67 + 0)(1.0) = 2.67 

From Equation 5.10, the tonnage required to mold this part is 

Fp = 0.005Ap = 0.005(100)(30) = 15 tons 

Thus, from Table 5.5, the machine hourly rate, Chr "- 1.00, and the relative pro- 
cessing cost, Cep, is 

Cep -- trChr-- 2.67 

Finally, the relative material cost, Cmp, is given by 

Cmp = (V/Wo)fmr = [(14,400mm3)/(1244mm3)](2.79)= 32.3 

where the value of Cmr for Nylon 6 was obtained from Table 5.2. 
Thus, the total cost to produce this bracket as an injection-molded bracket 

is found, from Equation 5.12, to be given by 

Ktp = Crp = 0.00182Crop + (6980/N)Cdp + 0.1224Cep 
= 0.00182(32.3) + (6980)(1.26)/N + 0.1224(2.67) (Equation 5.12) 

or  

Ktp = 0.385 + 8794/N (Equation 13.3) 

Stamped Bracket 
Using Tables 9.1 and 9.2 we find that the total number of active stations 
required to stamp the bracket shown in Figure 13.10 is 6. From Equation 
9.8 we find that the design hours required for the tool needed to stamp the 
part is 

td = 18.33Na- 3.33 = 107 hours 
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Table 13.11 Build hours required for the stamped version 
of Example 5. 

Station Operation tbasic ti 

1 Pierce 2 pilot holes 30 45 
2 Pierce 2 standard holes 30 45 
3 Notch 40 40 
4 Wipe form--1 st bend 40 40 
5 Wipe form--2 na bend 40 40 
6 Blank out part 40 40 

tb 250 

and using the data base provided in Table 9.3 we find that the build hours for the 
tool are 250 (see Table 13.11). Hence, the total die construction time, tac, is 357 
hours, and the relative die construction cost is 

Cdc = 250/168 = 2.13 

It was assumed here that both Ft and Fam equal 1.0. 
We will assume here that the strip layout of the part is such that Lub - 

100mm and Lubn = 60mm. Hence from Table 9.8 we see that no idle stations are 
required for shearing and forming, and that 2 idle stations are required for wipe 
forming. Following the algorithm depicted in Table 9.8 we can show that 
A = 925 mm, B = 185 mm, and Sds = 171,125 mm 2. Hence, using Equation 9.5 we 
conclude that Cdm = 3.27. Thus, 

Cas = 0.8(2.13) + 0.2(3.27) = 2.36 

The relative material cost, Cms, is found to be 

Cms ---- [(4800)/(3750)] (1.79) = 2.29 

where the relative material price for aluminum, Cmr • 1.79, was obtained from 
Table 10.2. 

Thus, the total cost to produce this as a stamped bracket is found, from Equa- 
tion 13.2, to be given by the following expression 

Kts = Cr = 0.0215Cms + (6561/N)Cas 
= 0.0215(2.29) + (6561)(2.36)/N = 0.0492 +15484/N (Equation 13.4) 

If we subtract Equation 13.4 from Equat ion 13.3, we obtain the difference in 
cost, AKps, to produce the part as a stamping and as an injection molded part, 
namely, 

AKps = 0.336 - 6690/N (Equation 13.5) 

If AKps > 0 then stamping the part is less costly. That is, if the production volume, 
N, is greater than about 20,000 then the stamped version of the part is more eco- 
nomical to produce. 
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13.10 SUMMARY 

In this chapter, we presented a general methodology for selecting one or more 
material-process combinations for special purpose parts at the conceptual stage. 
Two approaches were presented: (1) material-first or (2) process-first. 

In the material-first approach, designers begin by selecting a material 
class guided by the requirements of the application. Then processes consistent 
with the selected material are considered and evaluated, guided by production 
volume and information about the size, shape, and complexity of the part to be 
made. 

In the process-first approach, designers begin by selecting the process guided 
by production volume and information about the size, shape, and complexity of 
the part to be made. Then materials consistent with the selected process and the 
part's application are considered. 

Designers can use either approach depending on which is most convenient 
or natural to the specific part being designed. Both approaches end up at the 
same point. As always, designers are strongly urged to consult with materials and 
manufacturing experts about material-process selections before considering the 
selection "final." 

It is not always possible to reduce the choice of material/process combina- 
tion to a single alternative. It is thus often necessary to move on to configuration 
design with two or three possibilities. This will usually necessitate designing con- 
figurations for each of the material-process combinations, since different materi- 
als and processes may well lead to different optimal configurations. Of course, 
there will be common features, but configuration design must be done with a 
material-process combination (at least to Level III) in mind. 

REFERENCES 

Ashby, M. E Materials Selection in Mechanical Design. New York: Pergamon Press, 1992. 
Ashby, M. E, and Jones, D. R. H. Engineering Materials 1: An Introduction to Their Prop- 

erties and Application. Oxford: Pergamon Press, 1980. 
American Society of Metals International�9 Engineered Materials Handbook, Vol. 2. "Engi- 

neering Plastics." Metals Park, OH: ASM International, 1988. 
. American Society of Metals Handbook, 9th edition, Vol. 1. "Properties and Selec- 

tion: Iron and Steels�9 Metals Park, OH: ASM International, 1978. 
�9 American Society of  Metals Handbook, 9th edition, Vol. 2. "Properties and Selec- 

tion: Nonferrous Alloys and Pure Metals." Metals Park, OH: ASM International, 
1979. 
�9 American Society of Metals Handbook, 9th edition, Vol. 3. "Properties and Selec- 

tion: Stainless Steels, Tool Materials, and Special-Purpose Metals." Metals Park, OH: 
ASM International, 1980. 

Deiter, George�9 A Materials and Processing Approach. New York: McGraw-Hill, 1983. 
Hu, W., and Poli, C. "To Injection Mold, to Stamp, or to Assembly? Part I: A DFM Cost 

Perspective." Proceeding of the 1997 ASME Design Engineering Technical Confer- 
ence, September 14-17, 1997, Sacramento, CA. 
�9 "To Injection Mold, to Stamp, or to Assembly? Part I: A Time to Market Per- 

spective." Proceeding of the 1997 ASME Design Engineering Technical Conference, 
September 14-17, 1997, Sacramento, CA. 

Kalpakjian, Serope. Manufacturing Engineering and Technology, 2nd ed. Reading, MA: 
Addison-Wesley, 1992. 

Manufacturing Handbook and Buyers' Guide, 1991-1992. New York: Plastics Technology, 
1991. 

Modern Plastics Encyclopedia 1991. Hightstown, NJ: Modern Plastics, October 1990. 



Selecting Materials and Processes for Special Purpose Parts 313 

QUESTIONS AND PROBLEMS 

1 3 . 1  Assume that the caster shown in Figure P13.1 is at the early configura- 
tional design stage and that neither the part material nor the processes to 
be used to produce the component parts has been decided upon. Assume 
that the caster is to be used on dollies utilized in moving "heavy" boxes 
being unloaded from ships docked in various harbors around the world. 
For an estimated production volume of 50,000, 

Which material/process combinations would you consider as possibil- 
ities for producing the brackets? 

Which material/process combinations would you consider as possibil- 
ities for producing the plate? 

Note" In deciding on alternative material/process combinations for the 
parts, you should allow the geometry of the parts to vary slightly from that 
shown in Figure P13.1 in order to take advantage of alternative processes. 

plate 

screws  (6 

~l~hers 

| 

35 mm 

".~.]," 

i 1 
I ' , ' ,  I 

I i ' i I I / J  

~ nuts ~ 

nut bolt  

/ washer  
washer [ 

I 

whee l  brackets (2) 

FIGURE P13.1 

13.2 In an effort to reduce assembly costs, a suggestion has been made to 
combine the two brackets and the plate shown in Figure P13.1 into a single 
part. Which material/process combinations would you consider as possi- 
bilities for producing the redesigned part? 

Note: In deciding on alternative material/process combinations for the 
part, you should allow the geometry of the part to vary slightly from that 
shown in Figure P13.1 in order to take advantage of alternative processes. 
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13.3 Figure P13.3 shows the proposed design for the spinner head being utilized 
as part of the spinning reel shown in Figure 13.4. It is estimated that 20,000 
reels will be produced. What material/process combinations would you 
consider as possibilities for the part? Note: The diameter of the head is 
about 60mm and the length is about 15mm. 

FIGURE P13.3 

13.4 Assume that you are involved in the design of a small kitchen scale 
(maximum weight to be measured is about 2 pounds). Assume that you 
are at the stage of considering alternative material/process combinations 
for the "food carrier" and the "food carrier support" as shown in Figure 
P13.4. If it is estimated that 50,000 of these scales will be built, what mate- 
rial/process combinations would you consider as possibilities for the two 
parts? The dimensions of the food carrier are about 4 inches by 2 inches 
by 0.5 inches. 

13.5 

13.6 

/ Food carrier 

I 4 
Food carrier 

support 

7 

FIGURE P13.4 

Repeat Problem 13.4 for the case where the food carrier and food carrier 
support are produced as a single part. 
Tables 13A.1, 13A.2, 13A.3, and 13A.4 give a representative sample of 
materials with some of their mechanical and physical properties. In spite 
of the fact that a product would be subjected to a corrosive environment, 
can you list applications where you might select a high-density corrosive 
material over a low-density "noncorrosive" material? Can you suggest 
applications when a low-density material would be a better choice than a 
high density material? 
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13.7 

13.8 

One possible method for reducing assembly costs for the assembly shown 
in Figure P13.1 is to cast or mold the plate and two brackets as a single 
part. Make a sketch, to scale, of what this single part will look like. Based 
solely on cost considerations, would you die cast the part or injection mold 
it? 
In Figure P13.8 is the original design of a die casting analyzed in Chapter 
7 (Example 7.1 in Section 7.3)? Assume that as part of a job interview you 
have been asked to comment on whether or not it would be less costly to 
produce this as a polycarbonate part. Based solely on cost, what would you 
recommend? Assume that by pure coincidence you had a copy of this book 
with you. 

130 

160 

Cast-in inserts 
. ~ ~  in every boss 

_ _ /  

2.2 

2.2 

10 1.8 

(All dimensions are in mm.)  

FIGURE P13.8 





APPENDIX  1 3.A 

Some Properties of 
Selected Materials 

Table 13A.1 Properties of selected cast alloys. 
Tables 13A.2 and 13A.3 Properties of selected wrought alloys. 
Table 13A.4 Properties of selected plastics. 
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Chapter 14 

Communications 

14.1 INTRODUCTION 

It probably seems strange that in a book devoted to design for manufacturing we 
include a chapter on communications. However, it is difficult to overemphasize 
how important effective communications are to the efficient achievement of 
quality designs. The communication abilities of the individuals and groups 
involved are critical, as is the communication system in the organization. As one 
manager of a complex design activity said: "If I could have one wish granted, it 
would be to make our internal communications fewer in number and far more 
effective." 

Communication is also extremely important to personal success. An engineer 
who can communicate well in person, in written reports, through sketches 
and diagrams, and in oral presentations--and who can also listen effectively 
is far more likely to be given greater responsibility and advancement. There 
is no substitute for technical competence, but without the ability to communicate 
well, even the most competent engineer will have difficulty advancing in 
business organizations. An engineer simply cannot fully realize the benefits of 
technical ability unless he or she is also able to communicate effectively with 
others. 

For example, a very successful former student of mine confided recently that 
he attributes his rapid rise primarily to his ability to communicate effectively. In 
addition, this engineer believes that his ability to communicate effectively was 
developed by practicing the ideas in this chapter while working on various engi- 
neering projects during his undergraduate years. 

In this chapter, we will discuss three types of communication: written, oral, 
and graphical. We point out here some of the major principles of good commu- 
nication, and provide some practical tips and guidelines that will help young engi- 
neers get their communication efforts off to a better start. But I also strongly 
urge lots and lots of practice coupled with lots and lots of effective criticism. 

Because so many design and manufacturing courses involve project work in 
which students are required to submit written reports and drawings, and to 
present the results of their work orally, this last chapter is often the first chapter 
dealt with in the course. 

14.2 WRITTEN COMMUNICATIONS 

14.2.1 Preparation for Writing 

There are several types of written communications, including notes, memos, 
letters, and several types of reports. We will discuss the specific types in later sec- 
tions; first, we describe some general guidelines that apply to all of them. 

323 
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Before You Write. 

Question whether writing is the best way to communicate. That is, ask yourself 
whether this message for this audience is best delivered in writing, or in person, 
over the telephone, or in an oral presentation where more interaction and dis- 
cussion are possible. 

You may want to write so there will be a record, or so that your whole 
message can be heard without interruption. If the message is highly technical, 
writing provides the receivers of your communication with an opportunity to 
study it and to refer to it later. Some messages need both a written form (e.g., 
for a record or for a permanent reference) and a personal or oral presentation 
that permits discussion. In this case, however, both the written and the oral mes- 
sages must be complete in themselves. 

Explicitly state for yourself the purpose of the communication. What is it 
exactly that you want to accomplish? Is there something you want the receiver(s) 
to do? Is there information you want them to have, or that they need to know? 

Explicitly describe the intended receiver(s) for yourself. Who are they? Why 
are they interested in or needing to get the message? What symbols (both words 
and graphics) do they understand and not understand? 

Often, there are several intended receivers for messages in a company. 
Each must then be described, and the communication constructed and organized 
accordingly. In a written report, for example, this may call for a brief abstract 
for top managers, a main section (or body) for other engineers involved in the 
project, and appendices with all the details for colleagues most involved. 

List and organize the critical information that is to be communicated. This 
need not be a formal outline (though it can be), but you need to decide at an 
early stage, before you begin to write, exactly what are the essentials of your 
message. You must be brief here. For example, consider what such a list might 
have looked like as we prepared for writing this chapter in this book: 

~ Principles and Practical Guidelines Useful to Students and Young Engineers 
Relative to 

Written communications 
Oral communications 
Graphical communication 

Then for each of these major sections, another list, more detailed, is prepared 
before it is written. For example, for this section on written communications: 

A ~  Preparations for Writing 

Know the purpose, 
Know the readers, 
Know the message. 

Select the written format that is most appropriate to the audience, your goals, 
and the message. After you have decided to write, you have your choice of many 
different writing formats: a handwritten note, memo, letter, electronic mail, or 
one of several types of reports. We will subsequently discuss two types of reports: 
the Research Report  and the Business Technical Report. There are also notes 
and records of various kinds that you keep for yourself. You could even write 
a book. 
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14.2.2 The Expected Standard for Spelling 
and Grammar 

Suppose you got a technical report to review, and it began as follows: 

Introduction 

A major problem that exists with the production of  injection molded plastic parts is 
acheiving the demensions and shape of  the targeted design. Due to the complex 
numbers of  interactive shrinkages that typically are developed from the molding of  the 
part it is virtually impossible for even the most skilled designer to take an emperical 
approach in predicting what their net effect will be on the final molding. Therefore it is 
expected that the part cannot be fully evaluated demensionally or mechanically until a 
mold is actually built and the part produced. 

Considering the misspellingsmachieving, dimension (twice), empirical--how 
would you feel about these authors, and about their technical capability? How 
do you feel about the wordiness? For example, how about those "complex 
numbers of interactive shrinkages"! 

We assume that readers of this book are able to write proper sentences, and 
know about such writing basics as the proper structure for sentences and para- 
graphs. We realize, however, that these basics unfortunately present problems for 
some engineering students, so we emphasize again that writing is extremely 
important to successful engineering practice in any organization. If basic writing 
ability is a problem for you, then you should immediately and aggressively take 
whatever steps are needed to correct it. 

In all business and technical communications, spelling and grammar must 
be perfect. Yes, per fec tmbecause  that is the expected professional standard. 
Anything less will hurt you and the effectiveness of your communications 
significantly. 

The reason that perfect is the standard is that if there are spelling or gram- 
matical errors, the people who receive the message will--consciously or uncon- 
sciously~infer that you have made other errors as well. That is, they will assume 
that since you did not care enough to get the spelling and grammar right, then 
you either (a) don't care much about them, or (b) didn't take care to get the 
content right either, or (c) both. Usually they assume (c). Many people will stop 
reading altogether when they begin to encounter more than a rare spelling or 
grammar error. Of course, an occasional typographical error may get through. 
No doubt you have found some in this book. A few such mistakes are inevitable, 
but the standard to strive for in spelling and grammar is perfection. 

If you are not confident of your spelling and grammar, then let someone you 
know is capable read your messages before they are sent. If you are using a word 
processor, you can use the spell-checker first to save yourself some embarrass- 
ment. But don't assume that spelling and grammar are the same thing; spelling 
can be perfect, but grammar may still be bad. 

14.2.3 The Importance of Conciseness 

In the design of a part or product the tried and true saying is Keep It Simple, 
Stupid, or KISS. KISS also applies to business and professional communications, 
though in a slightly modified form. Here it means: Keep It Short, and then 
Shorten it some more. In written communication, conciseness is a primary virtue. 
But "short" is not easy to attain. There is a story about the person who received 
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a long, long letter that concludes: "Sorry I didn't have time to write you a short 
letter." 

How concise? Well, usually a written communication should be much 
more concise than you, the writer, would like it to be. It is probably even 
more concise than you think at first it is possible to be. But any message can 
be made any length, and the shorter the better. For example, forced to reduce 
this section to one short sentence, we could say: Keep written communications 
short. 

The Take-Aways 

As a help to achieving conciseness, you may want to try the following exercise. 
Suppose that an intended reader of one of your communications has just finished 
reading it, and is then asked by another person passing by in the hall, "What did 
he or she have to say?" Now what, exactly, in just a few brief sentences, would 
you want your reader to reply in answer to that question? 

Your answer to this question is called the take-away. That is, the take-away 
is that brief essential central message you want your readers to take away with 
them after getting your communication. Knowing what your desired "take- 
aways" are can often help you shorten a communication to include just the take- 
aways plus whatever is absolutely necessary to support them. The take-aways are 
what you should emphasize in your message, and hence knowing what they are 
tells you what can be eliminated. 

Reduce the Noise 

Another  technique for achieving conciseness is to keep the noise level down. By 
noise we mean the frequent communication of extraneous or irrelevant infor- 
mation. It is true that you don't  always know exactly what all reader(s) will con- 
sider useful for their purposes, and you don't  want to leave out something useful. 
But too much noise causes people to tune out, thus missing what you want to 
communicate to them. Stick to just the take-aways. 

Eliminate Wordiness and Clutter 

One of the best ways to achieve concise writing is to eliminate unnecessary words. 
You can also change fancy words and jargon to plain English. Look again at the 
third subsection above headed with "The Take-Aways." Here is a rewrite that 
eliminates some unnecessary words: 

The Take-Aways. To achieve conciseness, try the following exercise. Suppose a person 
who has just read your communication is asked "What did it say?" The short quick 
answer you hope for is called the take-away. 

We have reduced the word count from 71 to 37, without significantly changing 
the content. This kind of word cutting can almost always be done at least once 
or twice after a first draft has been written. For example, we can do it again to 
the above paragraph: 

Take-aways. Try this: Ask someone who has just read your communication, "What did 
it say?" The short quick answer you hope for is the take-away. 

Now we have only 27 words, about one-third the original, but essentially the same 
content. Of course, you may not want the terseness that extreme word reduction 
can sometimes create. But too short is seldom the problem. The problem with 
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most writing is excessive length due to unnecessary words; rewriting to eliminate 
them will improve the result significantly. 

14.2.4 The Writing Process 

The writing process is, like design, done by guided iteration; that is, by writing, 
evaluating, and rewriting until an acceptable result is obtained. At least 90% of 
writing is rewriting. 

The best process is this: Write a complete first draft, no matter how rough; 
then rewrite, rewrite, and rewrite until you get the result you want. Do not try to 
get any one part perfect except during a near-final complete rewrite. 

The first complete, rough draft may be little more than an outline, or just the 
main ideas jotted down crudely in the order you want them. Then you begin to 
expand and rewrite and rewrite and rewrite until you have the desired quality. 
Good writing has generally been rewritten and shortened ten to twenty times or 
more. 

The process recommended here is not only the best way to get a quality 
result, it is the fastest way to get a quality result. If you are in a hurry, the absolute 
worst thing to do is to try to get the first paragraph or first section nearly perfect 
before going on to the next paragraph or section. Invariably when you do this 
you will find later that you must come back to earlier sections to make major 
changes or additions. Then some of the time you spent making the first part 
perfect will have been wasted. The final quality and effectiveness of your writing 
is determined by the last draft, not by the first draft. 

14.2.5 Two Pieces of Practical Advice 

Always keep a copy of all written communications, even informal notes and E- 
mail messages. 

Never, ever, write anything that you don't want the whole world to see. 
Sooner or later, the whole world may see it. This is especially true if it is some- 
thing you would rather the whole world did not see. 

We now turn our attention to the specifics of the more common types of 
written communication required of young design engineers. 

14.2.6 Types of Written Communications 

Personal Notes and Records 

Design engineers must keep a notebook for patent and liability reasons. 
However, a notebook is essential for other reasons as well. Memory sometimes 
fails, and when you are busy, memory often fails. Thus a personal daily log 
of activities and important communications is a personal and professional 
necessity. 

Hardly anyone likes to keep notes; most of us are not used to doing it, and 
it seems a distraction from pressing work that needs to be done right now. It is 
therefore important for personal note-keeping to include the important items 
and omit the unimportant ones. In most cases, it will be about right if you devote 
10 or 15 minutes a day (on average) to personal notes, and supplement the notes 
with documents (or references to them) received from others, such as memos, 
letters, literature, and other communications. As noted above, you will also keep 
copies of all of your own written communications to others. 
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With your personal notes, you are both sender and receiver. Even so, it is still 
helpful to think about the purposes of the notes. It is most likely that you will 
keep them concise to save yourself time, but watch out for too much conciseness 
here. Your memory a week or a month or a year from now won't  be as good as 
you think. What you fail to include might cost you a lot of time or trouble later. 

Informal Handwritten and Electronic-Mail Messages 

Informal handwritten or electronic-mail messages are often the most convenient 
and appropriate medium in day-to-day working relationships. Messages 
can be prepared and sent quickly. You can carry on some discussions via 
E-mail. 

In contrast to longer, more formal media, E-mail messages generally get read 
and responded to immediate lyuunless  you send too many of them or they are 
too long. As always, keep the general noise down if you want to be heard when 
it is important. 

Memos and Letters 

Business memos and letters are generally used to express opinions, to make 
requests, to provide notification of one kind or another, and to provide informa- 
tion that is not highly technical. Memos and letters may provide summaries of 
the results of technical work, or recommendations based on such results, but 
usually in this case they will refer to a longer report that contains the complete 
technical information. When letters or memos accompany technical reports, they 
are called "covering" or transmittal memos or letters. 

Memos are generally used for communications inside firms, and letters for 
outside communications. However, there are no hard rules about this. 

Any business memo or letter longer than one page is highly undesirable. 
Probably there ought to be law against it. Certainly two pages is the absolute 
maximum, and that should be done only rarely. If the memo or letter is longer 
than one page, then the first and last paragraphs must provide the desired take- 
away information. The reason is that the rest, especially the second page (except 
perhaps for the last paragraph), is not very likely to get read very carefully~if  
it is read at all. 

Here is an example memo: 

Date: March 5, 1993 

To: T. S. Jones, Vice-President, Advanced Manufacturing Engineering 

From: J. K. Smith, Manager, Manufacturing Engineering 

Subject: Systems Manufacturing Testing 

We have had double-digit growth in productivity throughout the recent period o f  rapid 
technological advancement. This growth has continued despite manufacturing system 
test methods that have not changed for fifteen years. However, as we enter new markets, 
and our competition increases in the present ones, our development and production 
processes should now be automated to maximize productivity. Since testing follows a 
product through its entire life cycle, there is much to be gained from automation o f  the 
existing test methods. Moreover, some tests can be eliminated. 

Preliminary trials conducted on our LS-2 indicate that an automated test system can 
significantly reduce costs in all our plants by 

�9 Decreasing the time o f  highly skilled people doing testing, 
�9 Reducing capital and maintenance costs, and 
�9 Eliminating redundancy 
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Additional trials with the automated testing system will be conducted during the next 
quarter, and an updated report issued at the end of  the quarter. 

Two Types of Technical Reports 

A technical report describes the results of activities such as research, develop- 
ment, analysis, design, experimentation, and related topics including specifica- 
tions, marketing studies, and the like. In this book, we describe two kinds of 
technical reports: 

1. Research Reports 
2. Business Technical Reports 

Though we will discuss these forms separately as essentially pure forms, there are 
often circumstances when a combination of these two formats is the best solu- 
tion. This is discussed later in Section 14.5. 

If a technical report includes specific recommendations for decisions or 
actions, or if it includes results or conclusions that will be used in the short term 
as a basis for making or supporting decisions or actions affecting specific current 
activities or plans, then we call it a Business Technical Report. 

If a technical report contains general information, basic data, or research 
results useful in the longer te rm--but  not immediately and directly relevant to 
specific current operationsmthen we call it a Researc], Report. Research reports 
do not include recommendations for decisions or actions, except perhaps about 
continuing research. 

The reason for making a distinction between Business Technical Reports and 
Research Reports is that, because of their different purposes, the two types are 
best written in different formats. We describe two recommended formats below. 

There are special customs in some companies about the form of internal tech- 
nical reports, and if so, readers should follow those customs unless there is general 
agreement in the company on desired changes. If there are no customs, or possi- 
bly as a model for change, we recommend the formats that follow in the next two 
subsections. 

To help make the following discussion more efficient, we will use these 
definitions: 

Data: Experimental data, input values used, survey results, results of previous 
studies, material, machine or product parameters, etc.; 

Analyses: Analytical and computational procedures employed, including 
simulations; 

Results: Generalizations of data, and results produced by analyses; 
Conclusions: Conclusions of a technical or business nature based on an accumu- 

lation of results; 
Recommendations:  Recommendations for decisions or actions based on the 

results or conclusions. 

Research Reports follow the usual path taught in science courses: first the 
goal of the project is described; next the experiment is described; then the data, 
analyses, and results; and finally the conclusions and any recommendations. 

Business Technical Reports use almost the reverse order; that is, they begin 
with recommendations, and follow with conclusions, results, analyses, and data. 
This order is used because different people in a business organization read 
reports for different reasons. Higher managers may want to know only what the 
recommendations are, and these managers should not have to read through a lot 
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of preliminary detail to find them. If they want to know the reasoning and the 
details, they can read on, but it should be their option. 

We now describe the two types of technical reports separately and in more 
detail. 

14.3 RESEARCH REPORTS 

14.3.1 Overview 

Most Research Reports are usually written for internal company use only. 
However, they are sometimes also prepared for external publication in a trade 
magazine or research journal. Most companies require that such reports be 
cleared by the firm's management or legal departments before they are submit- 
ted for publication. 

Though there are certainly variations possible depending on the content, 
Research Reports are generally structured more or less as follows: 

Title 
Abstract 
Introduction 
Literature Review 
Main Body 

Hypothesis and Method of Attack 
Experiments, Analyses, or Simulations Performed 
Results 

Discussion of Results 
Summary and Conclusion 
Appendices (if any) 

When a research paper is to be submitted for possible publication in a 
journal, the journal's guidelines regarding format, length, style, and content 
should be obtained and studied before the report is written. Though there are 
many similarities among journals on these issues, there are also differences, and 
it is always a good idea to submit papers to journal editors in the form in which 
they are wanted. 

Though it is certainly a matter of personal choice, many researchers feel that 
it is better to avoid use of the first person (that is, I or we) in Research Reports. 
This necessitates use of the passive voice (e.g., "six tests were conducted" instead 
of "we conducted six tests") which can produce a rather pedantic style that some- 
times gets boring. Whatever choice is made about issues of voice and tense, 
however, must be maintained consistently throughout the report. Changing back 
and forth causes readers a great deal of distress. 

14.3.2 Titles 

Whether a report is a Business Technical Report or a Research Report, the title 
is important. This discussion of titles applies to all reports. 

A title should indicate the content of the report clearly and concisely. The 
title provides information needed by a reader to decide whether or not to bother 
reading the abstract. The title should be accurate; that is, it should not mislead 
readers into thinking that the report is something that it is not. Nor should a title 
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leave readers guessing about what the report  is specifically about, which happens 
when a title is too short and hence too general. 

For example, consider this title of a Research Report: 

Assembly Analysis of  Can Opener 

It provides too little information. There are many types of can openers (e.g., elec- 
tric or manual); which type is being analyzed? Or are all can openers being ana- 
lyzed? Or maybe it is a study of can openers in general? Is it manual or automatic 
assembly of the can opener that was studied? A better title would tell the reader 
more accurately and completely what the report is about. For example: 

Analysis and Comparison of the Manual Assembly Times for Three Electric Can 
Openers 

Here is another short title that is too general: 

Comparisons of Robust Design Processes 

A more helpful title would be: 

A Comparative Study of Three Robust Design Processes: Optimization, Taguchi 
methods, and Guided Iteration Using Dominic 

Titles that provide good descriptions of the content of a report  can get too 
long. There are no hard and fast rules about length, but ten to fifteen words is 
generally not too long. Twenty words usually is too long. 

14.3.3 Abstracts 

In a Research Report,  the purpose of the abstract is to enable people to deter- 
mine whether or not they want to read the rest of the paper. Thus, the Abstract 
for a Research Report  usually contains descriptive as well as summary informa- 
tion. That is, it contains a brief description of what was done as well as a brief 
summary of the results obtained. When writing an Abstract for your own paper, 
be sure to write it not as if it is a review of someone else's work but as descrip- 
tive summary of your work. 

Here is a good abstract for a Research Report: 

A design for manufacturing (DFM) analysis of a TOT-50 Swingline stapler is described. 
The results show that incorporating six simple redesign suggestions can reduce piece 
part costs by about 25% and manual assembly costs by about 35%. 

Notice that the first sentence in this Abstract is descriptive--it  says what was 
done. The second sentence is a summary of the results. This Abstract is brief, it 
describes the project well, and it contains the most important  results. 

For comparison, the following is an abstract (taken from a student group 
report) that is too long and too filled with information that is not important in 
an abstract (i.e., noise). The writing is far below professional standards in other 
ways, too: 

The objectives which we used to guide us through the analysis of our part were simple. 
We analyzed the current design of  the part using techniques learned in class. Each com- 
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ponent  o f  the part was evaluated for  relative die construction cost, relative processing 
cost, relative material cost, and assembly time. We looked at the analysis and came up 
with two redesign suggestion. 

The first suggestion was to incorporate the cover and the body into one stamped piece. 
This eliminates a part which reduces the construction, material, processing and assem- 
bly cost. Also with one less component  to assemble the projected assembly time was 
reduced. We then did an analysis o f  the new part to compare with the old. 

The second redesign suggestion was to build the cover so that it didn't have any 
internal undercuts. The cover is a plastic injection molded part and the die construc- 
tion saw a large increase due to these internal undercuts. We offer a redesign sugges- 
tion which eliminate these undercuts and does not change the functionality o f  the part. 
The new design for  the cover is then re-analyzed to show the advantages o f  this 
redesign. 

By following this objective we were able to come up with some ideas on how to produce 
this part less costly. The redesigns are simple and yet they yield some significant savings 
in relative cost which can be seen in the analysis presented. 

In addition to its excessive length and inclusion of detail inappropriate for 
an abstract, the writing can be criticized for at least the following additional 
faults: 

1. Research Reports should not be written in the first person. (Business Tech- 
nical Reports can and usually should be written in the first person.) 

2. It is incredibly wordy. For example, the first sentence could be reduced to: 
"Simple objectives guided the analysis." It would be even better, however, to 
just state what the objectives were. 

3. It is full of grammatical errors like "two redesign suggestion" instead of "two 
redesign suggestions." 

4. It contains colloquial phrases like "came up with" that are inappropriate in 
a Research Report. And how about "the die construction saw. . . " !  

5. There are awkward phrases such as "By following this objective" and "how 
to produce this part less costly." Less awkward alternatives might be: "To 
achieve this objective," and "to produce this part more economically." 

6. In the third paragraph, there are many switches from first person to 
passive voice: "We of fe r . . . "  is followed by "The new design is then re- 
analyzed. . . "  

7. There is even a kind of technical error: apparently the writer doesn't know 
about (or doesn't care about) the difference between a part and an assem- 
bly. Note in the first sentence that the word part is used whereas the analy- 
sis was done on an assembly or subassembly that consisted of several parts. 
Readers can no doubt find other examples of subprofessional writing in the 
above piece. 

The kind of writing illustrated by the above quote is totally unacceptable in 
the professional work environment. 

14.3.4 Introductions 

The Introduction of a Research Report repeats and expands on the Abstract's 
descriptive material, explains the motivation for the work, and provides an 
overview of the organization of the report. It should also provide a general 
context for the study and its results. An Introduction does not usually contain 
information about the results. 
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An effort should be made to make the Introduction short but interesting; if 
you bore your readers at the beginning, think how they will be dreading the task 
of reading on! 

Suppose the purpose of a research project is to study a company product 
from an assembly viewpoint. Then the Introduction might be as follows: 

Introduction 

The current design of  the (product name) was developed in 1981, and has been stable 
for the past eight years. There are four models consisting of  a total of  eighty-four parts. 
The product has not been studied or the design revised from an assembly standpoint 
since its inception. In the interim, new design for assembly (DFA) evaluation methods 
have been developed and new assembly technology has also become available. 

Competition in the (product name) product line has recently focussed on price reduc- 
tion, and there is now extreme pressure for cost reduction. Assembly costs currently 
amount to 37% of the total cost and thus present a prime opportunity for savings. 

The current design is assembled manually using a progressive line and a two-shift oper- 
ation. The proposed addition of  two new models and the continued competitive pres- 
sure to reduce costs makes this an ideal time to investigate the possibility of  improving 
the current line or of  converting to an automatic line. 

Therefore, the goal of  this project is to analyze the assembly of  the (product name). 
The specific objectives are: 

1. Evaluate the current design for both manual and automatic assembly; 
2. Redesign the product for ease of  assembly; 
3. Compare the current design with the proposed new design on the basis of" 

Assembly cost 
Line balancing efficiency for manual assembly 
Identify the tooling required for automatic handling of  the parts in the new design 
via vibratory bowl feeders. 

4. 

14.3.5 Literature Review 

The purpose of a literature review is to connect the research done in the report 
with previous work done on the same subject, especially by other researchers. 
Therefore, the related papers and publications are cited and summarized in an 
organized way, and it is shown how the research being reported is similar to, and 
how it differs from, the work done by others. Note that the idea of the literature 
review is not just to report on and review other related research, but also to place 
the new research in context with that research. 

When there are no, or just a very few, references to work done by others in 
a Research Report, then it is either a profound work indeed, or else the authors 
have not done their homework in searching the literature. One also sometimes 
sees literature reviews that refer primarily or almost exclusively to the work 
of the same people who are writing the report. Though this may be quite proper 
occasionally (i.e., when these are the only people working on a subject in a 
field--a rare situation), probably this too indicates that the literature review is 
incomplete. 

A research project should not be undertaken, and certainly a research paper 
should not be written or submitted for publication, unless the authors are rea- 
sonably confident that they are familiar with all the other relevant work previ- 
ously done. Computer-based literature searches, and searches of the relevant 
research journals can help develop this confidence. 
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Here is an example of a good literature review. It is taken from a Research 
Report  that describes an alternative approach to the rules-of-thumb-based design 
of metal stampings. The literature review is contained under "Related Work" and 
the references contained in the review are listed under "References." 

R E L A T E D  WORK 

To assist in the design of  easier-to-produce stampings, several cost-estimating and~or 
group technology (GT) based systems have been developed. These systems were devel- 
oped to replace the traditional qualitative rules of  thumb found in handbooks and used 
by most part designers. Unfortunately, these cost-estimating and GT systems require 
knowledge not generally possessed by designers, and they fail to provide designers with 
quantitative information concerning difficult-to-produce features. 

For example, sheet-metal cost estimators such as the Harig system (Harig, 1977) and 
the Bradley die estimating method (Bradley, 1980) require die design and process plan- 
ning knowledge rarely found among product designers. These systems are important 
advances, but they require detailed input and so are not designed for use at the con- 
ceptual stage of  design where parametric details have not yet been established. More- 
over, the systems do not generate redesign suggestions based on part attributes. 

The Opitz system (Hohmann et aL, 1970), a GT based classification and coding system, 
uses a nine-digit code to classify sheet-metal parts based on similarities in processing. 
This technique rationalizes design procedures and enables the grouping of  parts for 
production to reduce die costs and lead time. The GT based Salford system (Fogg et 
al., 1971) uses a six-digit code to classify sheet-metal parts based on the industrial sector 
that they serve, the type of  die utilized, and similarities in processing. The objective of  
the Salford system is to simplify tool design by exploiting similarities in parts. The 
Hitachi sheet-metal CAD~CAM system (Shibata and Kunitomo, 1981) uses a four-digit 
structure code to access a database of  sheet-metal configurations, each of  which is asso- 
ciated with a graph representation. This improves the retrieval and modification of 
CAD models that represent sheet-metal plates with holes, notches, and flanges. None of 
these systems, however, provides cost data as feedback or assistance in the evaluation 
of  design alternatives from the perspective of  manufacturability. 

In an effort to provide both quantitative measures of  producibility and redesign sug- 
gestions, a system that analyzes planar stampings with holes was developed by Schmitz 
and Desa (1989). This system requires that the design be input to a non-manifold geo- 
metric modeler (NOODLES).  Relevant part attributes and their parametric values are 
then extracted from the geometric model and conveyed to a domain mapper that gen- 
erates a strip layout for a progressive tool A series of  manufacturing cost factors is then 
computed to provide a measure of  producibility, as well as the basis for redesign sug- 
gestions. The system is limited to small planar stampings, with holes and notches, pro- 
duced on progressive dies. It does not account for bent or formed parts, or parts with 
such features as extruded holes and embossings. The manufacturing cost factors are 
both quantitative (such as the number of  punching tools) and qualitative (such as the 
need for pressure pads). The unification of  these factors into a measure of  manufac- 
turability is subjective; it yields a value that is not an objective measure of  producibil- 
ity. Consequently, the importance of redesign suggestions is also dependent on the 
subjectivity of  this measure. 

Ulrich and Graham (1990) present a method for synthesizing simple blanked and bent 
parts used as supports. A solution map is constructed in three-dimensions representing 
a network offaces that connect two interface surfaces and avoid any intervening obsta- 
cles. Candidate configurations are automatically generated and pruned by a limited set 
of  producibility constraints. 

The approach adopted in this paper is an attempt to use a part coding and classifica- 
tion approach at the early concept stage of  design, which communicates process knowl- 
edge in terms that are easily understood by product designers. This will permit quick 
evaluation of  a broad range of  stamped part designs from the perspective of  relative 
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part cost, and offer redesign suggestions that can achieve significant percentage savings 
in cost. 
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14.3.6 Main Body 

In the main body of a Research Report,  there are at least three subareas: (1) a 
section describing t h e  goals, research issues, or hypotheses underlying the 
research together with the method used to explore or study them; (2) a descrip- 
tion of the experiments, analyses, or simulations performed; and (3) a presenta- 
tion of the results obtained. 

Goals, Research Issues, Hypotheses, and Methods 

Though not all research is done to prove or disprove an hypothesis in the formal 
scientific sense, there generally are goals and expectations that something will be 
learned about one or more research issues. This first section of the main body is 
where those goals and issuesmand hypotheses if there are anymare stated and 
discussed. 
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The methods to be used to prove any hypotheses, achieve the goals, or to 
study or explore the research issues are also described here. It should be shown 
how the methods will in fact work to prove or disprove the hypotheses, to achieve 
the goals, or to elucidate the issues. That is, the methods should be shown to be 
connected to the hypotheses, goals, and issues to be studied. 

Experiments, Analyses, or Simulations 

If there are experiments (or the equivalent, such as surveys), then the experi- 
mental apparatus and procedures (including survey procedures) are described 
and discussed. Though appendices may also be needed, there should ideally be 
enough detail here for another researcher not only to evaluate what was done, 
but also to reproduce the experiments if desired. 

Analyses and simulations are analogous in this discussion to physical exper- 
iments. Assumptions and simplification employed should be stated. If computer 
algorithms are constructed, their logic should be explained. Programming details, 
however, belong only in an appendix. 

Results 

The results of the experiments and/or analyses and simulations should be pre- 
sented as completely and as clearly as possible. Actual data can be placed in an 
appendix. 

As an example of unclear results, consider the following. The writing below 
is a real example except that the product names have been made fictitious. 

For standard assumptions, the new Whiz Widget assembly analysis indicated that the 
automatic assembly cost was 30% less expensive than the previous design. The com- 
petitor, CompWidget, was 12.7% more expensive than the new Whiz Widget. Originally 
the CompWidget was 19.8% less expensive. The new WhizWidget assembly analysis 
indicated that the manual assembly cost was 42.6% less expensive than the previous 
WhizWidget design. The CompWidget was 31.9% more expensive to manually assem- 
ble than the new WhizWidget. Originally the CompWidget was 21.0% less expensive. 

Apparently this writer believes in the following Peter's Principle 

If you can't convince 'em, confuse 'em. 

A reader of such confusing writing can only think, first, " W H A T  on earth does 
that say?" and then, "How could the study be o f  any use with such a confused 
person doing it?" Indeed, not only is this writing unclear on a first reading, it is 
even more unclear after careful study! Here is a better presentation of results 
from a different study: 

The results of  the assembly design and cost study on the WollyWidget are as follows: 

1. Automatic assembly is not practical for the present design. 
2. For manual assembly of  the current design (60 parts): 

Total manual assembly time: 631 seconds~assembly 
Total manual assembly cost: 2.84 S/assembly 

3. The product can be redesigned to eliminate the following 31 parts: 
4 main body screws, 1 charge end #1, 2 charge ends #2, 4 charge ends 
#3, 4 springs, 1 label sticker, 1 light cover, and I specification label 

4. For manual assembly of  the redesigned product (29 parts): 
Total manual assembly time: 276 seconds~assembly 
Total manual assembly cost: 1.25 S/assembly 
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Discussion of Results 

In this section, the results are related back to the goals, issues, and hypotheses. 
What light do the results shed with respect to them? Also, the significance and 
implications of the results are described and discussed. Uncertainties and possi- 
ble errors in the methodology or in its implementat ion are also described. 

Sometimes a Research Report  contains ideas or suggestions for continuing 
or future research work. This is all right, but in a business setting, one should not 
expect that such recommendations included at the end of a research paper  are a 
substitute for preparing a Business Technical Repor t  to make the recommenda-  
tions effectively. 

As an example of a good discussion consider the following, which is a dis- 
cussion of the results comparing two alternative designs: 

DISCUSSION 

Tables XX, YY, and ZZ show a comparison of the alternative assembly system costs 
for the original design of the ABC-787 drive and for the alternate version of this drive, 
the ABC-787B. The analyses assumed that the ratio of faulty parts to acceptable parts 
is 1% and that both one-shift and two-shift operations are possible. 

Table XX, which contains a parts list for both the original and alternate designs, shows 
that for the original version, 21 of  the 36 total parts are screws, and the redesigned drive 
has only 7 screws of  20 total parts. In addition, the rolled point screws utilized in the 
787 drive have been replaced by much easier to align "dog point" screws in the 78713 
version. These design changes, along with the additional changes to facilitate alignment 
of  the various parts, result in a better than 50% reduction in manual assembly time. 

Table Y Y  shows that for both designs the use of  manual assembly is less costly than 
dedicated automatic assembly. For dedicated automatic assembly, however, the capital 
investment required for the 787B is about half that required for the 787. 

Table Z Z  shows that although the anticipated production volume for the ABC-787 is 
insufficient to justify the use of  dedicated automatic assembly, use of  a product mix may 
justify the use of  programmable automatic assembly. The results shown in Table Z Z  
also indicate that for the alternate 78713 version, even the use of  programmable assem- 
bly does not appear justified solely on the basis of  cost. 

Appendices 

Details of all kinds (e.g., of experimental  apparatus, of analyses, of data, work- 
sheets, etc.) belong in Appendices. 

14.4 BUSINESS TECHNICAL REPORTS 

14.4.1 Overview 

The majority of reports written by design engineers in industry are Business Tech- 
nical Reports. The main purpose of these reports is to recommend a course of 
action, or to provide results and conclusions relevant to short-term decisions and 
actions. Thus the recommendations,  and/or the relevant conclusions and results, 
are placed first in the report. That is, when there is an action or decision recom- 
mendation, then it is stated concisely in the most prominent  position in the 
repor t - -a t  the beginning. 

After  actual recommendations,  next in importance in a Business Technical 
Report  are the conclusions and logic on which the recommendat ions are based. 
Next are the results on which the conclusions are based. Data  and analyses are 
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included only in Appendices in these reports. Note that this is more or less the 
reverse of the order in a Research Report. 

Here is a recommended format for a Business Technical Report: 

Title 
Summary Abstract (1/4 to 1 page, absolute maximum) 

Short summary of recommendations 
Short summary of critical results, conclusions, and logic on which recom- 

mendations are based 
Short summary of important risks, benefits, and costs associated with the 

recommendations 
Body of Report  (2 to 4 or 5 pages) 

Complete recommendations 
Complete supporting arguments, including important conclusions and results 
Basis for and elaboration on the relevant risks, costs, and benefits associated 

with the recommendations 

Appendices (as many as needed, as long as needed) 
Descriptions and documentation of what was done 
Data 
Analyses 
Methods for generalizing the results from the data and analyses 
Any Research Reports whose results are not familiar and that are critical to 

support conclusions or recommendations. 

We will now discuss each of these sections in more detail beginning with the 
body of the report. 

14.4.2 The Body 

In the body of a Business Technical Report the recommendations come first, con- 
clusions next, and then results. Data and analyses, unless there is something 
remarkable about them, come last, usually in one or more appendices. 

Recommendations 

A recommendation is some action you believe the company should take, or some 
decision that you think should be made. After a study of customer preferences 
you might recommend, for example, that a marketing study be initiated that 
would determine the expected added sales if your firm's coffeemakers had a 
customer-controlled variable temperature feature. You might also recommend 
that a parallel engineering design feasibility study be initiated that would deter- 
mine the technical feasibility and manufacturing costs of producing such a suit- 
able variable temperature coffeemaker. Or, you might recommend that no 
changes be made in the design. 

Note that recommendations require consideration of business and perhaps 
other technical issues that may not be a direct part of the project being reported. 
Thus summaries of the benefits, costs, risks, and uncertainties associated with the 
recommendations are also included. It is very important that risks and costs be 
included; the last thing you want to do is recommend some action without inform- 
ing the readers of the associated risks and costs as well as the benefits. 

Note also that if all you are doing is reporting the results of the study, with 
no recommendations or conclusions relevant to pending decisions, then the 
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Research Report  format is the better choice. If, however, you are making rec- 
ommendations for action (especially actions that cost time or money), then the 
Business Technical Report format is better because you want those recommen- 
dations and the business reasons for them to be up front. You don't want readers 
to have to read through all of the detail of a Research Report  in order to get to 
the business recommendation or critical conclusions related to pending business 
decisions. 

Conclusions 

Conclusions are generalizations of results from the reported project. For 
example, in the coffee temperature case, a conclusion might be that the best tem- 
perature to provide is 165~ Or we might conclude that an adjustable, variable 
temperature between 160 ~ and 180 ~ would be the most desirable design goal. 

Results 
Results are generalizations made from the data and analyses. For example, in a 
coffee temperature preference study, the results might say, for example, that 20% 
of 150 people surveyed prefer the temperature to be less than 160~ that 50% 
prefer a temperature between 160~ and 170~ and that 30% prefer greater than 
170~ The exact form of these summary results will of course depend on the 
nature of the experiments or analyses done. Note that such results are general- 
izations of the data, not the actual data. Data belong only in an Appendix, unless 
there is some very important conclusion to be made about the data itself that 
requires it to be included. 

Results are included primarily to explain how and why the conclusions were 
determined. That is, results included are selected to show the basis for and to 
support the conclusions. It may also be necessary to refer to the results, conclu- 
sions, or recommendations of other studies to support your recommendations. 

Appendices 

In a Business Technical Report, there may be any number of Appendices that 
include the data taken, details of analyses or experiments performed, and what- 
ever other details might be needed by someone at some future date. The Appen- 
dices are, in effect, a detailed record of the activities of the project or study. 
Anyone questioning, for example, certain of the results could find the actual data, 
computations, and analyses in the Appendices on which the more general results 
were based. 

14.4.3 Titles 

Everything said in Section 14.3.2 about titles for Research Reports applies to 
titles for Business Technical Reports as well. Of course, in addition, the title of a 
Business Technical Report should clearly state that there is a recommendation 
or conclusions relevant to short-term actions or decisions. For example: 

Recommendations for redesign of the ABC-786 Widget in order to reduce manufac- 
turing costs 

On the other hand, here is an example of a poor title: 

Analysis of the ABC-786 Widget 
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The first title tells us exactly what to expect in the report. The second title fails 
to give us even a clue as to what the report  is about. It tells us that it deals with 
the 786 Widget but we don't  know if the analysis is one concerning manufactur- 
ing, functionality, marketing, or something else. 

14.4.4 Abstracts 

Every Business Technical Report  must begin with a short Summary Abstract, 
preferably one-quarter  to one-half page, and never more than one page. The 
purpose of this Summary Abstract in a Business Technical Report  is to provide 
a short summary of the recommendations,  conclusions, and results for readers 
who do not need or want to know more of the details. The same order (i.e., rec- 
ommendations first) that is used in the body of a Business Technical Report  is 
also used in its Summary Abstract. 

The Summary Abstract  of a Business Technical Report  contains no descrip- 
tive material; that is, it does not describe what was done, or even why. Whatever 
is necessary for descriptive material to introduce the subject of the report  can be 
included in a brief sentence or two in the covering letter or memo. (But remem- 
ber KISS.) In other words, the Summary Abstract of a Business Technical Report  
gives only summaries of only the most important recommendations,  and if 
needed and appropriate, summaries of the most important  conclusions, results, 
logic, benefits, and risks. Whatever  descriptions there are of what was done must 
be somewhere else, mostly in the Appendices. 

Here  is an example of a good summary Abstract: 

The following redesign recommendations are made with regard to the current ABC- 
786 Widget: 

1) Replace the current motor, toggle switch, and loose wiring used to connect the 
switch and motor with the new CW-34 motor that incorporates the motor and 
toggle switch into a single unit; 

2) Incorporate the energy pack into the handle subassembly; and 
3) Incorporate the latch button into the energy pack portion of  the handle sub- 

assembly, rather than assembling the button as a separate part. 

These recommendations are made based on the design for manufacturing and assem- 
bly analysis recently carried out by the Advanced Design and Manufacturing Group. 
Their analysis shows that a total savings in assembly time of  over 50% can be achieved 
by incorporating these redesign suggestions. The suggestions can be implemented 
without the need to redesign any of  the special purpose parts that are contained in the 
786 Widget. 

Here is an example of a poor abstract: 

An analysis is done by decomposing the ABC-786 Widget into its component parts 
and subassemblies. The motor and its associated wires and switches are not considered 
here, as the motor is a standard part. The energy pack subassembly includes a snap-fit 
coupling to the nozzle subassembly and is attached to the handle subassembly with 
screws. 

Each subassembly and part is analyzed for ease of  manual assembly and manufac- 
turability. Manual assembly requires 2 min, 13 sec. Relative manufacturing costs are cal- 
culated as 20. 9 where the reference part is a 1-mm thick flat washer with inner and outer 
diameters of  60mm and 72 mm, respectively. 

A savings in assembly time of  up to 52.3% can be achieved by: 
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1. Selecting a standard part motor with a toggle ignition switch and tangle-free wiring; 
2. Incorporating the energy pack into the handle subassembly; and 
3. Incorporating the latch button into the energy pack portion of  the handle sub- 

assembly, rather than assembling the button as a separate part. 

Notice the difference in the two example abstracts above. The first starts out, 
as it should, with concrete recommendations. The second does not even contain 
any recommendations. The first abstract does not contain any descriptive mate- 
rial concerning the product. The second abstract contains descriptive material 
concerning both the product and the procedure used to analyze the product. 
Finally, the second paragraph in the second abstract is so unclear that it proba- 
bly makes the reader suspicious of everything contained in the abstract or the 
report itself. 

14.5 HYBRID TECHNICAL REPORTS 

Business recommendations are often made on the basis of research results. When 
this is the case, one can always prepare a Business Technical Report; that format 
permits the research results to be included as described above. But if the research 
requires a lengthy explanation, then such a report can become too long. There 
are also other ways to present both the business recommendations and the 
Research Report  together. 

One way is to prepare a Research Report  and send or deliver it with a cov- 
ering memo or letter that contains the recommendations. In this case, the reader 
gets the recommendations first in the short covering document, and then the 
abstract of the Research Report  will be the next thing read. If that abstract is 
well done, then those readers with no need for more details can stop after reading 
it. This is thus a reasonably efficient format to follow. 

Another  way is to prepare a Research Report,  but use an abstract that com- 
bines the information usually found in the abstracts of Research Reports and 
Business Technical Reports. This way the recommendations and short-term con- 
clusions or results are up front as in a Business Technical Report. 

Both of these hybrid forms are best used only when the Research Report  is 
fairly short. If the Research Report  is long and involved, then it might be neces- 
sary to prepare it separately, and then also to prepare a Business Technical 
Report  or covering letter or memo for the recommendations and/or conclusions 
that are needed immediately. 

Selecting the best format for a report should be done pragmatically: What is 
the best format for the report given its content, purpose, and the intended audi- 
ence? Any format will do if it properly meets the purposes of the message and 
the audience(s). Thus the formats described as above should be modified and 
adapted as needed to each particular communication situation. 

14.6 ORAL REPORTS 

14.6.1 Preparation 

Oral presentation of both Research Reports and Business Technical Reports is 
commonplace in industry, and Research Reports are almost always presented in 
person at conferences. Therefore, the ability to do a presentation well is impor- 
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tant. In this section, we provide some guidelines that will help in the preparation 
and delivery of oral reports. 

Begin Preparing Well in Advance 

By "well in advance," we do not mean hours, or even days. We mean weeks, or 
even months in advance! As soon as you know you have an oral presentation to 
make, that very moment is the time to begin to prepare. 

Preparation includes many of the same things that are required in preparing 
for a written communication. These are: 

1. Explicitly state for yourself what is the purpose of the presentation. What is 
it that you want to accomplish? Is there something you want the listeners(s) 
to do? Is there information you want them to have, or that they need to 
know? In other words, understand for yourself why you are making the 
presentation. 

2. Explicitly describe the audience for yourself. Who are they? Why are they 
interested in or wanting to hear your presentation? What words and symbols 
do they understand and not understand? 

Often, there are several classes of receivers in an audience, each with dif- 
ferent needs. Each class must then be described, and the presentation con- 
structed and organized so that each group has its needs met. 

3. Decide what the desired take-aways are. In an oral presentation, there can 
be only a very few, perhaps only one, and no more than two or three. 

4. Assuming your presentation will include a set of slides or transparencies (it 
normally will), make a tentative title for each. 

There can be no more than one slide or transparency for each minute 
you have been allotted for your presentation. And if you want to allow time 
for questions and discussion, then you must have fewer than one slide or 
transparency per minute. Remember,  any message can be made any length. 
There is no better way to make a lousy impression on an audience than by 
having a presentation that is too long for the time allowed. Conversely, there 
hardly is any better way to make a good impression than to have a talk that 
is short, emphasizes what is important (the take-aways), is well organized, 
and allows time for questions and discussion. 

Suppose, for example, that we had an opportunity to make an oral pre- 
sentation to a group of students concerning the complete content of this 
chapter in ten minutes. We would want to prepare about eight transparen- 
cies, a plan that should allow about two minutes for questions. The two main 
take-aways we could choose are: (1) the importance of keeping communica- 
tions short, and (2) the importance of rewriting and rehearsing extensively. 
The title of the eight slides might then be: 

#1 Title Slide 
#2 The Importance of Communications in Engineering 
#3 Preparing to Write or Speak 
#4 The Writing Process: Rewriting 
#5 Format of Business Technical Reports 
#6 Format of Research Reports 
#7 Guidelines for Oral Presentations: Rehearsing to keep it short. 
#8 Summary (Review the take-aways) 
We would also certainly supplement such a short talk by handing out an 

example or two of actual reports that were exemplary. 
5. Plan for any handouts or pieces of hardware that you can use to supplement 

your talk. Circulating examples of something real is always a good way to 
involve an audience in what you are saying. 
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14.6.2 Guided Iteration 

An oral presentation, like a design and like a written communication, is prepared 
by a process of guided iteration. The steps just described have given you an initial 
design for your talk. Next prepare a first draft, try it, evaluate it, try it, and 
improve it repeatedly until you are satisfied with the content and comfortable 
presenting it. 

14.6.3 Planning Slides or Transparencies 

The first part of this process of iterative improvement  is completing the slides (or 
transparencies) that initially were given only a title. Slides or transparencies must 
not be cluttered with words or complex drawings. The best slides will have three 
to five bullets (i.e., main subtopics) with no more than one very short phrase or 
sentence attached. If a slide or transparency has more than about forty or fifty 
words, it is probably too detailed. Shorten it to just the basic ideas and outline. 
Plan on elaborating while you speak. 

The size of the letters on your slides and transparencies must be large enough 
for people in the rear of the meeting room to read easily. The minimum letter 
size is a 1/4 inch, and 3/8 inches or even 1/2 inches may be necessary for larger 
rooms. Also make sure that the layout of material  on your slides is logical, bal- 
anced, and interesting. Though not everyone agrees, color is generally unneces- 
sary, and may even detract from your message. 

Never, ever, read what is on your slides to your audience. Not only is this 
dull and boring, but in addition they can read faster than you can speak. 
The information on the slides or transparencies is not there for you to read. 
Its purpose is to provide an outline (only) for both you and your audience to 
follow. Your speaking will explain and elaborate on the brief points made on the 
slides. 

For example, here is a possible way to prepare a presentation for Slide #7 
listed earlier: 

Guidelines for Oral Presentations 
> Prepare Well in Advance 
+ Purpose:Analyze Audience and Take-Aways 
+ One Slide per Minute: Prepare Titles First 
> Use Guided Iteration 
+ Complete the SlidesmFifiy Words Each Maximum 
+ Rehearse Out Loud, Again and Again 

An alternative slide for Slide #7, and one that uses too many words, is the 
following: 

> Prepare Well in Advance 
Not hours or days but weeks or months 

> State for yourself the purpose o f  the presentation 
Why am I making the presentation? 
+ What you want to accomplish 
+ What you want listeners to do 
+ What information you want listeners to have 

> Analyze the audience 
+ Who arethey? 
+ Why should they be interested? 
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> Prepare Transparency Titles First 
+ Keep them Brie f  

> No more than one slide per minute 
More slides~minute = Talk will be too long 

no time for  questions 
angry audience 

> Use Guided Iteration 
Draft, evaluate, redo, evaluate, redo 

+ Complete the s l idesmdo not use more than 50 words 
+ Rehearse out loud 

Here the slide becomes crowded and the audienceminstead of listening to 
you~wil l  simply read the slide. The more detailed ideas on the crowded slide are 
things you can say to the audience. The slide is an outline for the audience and 
you; they get the details and interesting sidelights from your talk. 

14.6.4 Rehearsing 

In addition to getting the slides or transparencies right by iteration, the other 
thing you must do is rehearse out loudmagain and again and again. You begin 
rehearsing as soon as you have a rough draft of all the slides. You may need to 
rehearse out loud dozens of times (not an exaggeration!) over a period of weeks 
or even months, especially when this whole process is new to you, or if you are 
nervous about making a particular presentation. Then when the time comes to 
deliver your presentation, you are so familiar with it, and so confident, that you 
will do it in a relaxed and polished manner. You will also be able to think clearly 
about questions when they are asked. 

When you feel you are about ready, but long before the actual presentation, 
practice your presentation before some friends and colleagues. They can give you 
valuable feedback on how your presentation can be improved. 

When you rehearse, you must keep track of the elapsed time. Your actual 
presentation will usually take longer than when you rehearse. Cut out slides if 
necessary to keep within time limits. Better to have fewer ideas presented than 
to exceed your time. Remember, audiences will love you if you use less than your 
allotted time, and hate you for using more. 

14.6.5 The Presentation 

Whenever possible, visit the room where your presentation is to take place before 
the time of your talk. Make sure the projector works, that you know how to 
control it (e.g., on/off and focus), and that there is a table for your transparen- 
cies both before and after you show them. Find the pointer (better yet, bring your 
own) and think about where you will stand so the audience can see both you and 
your slides or transparencies. 

An oral presentation is a very personal communication. You are face to face 
with your listeners, sometimes quite close. For small groups in a small room, there 
is a lot of intimacy. It is always a good idea to begin by saying something that will 
help you develop a positive and friendly personal relationship with the audience. 
In planning this, you have to consider the size of the audience, and the nature of 
the meeting, but it can always be done. At the least, for example, you can thank 
people for coming, especially considering their busy schedules. If you have been 
specially invited, you can express your appreciation for the honor of being asked. 
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A little humor is fine here, but jokes (if used) should be short and clean and 
funny. Otherwise, forget them. If you can tie some good, short joke or light 
remark to the local situation, that is good. The purpose of any humor interjected 
is to make the audience relate more personally and positively to you. If your joke 
won't do that, omit it. It is enough that you are genuinely pleased to be there, 
and to have them there; so just say so personally and sincerely and you will be 
off to a good start. 

Never, ever read an oral presentation. Don' t  read the slides, and don't even 
read your own notes. By rehearsing sufficiently, and with the slides for your cues, 
you will know what to say without reading anything. If you absolutely must, it is 
acceptable (though not especially desirable) to have a few cue cards (e.g., 3 x 5 
inches) with sentence-starting phrases on them to help you get started with what 
you want to say about each of your slides. For example, suppose we were to find 
in rehearsing the above slide that, for some reason, we have trouble getting 
started with what is to be said about "Rehearsing Out Loud." Then we might 
have on a cue card the phrase, "It is not enough to rehearse silently to one's self 
�9 That cue on the card would be enough to get us started on this subject during 
the actual talk, and we could then go on elaborating from memory. 

14.7 GRAPHICAL COMMUNICATIONS 

14.7.1 Introduction 

A picture, they say, is worth a thousand words. Maybe. It certainly is true that 
graphical communications are an important and efficient way for design engi- 
neers to communicate with each other, with customers, with manufacturing engi- 
neers, and with managers. Thus we introduce some of the basic concepts of 
graphical communications here. 

Our scope is limited by space and by the expectation that students and other 
readers interested in this book will have previously been introduced to the fun- 
damentals of graphical communications. Therefore we will discuss only the 
briefest introduction to orthographic projection. We will say only a little more 
about hand sketching, limiting the brief discussion to oblique and isometric forms. 
Because professional working standards are much higher than most students 
seem to think they are, we include some examples illustrating the acceptable stan- 
dards for drawings in a working environment. 

The goal of graphical communications, like all communications, is the effec- 
tive and efficient transfer of accurate information. Thus the language and 
grammar used for communication must be correctly done by the sender so it will 
be correctly interpreted by the receiver. Students and practicing design engineers 
must understand graphical language and grammar, and use both properly. Proper 
use includes also preparing drawings that are well laid out and neat. 

As noted above, we assume that readers of this book are knowledgeable 
about the rules and conventions of orthographic projection. Nevertheless, the 
next section provides a brief reminder of the most basic type; readers not thor- 
oughly familiar with orthographic projection should consult one or more of the 
many books on the subject. 

14.7.2 Orthographic Projection 

In orthographic projection, an object is imagined to be viewed from an infinite 
distance along mutually perpendicular (i.e., orthogonal) axes. The resulting views 
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FIGURE 14.2 An example assembly drawing in two orthographic views. 

are then drawn to scale and laid out on paper as shown in Figure 14.1. In the 
figure, five views are shown; a view from the rear of the part, if added, is drawn 
to the left of the left-side view. Often it is only necessary for a complete descrip- 
tion of a part to show just two or three views. 

Figure 14.2 shows an assembly drawing in two orthographic exploded views, 
and Figure 14.3 shows orthographic views of two parts of a proposed configura- 
tion for the food-carrying portions of a food scale. 

Dimensioning 
There are very definite rules and conventions for proper dimensioning that, 
again, we assume have been or will be learned elsewhere by our readers. Dimen- 
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FIGURE 14.3 Example orthographic views. 

sioning is an important subject. Not only does improper dimensioning (like 
improper spelling and grammar) indicate a serious degree of carelessness, but 
improper dimensioning may also lead to production of parts not in accordance 
with designers' expectations. Figure 14.4 shows a set of dimensions added for the 
part shown in Figure 14.1. Tolerances are not shown. 

14.7.3 Pictorial Views 

Orthographic projection is the most rigorous way to represent an object graph- 
ically. The representation can be as complete and detailed as desired. Often, 
however, it is helpful to the communication process to show a pictorial view that 
is more easily and quickly visualized. Designing and redesigning at early stages 
are also often done using pictorial sketches. 

There are several types of pictorial views, but we will look at only the two 
most commonly used here. For more information on pictorial views, see Earle, 
James H., 1999, Communication in Engineering Design. The two we will discuss 
are (1) oblique and (2) isometric. Figure 14.5 shows an oblique view of the object 
shown in Figure 14.1. Figure 14.6 shows an isometric view of the same object. 

Oblique Views 

In an oblique view the orthogonal axes are as shown in Figure 14.7. The front 
face of the object is drawn in true view to full scale. Thus a one-inch solid cube 
is as shown in Figure 14.8a. Note that lengths on the front face are shown at full 
scale, whereas lengths along the oblique direction (at 30 degrees to the horizon- 
tal) are drawn to half scale. (If the oblique lengths are drawn full scale, the cube 
would look distorted; try it.) 
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FIGURE 14.6 An isometric view. 



Communications 349 

Oblique Axes 

Isometric Axes 

FIGURE 14.7 Orthogonal axes for oblique and isometric views. 
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FIGURE 14.8 Oblique and isometric views of  a cube. 

One advantage to the oblique view is that circles, arcs, and any contours 
appear in their true shape in the front face of the sketch. In other directions, 
however, circles appear as ellipses, which are a bit more difficult to draw. 
However,  often the object can be oriented in the pictorial so that the circular 
parts are parallel to the front face. 

Isometric Views 

In an isometric view the orthogonal axes are as shown in Figure 14.7. Dimen- 
sions along all the axes are drawn to full scale. Thus a one-inch solid cube is as 
shown in Figure 14.8b. 
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FIGURE 14.9 An example of an isometric drawing of a production part. 
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FIGURE 14.10 Another example of an isometric drawing for a production part. 

Examples of parts drawn in an isometric view are shown in Figures 14.9, 
14.10, and 14.11. Note in Figure 14.11 how the cut-away enables visualization of 
internal details. 

14.7.4 Exploded Assembly Views 

It is often helpful to develop drawings that illustrate graphically how the parts 
of an assembly relate spatially to one another. The best way to do this is with a 
pictorial called an exploded view of the assembly In an exploded view, parts are 
shown individually but in a location and orientation along their axes of insertion 



FIGURE 14.11 Part o f  a hand vacuum cleaner (by G. Moodie). 
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during assembly. As an example, see the isometric exploded view of a three-hole 
paper punch shown in Figure 14.12 and submitted as part of a class project. Note 
how the use of dashed center lines helps in the visualization of how the parts are 
assembled. 

Other examples of isometric exploded assembly drawings submitted as part 
of class projects are shown in Figures 14.13 and 14.14. 

14.7.5 Standards of Acceptability for Drawings 
and Sketches 

The purpose of drawings and sketches, including those in CAD systems, is effec- 
tive communication. For effective communication to take place, drawings and 
sketches must not only express their technical content in proper graphical lan- 
guage, they must also meet an appropriate level of quality in terms of their pre- 
sentation. A drawing, and certainly a sketch, in an ongoing iterative design 
environment does not have to be finished so as to meet formal drafting standards. 
But it does have to be neat, of suitable size, and clear, and it has to communicate 
without extra effort on the part of others to overcome sloppiness, carelessness, 
and important omissions. 

For example, lines that are supposed to be in line should look like they are 
in line. Lines that are supposed to be perpendicular should look like they are per- 
pendicular. Circles should look like circles. Bigger parts should look bigger than 
the smaller ones. Straight lines should look essentially straight. Lines that are sup- 
posed to intersect should in fact intersect. And so on. 

There is a tendency for students not familiar with professional standards in 
these regards to submit drawings and sketches that are far too sloppy or that fail 
to communicate properly. The drawings shown thus far in this chapter are all 
taken from student term project reports and meet at least a minimum standard 
for such communications. (Your instructor or boss may disagree; that is fine. Use 
his or her standards if they are higher than those exhibited here, but lower is not 
acceptable.) 
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3. Base 8. Retainer Ring 
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FIGURE 1 4 . 1 2  Adjustable three-hole punch (by J. Harve and A. Tacke). 

Figures 14.12 to 14.14 are examples of student assembly drawings that are 
up to acceptable standards for a student project report. For examples of draw- 
ings and sketches that are not acceptable, see Figures 14.15 through 14.18. In none 
of these sketches is it possible to visualize the relationship of the parts. The 
dashed lines that show the connections are missing. Layouts are off balance. In 
some, the parts seem almost randomly placed. Notice that great effort went into 
preparing these very poor communications. However, the effort was not suffi- 
ciently supported by thought, critical evaluation, and redrawing to make the com- 
munications effective. 

14.8 SUMMARY 

> Know the purpose of your communication, and the take-aways 
> Know the receiversmwhat words and symbols they understand, what their 

needs are 
> If a written message: 

+ Make an outline and a complete rough first draft as a first step 
+ Rewrite, rewrite, rewrite, rewrite, r ewr i t e . . .  
+ Spelling and grammar (sentences, punctuation, paragraph structure, etc.) 

must be perfect 
+ Keep acopy  
+ Short is critical (KISS: Keep it Short, then Shorten it some more) 

> If a Research Report: 
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(b) Exploded assembly drawing 

FIGURE 14.13 A small stapler (by N. Renganath and R. Rajkumar). 
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F IGURE 14 .14  Filter bag and nozzle (by G. Moodie). 
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FIGURE 14.15 Can opener: an unacceptable student drawing. 

FIGURE 14.16 Secondary shears: an unacceptable student drawing. 
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FIGURE 14.17 Front assembly: an unacceptable student drawing. 

+ Use a descriptive plus summary-type abstract 
+ Organization: Introduction, Literature Review, Body, Discussion, and 

Summary and Conclusions 
+ Appendices 

> If a Business Technical Report: 
+ Use a summary-type abstract 
+ Focus on the recommendations, conclusions, results, and data (in that 

order) 
+ Details in appendices 
+ Short (except appendices) is especially critical 

> Make report  titles complete and incisively descriptive of a report 's  contents 
> If an oral report: 

+ One slide or transparency per minu te - -maximum 
+ Three or four bullets, and fifty words per s l idemmaximum 
+ Never read from a slide or from notes 
+ Rehearse, rehearse, rehearse, rehearse . . .  

> Do not submit sloppy drawings or sketches. Maintain professional standards. 
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FIGURE 14.18 Table lamp: an unacceptable student drawing. 

REFERENCES 

Earle, James H. Engineering Design Graphics. Reading, MA: Addison-Wesley Longman, 
1999. 

Zinsser, Hans. On Writing Well, 5th edition. New York: HarperCollins, 1994. 

QUESTIONS AND PROBLEMS 

14.1 In Chaper 12, Problem 12.1, you were asked to analyze the assembly 
shown in Figure P12.1, make redesign suggestions in order to reduce 
assembly costs, and to estimate the approximate savings in assembly costs. 
Assume that you are a design engineer working for the ABC Manufac- 
turing Company, which produces the assembly in question, and that you 
are writing a Business Technical Report that is to go to your immediate 
supervisor. 
a) What would you use for a title for this report? 
b) Write an Abstract of no more than 200 words for this report. 
c) Prepare a Results section for the Main Body of this report. 



Communications 357 

14.2 

14.3 

14.4 

14.5 

14.6 

14.7 

14.8 

14.9 

d) What would you use for a title if this were a Research Report? 
e) What would you use for an Abstract if this were a Research Report. 
In Chaper 12, Problem 12.2, you were asked to analyze the assembly 
shown in Figure P12.2, make redesign suggestions in order to reduce 
assembly costs, and to estimate the approximate savings in assembly costs. 
Assume that you are a design engineer working for the ABC Manufac- 
turing Company, which produces the assembly in question, and that you 
are writing a Business Technical Report that is to go to your immediate 
supervisor. 
a) What would you use for a title for this report? 
b) Write an Abstract of no more than 200 words for this report. 
c) Prepare a Results section for the Main Body of this report. 
Assume that you work for the ABC Manufacturing Company and that 
you are involved in a two-week training program for new engineering 
hires. Pretend that as part of this training program you have written 
Section 14.7 "Graphical Communications" as a stand-alone report that is 
given to the trainees. 
a) Write a title for this report that differs from the one used for Section 

14.7. 
b) Write an Abstract of no more than 200 words for this report. 
c) Write an Abstract of no more than 100 words for this report. 
Pretend that you are the Manager of the Design Group within the ABC 
Manufacturing Company, which is responsible for the design of the floppy 
disk drive analyzed in Chapter 12, Exercise 12.2. Prepare a memo to be 
sent to A. B. Curtis, Vice-President of Engineering indicating 
a) What the preliminary results of Exercise 12.2 indicate, and 
b) What you expect to do as a result of these preliminary results. How 

would your memo differ if instead of the product used in Exercise 
12.2, your product was the one considered in Exercise 12.2? 

In Chapter 12, Figure 12.14, an Assembly Advisor was presented. Pretend 
you are writing a Research Report discussing the origins and use of this 
DFA advisor. Prepare the following: 
a) A title for this report. 
b) An Abstract for this report. 
c) A Results section for the Main Body of this report. 
Pretend that you are the author of this book. Write a Research Report 
Abstract for the following chapters: 
a) Chapter 4, "Injection Molding: Relative Tooling Cost" 
b) Chapter 5, "Injection Molding: Total Relative Part Cost" 
c) Chapter 9, "Stamping: Relative Tooling Cost" 
Pretend that you are the author of this book. Write a Business Technical 
Report Abstract for the following chapters: 
a) Chapter 4, "Injection Molding: Relative Tooling Cost" 
b) Chapter 5, "Injection Molding: Total Relative Part Cost" 
c) Chapter 9, "Stamping: Relative Tooling Cost" 
In Chapter 4, Figure 4.1, a classification system for the basic tool com- 
plexity of injection-molded parts was presented. Assume that you are 
preparing a Research Report titled, "Design for Injection Molding: An 
Analysis of Part Attributes that Impact Die Construction Costs for 
Injection-Molded Parts." Write the Results section for this report, indi- 
cating what the data presented in Figure 4.1 demonstrates. 
In Section 4.11 of Chapter 4, it was shown that if the injection-molded 
part shown in Figure 4.26 was redesigned as shown in Figure 4.27, a 25 % 
reduction in mold construction costs would result. Prepare a Business 
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14.10 

14.11 

14.12 

14.13 

14.14 

14.15 

14.16 

14.17 

Technical Report  describing these two alternative designs. Be certain to 
include a recommendation in your report. 
In Section 9.14 of Chapter 9, it was shown that a savings in tooling cost 
could be achieved for the part shown in Figure 9.43, if it were redesigned 
as shown in Figure 9.45. Prepare a Business Technical Report describing 
the three alternative designs and recommend what action should be 
taken. 
In Section 14.2.2 there is a paragraph used as an example of poor writing. 
Rewrite it to eliminate the wordiness, and fix the spelling and grammar. 
In Chapter 12, "Assembly," you were introduced to the idea of design for 
ease of assembly (DFA) and to the Assembly Advisor as an aid design- 
ing for ease of assembly. Select a product, preferably one you are involved 
in designing as part of a semester-long project, and prepare an oral pre- 
sentation describing your use of DFA and the Assembly Advisor. 
In Chapter 9, Tables 9.1 and 9.2, algorithms for determining the total 
number of active stations required for shearing, wipe forming and side- 
action features of stamped parts were presented. Prepare an oral pre- 
sentation in which you describe to the audience the effect of part features 
on the tooling cost of stamped parts. 
Prepare an oral presentation to accompany the Business Technical 
Report that you prepared for Exercise 14.9 above. 
Prepare an oral presentation to accompany the Business Technical 
Report that you prepared for Exercise 14.10 above. 
In place of the memo you wrote as part of Exercise 14.4, prepare a brief 
5-minute oral presentation to be made to Vice-President Curtis. 
Draw the top, front, and right side view for the parts shown in Figure 
P14.17. 

30 ~ 

(at (b) (c) 

FIGURE P14.17 For Problem 14.17. 

14.18 Draw the top, front, and right side view for the part shown in Figure 
P14.18. 

FIGURE P14.18 For Problem 14.18. 



14.19 

gh holes (2) 

Draw the top, front, and right side view for the part shown in Figure 
P14.19. 
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FIGURE P14.19 For Problem 14.19. 

14.20 Draw the top, front, and right side view for the part shown in Figure 
P14.20. 

" ' ~ "  through holes (2) 

, \  
slots (2) 

FIGURE P14.20 For Problem 14.20. 

14.21 Draw the top, front, and right side view for the part shown in Figure 
P14.21. 

through holes (2) 

C 

through groove 

FIGURE P14.21 For Problem 14.21. 



14.22 

(a) 

Shown in Figure P14.22 are orthographic projections for various parts. 
Are the top, front, and right side views shown correctly? What changes 
are required to make them correct? 

__1 

(b) II III  I 
(c) 

(d) 

14.23 

II 

FIGURE P14.22 For Problem 14.22. 

I o I 

(e) 

I I 

An oblique pictorial view of a part is shown in Figure P14.23. Also shown 
in Figure P14.23 are the top, front, and right side views of this part. Are 
these views correct? What changes are required to make them correct? 

FIGURE P14.23 

I 
| 
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For Problem 14.23. 

14.24 
14.25 
14.26 

Convert the oblique view shown in Figure P14.23 into an isometric view. 
Convert the oblique view shown in Figure P14.18 into an isometric view. 
Create isometric views of the following parts: 

Food carrier shown in Figure 14.3 of this chapter. 
The plate and brackets of Figure 14.2 of this chapter, under the 

assumption that the plate and brackets are produced as a single compo- 
nent via some process such as casting. 



J 
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Figure P14.27 shows a part cut by a plane. Create a full sectional view of 
the part at the location where the plane cuts the part. 

14.27 

FIGURE P14.27 For Problem P14.27. 

14.28 Figure P14.28 shows a part cut by a plane. Create a full sectional view of 
the part at the location where the plane cuts the part. 

blind holes (2) 

through hole 
Note: Blind holes run 1/3 the 

length of the block 

FIGURE P14.28 For Problem P14.28. 
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14.29 Figure P14.29 shows a part cut by a plane. Create a full sectional view of the part 
at the location where the plane cuts the part. 

iiiii i ,:.:. 

B i iiiii 

~ou~ 
holes (2) 

FIGURE P14.29 For Problem 14.29. 

14.30 Figure P14.30 shows a part cut by a plane. Create a full sectional view of 
the part at the location where the plane cuts the part. 

FIGURE P14.30 For Problem 14.30. 

14.31 As part of a student project, the drawing shown in Figure P14.31 was sub- 
mitted. The drawing was as an exploded assembly drawing of a small 
handheld hair dryer. What suggestions, if any, would you make to improve 
this drawing? 
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1. FRONT SECTION 3, NOSE PIECE 4, WIRE SCREEN 5. BACK SECTION 

7, MOTOR ASSEMBLY 

9. PO~/ER SWITCH 
I0. SPEED SWITCH 

1 

VOLT SWITCH 

SCREWS I 

FRONT 
VIEW 

FIGURE P14.31 Hair dryer assembly drawing for  Problem 14.31. 

14.32  As part of a student project, the drawing shown in Figure P14.32 was sub- 
mitted. The drawing was as an exploded assembly drawing of a battery- 
powered pencil sharpener. What suggestions, if any, would you make to 
improve this drawing? 
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....... T "+g,; "' 
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- no t  eclsy ~o oll~n 
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FIGURE P14.32 Assembly  drawing o f  a battery-powered pencil sharpener for  Problem 
14.32. 



Nomenclature 

A = Die set length (for a progressive die); Kdmo/(Kdmo + Kaco) 
Ap = Projected area of a part normal to the direction of mold closure 
a -  Dimension, length; constant 
B = Die set width (for a progressive die); Kaco/(Kamo + Kaco) 
B m -  Width of the part in a direction normal to the direction of mold closure 
Bu = Width of an injection-molded or die-cast part with the axis straight = H 
b = Dimension, length, thickness, width; rib width; boss width 
C -  Value obtained from Figures 4.23 or 7.7 
Can = Cost to assemble n parts 
Cb = Approximate relative tooling cost for an injection-molded or die-cast part 

due to size and basic complexity 
Ca = Ka/Kdo- Tooling cost for a part relative to the tooling cost for the reference 

part 
Cac = Kdc/Kaco = Tool construction cost for a part relative to the tool construction 

cost for the reference part (= Cb Cs Ct for an injection-molded or die-cast part; 
= tac/taco for a stamped part) 

Cdci- Relative tool construction cost for the ith part. 
Cdcx = Relative die construction cost for a single functionally equivalent part to 

replace n parts 
Cdm -- Kdm/Kdmo- Tool material cost for a part  relative to the tool material cost 

of the reference part. Value obtained from Figures 4.24 or 7.8 for injection- 
molded or die-cast parts. Value obtained from Equation 9.15 for stamped parts. 

Cami = Relative die material cost for the ith part 
Cdmx = Relative die material cost for a single functionally equivalent part to 

replace n parts 
C a p  --  Kdp/Kdop, Tooling cost of a thermoplastic injection-molded part relative to 

the tooling cost of the injection-molded reference part 
Gas- Kds/Kdos, Tooling cost of a stamped part relative to the tooling cost of the 

stamped reference part 
Cdx- Total relative die cost for a single functionally equivalent part 
Ce- Ke/Keo = Processing cost for a part relative to the processing cost for the ref- 

erence part 
Cea  = Kea/Keao, Processing cost for an aluminum die-cast part relative to the pro- 

cessing cost for the aluminum die-cast reference part 
Cep  -- Kep/Keop, Processing cost for a thermoplastic injection-molded part relative 

to the processing cost for the injection-molded reference part 
Ces- Kes/Keos, Processing cost for a stamped part relative to the processing cost 

for the stamped reference part 
Ch = Machine hourly rate 
Cho = Machine hourly rate ($/hr) for the reference part 
Chr = Relative machine hourly rate = machine hourly rate for a part relative to 

the machine hourly rate of the reference part = Ch/Cho 

365 
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C h r  a = Relative machine hourly rate for aluminum die-casting machines 
Chrp = Relative machine hourly rate for injection-molding machines 
Cm = Km/Kmo, Material cost of a part relative to the material cost of the reference 

part 
Cmp = Kmp/Kmop, Material cost of an injection-molded part relative to the mate- 

rial cost of the injection-molded reference part 
Cmr = Kp/Kpo = material cost per unit volume of a part relative to the material 

cost per unit volume of the reference part 
Cms = Kms/Kmos, Material cost of a stamped part relative to the material cost of 

the stamped reference part 
Cr = Total cost of a part relative to the total cost for the reference part 
Crp = Total relative cost of a thermoplastic injection-molded part 
Crs = Total relative cost of a stamped part 
Cs = For injection-molded and die-cast parts, a multiplier to account for the cavity 

detail (subsidiary complexity) for relative tooling cost. 
Ct = For injection-molded and die-cast parts, a multiplier to account for the tol- 

erance and surface finish requirements for relative tooling cost. 
E = Modulus of elasticity 
F = Estimated total force in tons required to form an injection-molded, die-cast, 

or stamped part 
Fb = Bending force required (stamping) 
Fam = Factor to account for the effect of sheet thickness on die material cost for 

a stamped part 
Feff = Press efficiency 
Fout = Force required to separate the stamped part from the trip 
Fp = Machine tonnage required to mold or die cast a part; total press force 

required to stamp a part 
Fst = Stripper force required to remove the strip from around the punches 
Fs = Total shearing force required to stamp the part (Fout + Fst)(1 + Xdd) 
Ft = Factor to account for the effect of sheet thickness on die construction costs 

for a stamped part 
fa = Kdo/Ko, Tooling cost of the reference part relative to the total cost of the d 

reference part 
fdp = Kdop/Kop, Tooling cost of the injection-molded reference part relative to the 

total cost of the injection-molded reference part 
fe = Keo/Ko, Processing cost of the reference part relative to the total cost of the 

reference part 
fep = Keop/Kop, Processing cost of the injection-molded reference part relative to 

the total cost of the injection-molded reference part 
fm = Kmo/Ko, Material cost of the reference part relative to the total cost of the 

reference part 
fmp = Kmop/Kop, Material cost of the injection-molded reference part relative to 

the total cost of the injection-molded reference part 
Hm = The height of the part in the direction of mold closure 
h = Rib height; boss height; height 
Kd = Total tooling cost (mold or die cost) for the part 
Kd/N = Tooling cost per part 
Kda = Tooling cost for an aluminum die casting 
Kdc = Die construction cost for a part 
Kdco = Die construction cost for the reference part 
Kdi = Total tooling cost for the ith component  
Kdm = Die material cost for a part 
Kdmo = Die material cost for the reference part 
Kdo = Tooling cost for the reference part 
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Kdop = Tooling cost for the thermoplastic injection-molded reference part 
Kdp = Tooling cost for a thermoplastic injection molding 
Kds = Tooling cost for a stamped part 
Kdx = Total tooling cost for the single functionally equivalent part to replace the 

n parts 
Ke = Processing cost per part (approximately the product of the machine hourly 

rate and the cycle time) 
Kea = Processing cost for an aluminum die casting 
Keao = Processing cost for the die-cast aluminum reference part 
K~i = Processing cost for the ith component 
K~o = Processing cost per part for the reference part 
Kep = Processing cost for a thermoplastic injection molding 
Kepo = Processing cost for the thermoplastic injection-molded reference part 
Kes = Processing cost for a stamped part 
Kex = Processing cost for the single functionally equivalent part  to replace the n 

parts 
Km = Material cost per part 
Kma = Material cost for an aluminum die casting 
Kmi = Material cost for the ith component 
Kmo = Material cost per part for the reference part 
Kmop = Material cost per part for the thermoplastic injection-molded reference 

part 
Kmp = Material cost for a thermoplastic injection-molded part 
Kms = Material cost for a stamped part 
Kmx - Material cost for the single functionally equivalent part to replace the n 

parts 
Ko = Manufacturing cost of the reference part 
Kop = Manufacturing cost of the thermoplastic injection-molded reference part 
Kp = Material cost per unit volume 
Kpo = Material cost per unit volume for the reference part 
K t  = Total production cost of a single part 
Kta = Total cost to produce a part as an aluminum die casting 
Kti = Total cost of producing the ith component 
Ktp - T o t a l  cost to produce a part as a thermoplastic injection molding 
Ktx = Total cost of producing the single functionally equivalent part to replace 

the n parts 
L, B, H = Lengths of the sides of the basic envelope (L > B > H) 
Lbt = S u m  o f  all straight bend lengths 
Ldb = Die block width (progressive die) 
Ldl = Die block length (progressive die) 
Lm = The length of the part in a direction normal to the direction of mold closure 
Lout = Peripheral length of an unfolded part 
Lu = Maximum length of an injection-molded or die-cast part with the axis 

straight = L + B 
Lub = Envelope dimension of a stamped part parallel to the direction of strip feed 
Lubn = Envelope dimension of a stamped part perpendicular to the direction of 

strip feed 
Lul = Flat envelope length of a stamped part 
Luw = Flat envelope width of a stamped part 
1 = Length 
Ma = Projected area of the mold base normal to the direction of mold closure 
M t  = Thickness of the mold base 
Mwf = Thickness of core plate 
Mws = Thickness of the mold's side walls 
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N = Production volume 
N a  = Number  of active stations for progressive die 
Nal, Na: = Number  of active stations required for shearing and local forming, and 

wipe forming and side-action features, respectively 
Nil, Ni2 = Number  of idle stations required for shearing and local forming, and 

wipe forming and side-action features, respectively 
No = Production volume of reference part 
Ns = Total number  of stations required for a progressive die = Na + Ni 
n = Strain hardening coefficient; number of parts in an assembly 
nc = Number  of cavities in a multiple cavity mold 
Ra = Surface finish 
r = Radius 
Sds = die set area = AB 
Ta = Tolerance; difference between the maximum and minimum limit of size 
t = Machine cycle time (processing time) for a part; sheet thickness for a stamped 

part; thickness; time 
tb  = Basic relative cycle time for an injection-molded or die-cast part; tool build 

hours for a stamped part 
td = Tool design hours for a stamped part 
ti = Build hours for a progressive die station 
tdc = Total die construction hours for a stamped part 
tcy = Effective cycle time of a press (stamping) 
te = Additional relative cycle time due to inserts and internal threads 
teff = Effective cycle time (injection molding) = machine cycle time, t, divided by 

the production yield, Y 
to = Cycle time (processing time) for the reference part 
tp  = A time penalty factor to account for surface requirements and tolerances on 

the relative cycle time 
tr = t/to = Relative cycle time of a part 
trp = Relative cycle time for a thermoplastic injection-molded part 
tra = Relative cycle time for a die-cast aluminum part 
tsetup = Approximate  setup time in hours (stamping) 
V = Part volume 
Vo = Volume of the reference part 
w = Wall thickness; width 
Xdd ~-~ A force factor to account for die detail in stamping 
Y = Production yield = usable parts/total parts produced 
ACdm -- ]~Cdmi- Cdmx 
ACdc m ]~Cdci- Cdcx 
AK = Cost to produce and assemble n parts minus the cost of producing one func- 

tionally equivalent part 
AK~p = Difference in cost to produce a part as an aluminum die casting and as a 

thermoplastic injection molding 
AK~ = Difference in processing cost 
AKps = Difference in cost to produce a part as a thermoplastic injection molding 

and as a stamping 
/"  1 "x 

l n ( 1 )  ; 1 is the final length of the specimen, and lo is the initial length of the 
X. x O /  

specimen 

~ e = l n ( 1 - 1 ~  lo ;1 is the final length of the specimen, and lo is the initial length of 

the specimen 
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P 
o = ~ - ; P  is the tensile load applied to the specimen, and A is the cross- 

sectional area of the specimen 
P 

Oe = ~oo; P is the tensile load applied to the specimen, and Ao is the initial cross- 

sectional area of the specimen 
Oy = yield stres 



Index 

A 
Abstracts, 324, 330-332, 340-341 
Active stations. See Stamping 
Allowance, 17 
Aluminum extrusions, 240 
Assembly 

assembly advisor, 259, 261 
automatic handling, 253,255, 258 
design for assembly (DFA), 253,263 
handling, 253,255,256, 261,263 
insertion, 253,259, 261,263 

B 
Baffles, 85, 87 
Basic complexity, 41, 42, 43, 54, 127, 129 
Basic envelope, 42, 44, 53, 71 
Basic hours. See Stampingmbasic hours 
Bend directions, 190 
Bend stages, 182, 190-193 
Bending, 172, 179, 182 
Bending force, 217 
Boss, 45-47, 54, 71, 72, 89-90, 91, 93, 112, 

176 
significant, 90, 112, 135 

Bubblers, 85, 87 
Build hours. See Stamping 
Business technical reports, 324, 329-332, 

337-341 

C 
Calendering, 32 
Casting 

carbon dioxide mold casting, 121 
centrifugal, 121 
ceramic, 121,122 
die, 115,117-121 
permanent mold, 122 
plaster mold, 121,122 
sand, 115-117 
shell mold, 121-122 

Cavity detail. See Die casting; Injection 
molding 

Centrifugal casting. See Casting 
Ceramic mold casting. See Casting 
Clearance, 17-22 
Clearance fit, 17 
Closely spaced features. See Stamping 
Cold chamber machine. See Die casting 
Combination die. See Compound die 
Compound die. See Stamping 

Compression molding, 32, 33 
Conceptual design, 5, 6, 9 
Configuration design, 5-7 
Cooling channels, 85-87 
Cope. See Sand casting 
Corrosion resistance, 285,286, 288, 292, 

297, 299 
Creep, 286, 290 
Curls. See Stamping 
Cycle time, 75-80, 86, 87, 88, 89, 90, 92, 

94-101,112, 127, 135-138, 218 
Cyclic loads, 291 

D 
Density, 22 
Design for manufacturing (DFM), 1-3, 33, 

41,124 
Design for manufacturing (DFM) 

guidelines 
aluminum extrusions, 240 
assembly, 253,263 
casting, 123-125 
compression molding, 32-34 
forged parts, 239 
injection molding, 32-34 
machining, 245 
stamped parts, 164 
transfer molding, 32-34 

Detail design, 5, 7 
DFM. See Design for manufacturing 
DFM guidelines. See Design for 

manufacturing guidelines 
Die casting 

cavity detail, 130 
classification system for basic 

complexity, 129 
classification system for basic relative 

cycle time, 136 
cold chamber machine, 120 
effective cycle time, 135-138 
hot chamber machine, 121 
processing cost, 140-142 
production yield, 135-138 
relative mold material cost, 130 
relative tooling cost, 127, 130, 134-135 
subsidiary complexity, 127, 130 
surface finish, 130, 138 
tolerances, 138 
total relative mold cost, 132 
vs injection molding, 300 

371 
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Die casting (continued) 
worksheet for relative processing cost 

and total relative part cost, 143 
worksheet for relative tooling cost, 143 

Die construction time (hours). See 
Stamping 

Die design hours. See Stamping 
Die material cost, 40, 60, 76, 127, 132, 174, 

200, 224 
Dimensional tolerances, 93, 138 
Direction of features. See Stamping 
Distinct features. See Stamping 
Dividing surface. See Injection molding 
Draft. See Sand casting 
Drag. See Sand casting 
Drawing, 231-233 
Ductile, 21 

press, 237 
Frames, 82-83, 112 

G 
Geometric tolerances, 93 
Graphical communications 

examples-acceptable, 352 
examples-unacceptable, 352 
exploded views, 346 
isometric views, 347-350 
oblique views, 347-349 
orthographic projections, 345-348 
pictorial views, 347 
sketching, 345 
standards, 345,351 

Grinding machine. See Machining 
Gusset plate, 47, 72, 89, 90, 96 

E 
Effective cycle time. See Die casting; 

Injection molding 
Electrical conductivity, 22, 285 
Electrical discharge machines. See 

Machining 
Electrical resistivity, 22 
Elemental plate. See Injection moldingm 

partitionable parts; Stamping 
Embosses. See Stamping 
Engineering design, 5 
Engineering strain, 18-20 
Engineering stress, 18-20 
Exploded assembly view. See Graphical 

communications 
External plates. See Injection moldingm 

partitionable parts 
External undercut. See Injection 

moldingmundercut 
Extruded hole. See Stamping 
Extrusion 

aluminum, 232-234 
plastic, 30 

Extrusion blow molding, 31 

F 
Fabricating, 147 
Fatigue, 286, 291 
Fit 

clearance fit, 17 
interference fit, 17 
transitional fit, 17 

Foam processing, 32 
Forging 

blocker-type, 235 
closed die, 234-236 
conventional, 235-236 
hammer, 235-237 
materials, 237-238 
open-die, 234 
precision, 235 

H 
Hammers. See Forging 
Hems. See Stamping 
Holes and depressions. See Injection 

molding 
Hot chamber machine. See Die casting 
Hybrid report, 341 

! 
Idle stations. See Stamping 
Impact loads, 291 
Industrial design, 3-5 
Injection molding 

additional relative cycle time, 78 
basic envelope, 42, 43, 71 
basic relative cycle time, 78-80, 87 
bosses 

non-significant, 89-90, 91, 112 
significant, 89-90, 91,112 

cavity detail, 54-55, 71 
classification system for basic relative 

cycle time, 79 
classification system for basic tool 

complexity, 43 
die construction cost, 40-41 
die material cost, 40 
dividing surface, 47, 52, 71 
effect of materials on relative cycle 

time, 94-95 
elemental plates, 78, 80-83, 112 
flames, 82, 112 
grilles and slots, 78, 87, 89 
gussets, 78, 88, 89 
holes and depressions, 44-45, 50, 51, 54, 

71 
inserts, 78, 92 
isolated projections, 42 
material costs, 40, 102-103 
mold closure direction, 42 
multiple cavity molds, 60 
non-partitionable parts, 83, 87-88, 92 
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non-slender parts, 78 
parting surface, 47 
partitionable parts, 78, 81, 85-87 
peripheral height, 51-52, 61, 71 
processing cost, 75-78, 101-102 
production yield, 75-76 
projections. See Bosses and ribs 
recessed features, 42-44 
relative mold material cost, 58-60 
relative tooling construction cost, 41-42, 

54, 58 
ribs 

significant, 89, 112 
shutoffs 

complex, 50-52 
simple, 45, 50-52 

slender parts, 78, 81-83 
subsidiary complexity, 55 
surface finish, 54, 55 
surface requirements, 92-93 
tolerance, 41, 93-94 
total cost, 41 
total relative tooling construction cost, 

58 
undercuts 

external, 47-52, 71 
internal, 47-52, 71 

vs die casting, 300 
vs stamping, 307 
worksheet for relative processing cost 

and total relative part cost, 105 
worksheet for relative tooling cost, 64 

Inserts, 78-80, 92 
Interchangeability, 13 
Interference, 17 
Interference fit, 17 
Internal threads, 78-80, 92 
Internal undercut. See Injection 

moldingmundercuts 
Investment casting, 115, 118 
Isolated projections, 42, 46, 72 

L 
Lance form, 147, 176 
Lathes. See Machining 
Limits of size, 16 

M 
Machine tonnage. See Press tonnage 
Machining 

electrical discharge machine, 244-245 
grinding machine, 244 
lathes, 242 
milling machines, 242-243 
shaping machine, 242 

Manual handling, 253,255 
Material cost, 102, 140, 223,293 
Material prices, 77, 223 
Material-first approach, 278, 297 

Maximum limit of size, 17 
Mechanical properties 

engineering strain, 18-20 
engineering stress, 18-20 
natural strain, 18-20 
offset yield stress, 20 
true stress, 18-20 
ultimate stress, 18-19 
yield stress, 18 
Young's modulus, 18-19 

Melting point, 22 
Metals vis-a-vis plastics, 285 
Milling machine. See Machining 
Minimum limit of size, 17 
Mold closure direction. See Injection 

molding 
Mold material cost, 58-60, 130-131 
Multiple cavity molds. See Injection 

molding 

N 
Narrow cutouts. See Stamping 
Narrow projections. See Stamping 
Natural strain, 18-20 
Non-partitionable parts. See Injection 

molding 
Non-shearing operation, 147 
Non-slender part. See Injection molding 
Non-stampable parts, 194 
Notching, 160-164 

O 
Oblique views. See Graphical 

communications 
Offset yield stress, 20 
Operating costs, 75, 102, 223. See also 

Processing costs 
Orthographic projections. See Graphical 

communications 
Overbends, 182 

P 
Parametric design, 5, 7, 9 
Part partitioning 

non-partitionable parts, 83, 85, 87-88, 92 
partitionable parts, 85-87 

Peripheral height. See Injection molding 
Permanent mold casting, 115, 121,122 
Physical properties 

corrosion resistance, 22 
density, 22 
electrical conductivity, 22 
electrical resistivity, 22 
melting point, 22 
specific heat, 22 
thermal conductivity, 22 
thermal expansion, 22 

Pictorial views. See Graphical 
communication 
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Piercing, 155, 165,197 
Pilot holes, 158-160, 163,171,175 
Plaster mold casting, 121-122 
Polymer processing 

calendaring, 32 
compression molding, 25-26, 28-29, 

32-33 
extrusion, 25, 30-31 
extrusion blow molding, 25, 31 
foam processing, 32 
injection molding. See Injection molding 
materials, 25-26 
rotational molding, 32 
thermoforming, 32 
transfer molding, 25-26, 29-32 

Press brake. See Stamping 
Press tonnage, 101,141,216, 218 
Presses, 156-157, 171,218,237 
Primary plate. See Stamping 
Process planning. See Stamping 
Process-first approach, 278, 280, 285, 

295 
Processing costs, 101,127, 135,215 
Product design, 5, 9-10 
Product development, 3, 5, 9 
Product realization, 1, 3-5 
Production design, 3-5, 7, 9 
Production yield, 75-76, 92-93, 135-138 
Progressive die. See Stamping 
Projections. See Injection molding 

O 
Qualitative DFM guidelines 

for casting. See Design for 
manufacturing guidelines 

for compression molding. See Design 
for manufacturing guidelines 

for injection molding. See Design for 
manufacturing guidelines 

for transfer molding. See Design for 
manufacturing guidelines 

Qualitative guidelines 
on design for assembly. See Design for 

manufacturing guidelines 
on design for machining. See Design for 

manufacturing guidelines 
Qualitative reasoning on design for 

manufacturing for aluminum 
extrusions. See Design for 
manufacturing guidelines 

R 
Radius form, 183,186 
Recessed features, 42-44, 47 
Relative cycle time. See Individual process 
Relative die construction cost. See 

Individual process 
Relative die material cost. See Individual 

process 

Relative material cost. See Individual 
process 

Relative processing cost. See Individual 
process 

Relative tool construction cost. See 
Individual process 

Relative tooling cost. See Individual 
process 

Research report, 329-338 
Rib. See Injection molding 
Risers. See Sand casting 
Rolling, 231-233 
Rotational molding, 32 
Runners. See Sand casting 

S 
Sand casting 

cope, 115-117 
draft, 116 
drag, 115-117 
risers, 117-118 
runners, 116, 119 
sand core, 117 

Semi-perf. See Stamping 
Shearing, 147-150 
Shearing force, 216 
Sheet-metal forming 

spinning, 152-153 
stamping, 147. See also Stamping 
stretch forming, 151-152 

Shell mold casting, 121-122 
Side shutoffs. See Injection molding 
Side-action feature. See Stamping 
Significant rib. See Injection moldingmrib 
Sink marks, 89, 93, 112-113, 138 
Size 

limits of size, 16 
maximum limit of size, 17 
minimum limit of size, 17 

Size control, 13-14 
Slender part. See Injection molding 
Special purpose parts, 2, 6-7, 9-10 
Spinning 

cone spinning, 152 
tube spinning, 153 

Springback, 21 
Sprues. See Sand casting 
Stamping 

active stations 
number of, 175-176, 182-183 

basic hours, 197 
bend directions, 190 
bend stages, 182-183, 186, 188, 190 
build hours, 175, 195-197 
closely spaced features, 165 
curls and hems, 176, 179 
design hours, 195,197 
die construction costs, 174, 195,198-200 
die construction hours, 195 
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dies 
compound, 147, 153-154 
progressive, 153-156 

direction of features, 176 
distinct features, 165, 176 
effects of part material, 199 
effects of sheet thickness, 199 
elemental plates, 186-192 
embosses, 176-179 
extruded hole, 176, 197 
hems, 176, 179 
idle stations, 160, 201-202 
lance form, 176 
multiply-connected plate, 187 
narrow cutouts and projections, 178-179 
part partitioning, 186 
press brake, 171-172 
press selection, 217 
press tonnage, 216 
presses, 147, 156-158, 171 
primary plate, 187 
process planning 

creating a strip layout, 158-160 
strip development, 158-160 

radius form, 148 
relative cycle time, 218-219, 261 
relative die construction costs, 195, 198 
relative die material cost, 200 
relative material cost, 223-224 
relative processing cost, 215 
semi-perf, 177, 197 
side-action feature, 182, 185, 197, 202 
singly connected plate, 189 
steel rule die, 171-172 
tabs, 176, 179 
total cost, 215,223 
total relative cost, 223 
worksheet for relative processing cost, 

225 
Stamping presses, 147, 156-158, 171 
Stamping process. See Stampingwprocess 

planning 
Standard parts, 2, 6 
Steel rule die. See Stamping 
Strain hardening, 21 
Stretch forming, 151-152 
Strip development. See Stampingmprocess 

planning 
Strip layout. See Stampingmprocess 

planning 

Subsidiary complexity, 55, 127, 130 
Surface requirements, 80, 92-93, 113, 

139 

T 
Tabs, 176, 179 
Thermal conductivity, 22 
Thermal expansion, 22 
Thermoplastic 

amorphous, 25 
crystalline, 25 

Thermoset, 25, 26, 28 
Time penalty factor, 80, 139 
Titles. See Written communications 
Tolerance 

bilateral, 17 
unilateral, 17 

Tooling cost. See Individual process 
Total cost. See Individual process 
Total relative mold cost. See Individual 

process 
Total relative part cost. See Individual 

process 
Total relative tooling cost. See Individual 

process 
Transfer dies, 155 
Transfer molding. See Polymer 

processing 
True stress, 18-20 

U 
Ultimate stress, 18-19 
Undercuts. See Injection molding 

W 
Wipe forming, 149, 160, 182-183 
Written communications 

abstracts, 323,330-331,338, 340-341 
business technical reports, 323,329, 332, 

337-340 
conciseness, 325-326 
literature review, 330, 333-334 
preparation, 323-324, 341 
research reports, 323,329 
standards, 331,345,351 
titles, 330, 339, 343 
types, 323,327, 329 

Y 
Yield stress, 18 



About the CD-ROM 

The Tutors 
Are interactive multimedia software containing a combination of text, graphics (stills and 
animated), and voiceover intended specifically for teaching design for manufacturing. 
They contain both an introduction and a workshop. 

The Introduction 
Uses a series of animated screens to introduce students to a particular manufacturing 
process. This is then followed by a more detailed illustration of the relationship between 
part geometry and tooling. The introduction concludes with a discussion of the various 
design for manufacturing rules for that process. 

The Workshop 
The injection molding and stamping workshops provide students with the opportunity to 
design and "build" a part from a restricted family of part geometries, to view an animated 
version of the tooling, and to obtain an evaluation of their design. The forging workshop 
presents the user with various scenarios and asks the user to select the best design given 
the constraints of the scenario. 

�9 Injection Molding Tutor: Design L-brackets or boxes by adding ribs, bosses, and 
thru-holes. Concepts such as undercuts, mold closure direction, and side shut-offs 
are introduced and animated tooling provided. 

�9 Stamping Tutor: Design bent parts or fiat parts by moving various features onto 
a blank metal strip. Concepts such as side-action features, closely spaced features, 
narrow cutouts, strip layout, idle stations, pilot holes, carrier strips, and bend stages 
are introduced and animated versions of the tooling stations created and shown. 

�9 Forging Tutor: Select the proper combination of part material and part geometry 
to produce a cost effective forging. Concepts such as blocker dies, conventional 
dies, and multi-ram presses are introduced via animations. 

Software Requirements 
PC with 32 MB RAM and Windows 95, 98, or NT. While the tutors can be run from the 
CD, it's best to run them from a hard drive. To run it from a hard drive, 450 MB of space 
must be available. For best results with the tutors, the monitor should be set for High Color 
(16 bit) and a display area of 640 • 480. 

Running the Tutors 
To run the tutors, it is first necessary to have QuickTime (2.1.2) and QuickDraw3D (1.5.4.9 
or later) installed on your computer. Both of these applications are included on your CD. 
After installation of QuickTime and QuickDraw3D, transfer the Manufacturing Tutors 
folder to your hard drive. To run the tutors, go to the Manufacturing Tutor folder and 
double click on the Tutors.exe icon. In each tutor, it is possible to go between the Intro- 
duction and the Workshop by using the File or Workshop drop down menu and clicking 
on Workshop or Introduction. It is best to become familiar with the various drop down 
menus in the different Workshops before becoming too involved in creating parts. 

Beyond providing replacements for defective discs, Butterworth-Heinemann does not 
provide technical support for the content of this CD; however, you may address your 
replacement questions via email to techsupport@bhusa.com. Be sure to reference CD- 
73419. 
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