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Series Editors’ Preface

Dear Reader,

As you are likely aware, robotics has become one of the key areas of 
research and engineering in the decades. It is already significantly in-
tegrated into numerous aspects of human everyday life and will con-
tinue to profoundly influence the quality of life in the 21st Century by 
pioneering new paradigms in science and implementing them in funda-
mentally novel robotics engineering technologies. Thus, it is evermore 
necessary to proficiently train incoming generations of engineers who 
would be capable to address future challenges and move robotic sci-
ence and engineering forward. In this regard, ASME Press launched 
the Robotics Engineering Book Series and thereby established a unique 
avenue to facilitate technological discoveries by producing top quality 
technical books and texts.

I am delighted to introduce the first two books in the Series: 
Designs and Prototypes of Mobile Robots and Mobile Robots for Dynamic 
Environments. Authored by a group of well-known researchers led by 
Prof. Marco Ceccarelli and Dr. Emin Faruk Kececi, these books go 
beyond the typical robotics application and uniquely integrates me-
chanical design and control decisions within interactive dynamics of 
the operator-machine-environment system. I believe that the historical 
overviews, recent developments and technical approaches presented in 
these books will inspire the next wave of novel thoughts and ideas to be 
further researched and engineered.

Another distinguished feature of these books is its team of research-
ers, composed of veterans in robotics engineering as well as prominent 
professionals of younger generations. The Robotics Engineering Book 
Series is committed to both assisting eminent scholars in publishing 
their findings and introducing outstanding new researchers to the world 
of books in Robotics. New titles are coming soon, and we look forward 
to close collaboration with researchers and engineers around the world. 

Vladimir V. Vantsevich, ScD, PhD, ASME Fellow
Founding Editor, ASME Press Robotics Engineering Book Series

January 20, 2015
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Preface

For several decades now, mobile robots have been integral to the de-
velopment of new robotic systems for new applications, even in non-
technical areas. Mobile robots have already been developed for such 
uses as industrial automation, medical care, space exploration, demin-
ing operations, surveillance, entertainment, museum guides and many 
other industrial and non-industrial applications. In some cases these 
products are readily available on the market. A considerable amount of 
literature is also available; not all of which pertains to technical issues, 
as listed in the chapters of this book.

Mobile robots will always be further developed with the goal of per-
forming locomotion tasks, those related to movement and interaction 
with the surrounding environment, within which a task can be fulfilled 
even without the supervision of human operators. The complexity of 
locomotion requires different solutions both for design and operation. 
As such, a large variety of mobile robots and mobile robotic systems 
has been, and still can be, developed. In fact, considerable advancements 
have been achieved within the last few decades, and a vast amount of 
literature is already available detailing a large variety of mobile robots. 
The literature emphasizes design issues, operational success, procedures 
and algorithms that can be used specifically for these applications, as 
opposed to general approaches for a variety of cases.

One key point for mobile robots is interaction with the environment 
in which the mobile robot moves and corresponding solutions can de-
termine the success or failure of the motion. Indeed, the mechanical 
design is not very often considered a critical issue, but rather it is often 
included as an issue in the overall design of mechanical solutions within 
servo-controlled operation and environment interaction. A second im-
portant issue is the acceptance of robotic systems and the correspond-
ing psychological aspects, when robots are proposed to operators and 
users in fields with very low levels of technical means in their current 
work practice.

These two subjects are the core of the discussions in this book and 
its companion volume, Mobile Robots for Dynamic Environments (avail-
able separately from ASME Press), which aims to illustrate not only the 
potential but also the problems for the dissemination of mobile robots 
and mobile robotic systems in all human activities with service aims. 
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xiv  Designs and Prototypes of Mobile Robots

Authors have been invited from all over the world and chapters have 
been selected after review as to approach the most challenging aspects 
and applications of mobile robotic systems, with the aim to survey the 
current state-of-the-art and its future potential.

We believe that readers will enjoy this book and its companion, and 
will utilize the knowledge gained with satisfaction and will be assisted 
by its content in their interdisciplinary work for engineering develop-
ments of mobile robots, in both old and new applications. This book 
and its companion can be used as a graduate level course books or guide 
books for the practicing engineer who is working on a specific problem 
which is described in one of the chapters.

We are grateful to the authors of the chapters for their valuable con-
tributions and for preparing their manuscripts on time. Also acknowl-
edged is the professional assistance by the staff of ASME Press and 
especially by Dr. Vladimir Vantsevich, who has enthusiastically sup-
ported this book project, as the Robotics Series Editor.

We are also thankful to our families for their patience and under-
standing, without which the realization of this book and its companion, 
with the input of so many experts from different fields and countries, 
might not be possible. Moreover, our students hard and dedicated work 
taught us a lot.

Dr. Marco Ceccarelli and Dr. E. Faruk Kececi
Cassino, Italy and Istanbul, Turkey - July 2014
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1.	 Linkages for leg mechanisms

Marco Ceccarelli, University of Cassino and South Latium, Italy

Abstract: Walking robots are based on the mechanical structures of 
legs, in which mechanisms play an important role in functionality 
and performance characteristics. These robots have been developed 
with a wide variety of solutions over time. A short account of the 
history of using mechanisms in walking robots is presented in this 
paper, illustrated through significant examples and an explanation 
of primary concepts, with the goal of stressing challenges for future 
development.

1.1	 Walking issues for robots 
Locomotion in nature is ensured with legged systems, as demonstrated 
by animals with a wide range of solutions and performance characteris-
tics. In general, animals have symmetric structures featuring two, four, 
six or eight legs that ensure stable walking and even running within a 
large variety of environments [1]. Figure 1-1 presents a summary of 
the animals that have generally been considered an inspiration for arti-
ficial walking machines since such applications began to be developed.

In addition, a three-legged operation is sometimes used, as illustrated 
by someone walking with the help of a cane or a kangaroo using its 
tail for slow motions [2]. Figure 1-2 shows examples of those natural 
structures and operations in three-legged systems.

Although the number and anatomic structure of the legs can be very 
different among different types of animals, kinematic design models and 
operational functions can be summarized as in the following: having a 
foot with a space mobility of at least 3 d.o.f.’s and an ovoid-like trajec-
tory of ankle reference point, as shown in Figure 1-3. In particular, the 
kinematic design of a human-like leg can be characterized by a spherical 
joint S at the hip articulation and revolute joints R at knee and ankle 
articulations. The walking operation can be characterized by looking at 
the articulation motions as per the joint angles, and by evaluating the leg 
movement as per the trajectory of an ankle reference point. The walking 
movement path can be summarized in a typical trajectory of the ankle 
reference point that shows an ovoid-shaped path whose dimensions give 
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2  Designs and Prototypes of Mobile Robots

the step size S and step height H, as indicated in Figure 1-3(b). The step 
size gives the capability of the walking motion, while the step height H 
gives indication of overpassing obstacles while walking. Both param-
eters can be increased on purpose during operation, but H is the main 
characteristic of a walking leg that makes legged systems very flexible, 
even for use in environments crowded with obstacles.

The end-effector of a leg is a foot, which has the function of contact 
and interaction with the ground in order to provide a proper action 
and reaction in walking, both for force exchange and stable positioning. 
The peculiarities of foot anatomy and operation are also significant in 
differentiating and specializing animals for the specific environments in 
which they usually live.

Figure 1-1  Animals that are considered inspiration in de-
signing and operating walking machines: a) ostrich; b) horse; 
c) crab; d) spider.
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Linkages for Leg Mechanisms  3

The anatomy of legs in nature can be summarized as a bone struc-
ture with joint articulations that are activated by a complex system of 
muscles whose operation is regulated by a complex neurological system, 
as illustrated in Figure 1-4(a), referring to human anatomy.

However, from a kinematic viewpoint leg functionality can be sum-
marized as due to the bone structure with its articulations, which can be 
understood as revolute joints in the ankle and knee, and as a spherical 
joint in the hip, as illustrated in Figure 1-3(a).

Figure 1-2  Three-leg structure for walking in nature: a) a 
kangaroo in slow motion; b) a person using a cane to walk.

Figure 1-3  Main characteristics of a kinematic design of a 
human-like leg: a) structure; b) reference ankle point path.
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4  Designs and Prototypes of Mobile Robots

Muscle function can be modelled as action by links or cables that pull 
the bone at which they are attached, and more complex leg models can 
be identified as structures that are based on parallel manipulator archi-
tectures [3], as illustrated in Figure 1-4(b). 

In replicating leg anatomy and/or functionality in walking machines 
and robots, bone structure is often used as a reference and kinematic 
designs are developed to achieve walking locomotion with motion prop-
erties for smooth operation, payload capability, and nature-like actions. 
Thus, attention is focused on replicating a suitable human-like path for 
a reference foot point.

Problems for leg mechanisms can be outlined, both for design and opera-
tion purposes, as linked to each other, by tackling the problem as in mechan-
ics of robots [4], and they can refer to demanding situations for overpassing 
obstacles or climbing steps. Mechanical aspects can be identified, as indi-
cated in the sketches in Figure 1-5, as referring to possible solutions for mo-
bile robots with legged solutions in attaching the following problems:

•	motion synchronization for step size and lift height
•	balancing actions and dynamics simulation
•	 ground-foot contact with consideration of friction and impact 

aspects
•	 actuation and forward velocity
•	motion planning (also for obstacle avoidance)
•	 sensored and controlled interactions with the task of walking

Figure 1-4  Human leg structure: a) sketches of human anat-
omy; b) a kinematic model considering bones and muscles.
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Linkages for Leg Mechanisms  5

•	design compactness and light weight
•	payload capacity and environment interaction

Overcoming obstacle conditions as a leg design problem can be dis-
cussed by referring to the schemes in Figure 1-5, when referring to 
climbing a step as or for obstacle overpass. 

The instantaneous static equilibrium gives the necessary conditions 
for walking and overcoming obstacles of the maximum allowed step 
height. Referring to Figure 1-5(a), in a sagittal plane the equilibrium 
can be expressed by:

	

− − ≥

− − ≥

− − − ≥

L
h

v

v inS

a a
R P PL 0g g

R P PL 0

R dR PdP PL(dP+dL) C 0

� (1)

where Rh and Rv are the horizontal and vertical components of R con-
tact reaction; P is robot weight; PL is leg weight; a is motion accelera-
tion and g is the gravity; dL, dR, and dP are the indicated distances; 
CL is the torque actuating a leg; CinS is the sagittal component of the 
inertial torque due to waist balancing movement. Point Q is assumed as 
the foot contact point about which the system will rotate in a possible 

Figure 1-5  A scheme for leg design in overpassing an ob-
stacle: a) sagittal plane; b) front view.
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6  Designs and Prototypes of Mobile Robots

fall. In the front plane, as illustrated in Figure 1-5(b), the equilibrium 
can be expressed by:

	

− ≥

− ≥

− − + − ≥

l

S
v

v inl

aS
R P 0g

a
R P 0g

R pR PpP PL(pP pL) C 0

� (2)

where Rl is the lateral component of R; aS is the lateral acceleration of 
robot body; Cinl is the lateral component of the inertial torque of waist 
balancing movement. Point S is assumed as the foot contact point about 
which the system will rotate in a possible fall. The components Rh and R1 
refer to friction actions at the foot contact area. By using Equations (1) 
and (2) expressions can be deduced for design and operation features that 
are useful to overcome obstacles of height h. From geometric viewpoints 
the obstacle/step of height h can be overpassed when the leg mobility gives:

	 l1(1 – cosf1) + l2(1 – cosf2) > h� (3)

in which l1 and l2 are the lengths of leg links, whose angles f1 and f2 are 
measured with respect to a vertical line. Thus, in general the design prob-
lem related to overpassing obstacles can be formulated by using (1) to (3) 
to properly size the leg links, and to give required mobility ranges and 
actions for proper leg operation, as any other robotic mechanisms [4].

Specific analysis, also for design purposes, and specific aspects for 
legged systems are treated in the next chapters of this book. In this chap-
ter mechanism structures for leg designs are outlined using an illustra-
tive approach to the historical evolution, in order to stress the variety 
and role of the mechanical designs of mechanisms in walking machines, 
and also challenges for the future. 
1.2	 A historical survey of mechanisms for walking machines
Mankind has always dreamed of having an easy, no-effort means of 
transportation, and since ancient times devices have been conceived 
and built for transportation of passengers and materials, often with the 
use of animals. In addition to load transportation (including carrying 
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Linkages for Leg Mechanisms  7

passengers), there have been challenges for locomotion purposes, with 
attempts being made to replicate and/or mimic solutions in nature, as 
seen with a large variety of animals. Transportation systems were devel-
oped mainly as wheeled systems that are today very successful in vehicle 
technology, with different structural designs and operational issues, as 
compared with walking machines. Thus, since the evolution of wheeled 
systems demonstrates very different characteristics from those of walk-
ing machines, in this chapter the attention will be focused specifically on 
walking machines. Readers can refer to corresponding literature for the 
history of vehicles, like cars, trucks, motorcycles and so on.

With the development of Robotics, locomotion systems and walk-
ing machines have received stronger and stronger attention, with a large 
number of inventions and designs mainly within the last three decades. 
But most of the concepts and even structural designs have evolved, even 
unconsciously, from past solutions. Historical studies have been pub-
lished on the evolution of walking machines in general, also within the 
history of robotics, whose literature is reported with basic references, 
for example in [5–7].

In this chapter notes are outlined for a history of walking robots by look-
ing specifically at the kinematic design of the mechanical structure. The 
goal is to stress a significant role of mechanism design in the development 
of walking machines, even with modern robotic features. The significant 
role of mechanism design of leg structure is evident as related to motion 
purposes in walking. Mechanisms are fundamental to perform such a mo-
tion capability with suitable performance, and their designs can achieve 
suitable solutions also in terms of efficiency and mimicking natural actions.

Since the subject is of considerable extension both from timeline 
viewpoints and variety of examples, this chapter has been organized 
with few significant examples to stress main points of a historical evolu-
tion by using an illustration approach. 

Walking machines have always been developed with a strong inspi-
ration from nature, and the historical developments can be outlined 
mainly by looking at application purposes and the machine technology 
that was used in their designs.

As regarding the applications, walking machines historically have 
been designed and used mainly for entertainment, and only margin-
ally as a specialized means of transportation. Indeed the two applica-
tions could even coincide, as in the case of automata for theatre plays or 
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8  Designs and Prototypes of Mobile Robots

amusements for the upper classes, including governors and kings. But 
most of the time practical operations were quite limited, both in mo-
tion range and payload capability. This was due in part to the available 
technology, mainly for a power source of the input motion. In general, 
automata were developed as based on simple mechanism (like slider-
crank mechanisms), with gears and walking capabilities quite limited. 
Later, during the Renaissance and even more so in the following centu-
ries automata reached a significant complexity and even versatility.

Spring systems and weight combinations were used for a long time 
to store energy to be used in walking machines for autonomous op-
eration. Indeed a strong advance in walking machines and their pos-
sible uses occurred when motors became available with compact design 
but considerable power. This began with steam engines in the 19th  
century, continued with electric motors, and the current solution is servo- 
controlled actuators. The availability of proper power sources for on-
board solutions promoted the use of more complicated mechanical 
designs, with high number of link mechanisms in order to give more 
efficiency, payload capability, and flexibility.

In addition to the above aspects of actuation and application, walk-
ing machines attracted interest with successful designs because their 
structures were based on clever mechanism solutions. Even today the 
mechanism structure plays an important role, both in the functionality 
and efficiency of walking machines with robotic features.

In the following emblematic examples are reported and briefly dis-
cussed to show the main characters of the technological historical evolu-
tion of walking machines within the above-mentioned general aspects.

While most of the automatic/robotic devices from ancient times are 
lost, they can be found in documents, artistic representations and even 
in humanistic literature. An example from the time of classic Greece 
is represented in Figure 1-6(a), based on studies in [8]. The stand-up 
motion for the automaton is not obtained by a direct leg system, but 
rather a mechanism produces the motion for a human-like action, as 
sketched in Figure 1-6(b). The mechanical design has been recon-
structed as in Figure 1-6(a) with gears and simple linkage, utilizing the 
mechanism-based technology available at the time. Indeed most of the 
automata with a leg-based motion, as they were built along many cen-
turies, have been designed with mechanical structures, including geared 
systems and simple linkage transmissions. The human-like operation is 
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usually obtained for the overall figure and not specifically for a linkage-
based mechanism structure.

Automata with mechanical designs were enhanced beginning in the 
time of the Renaissance. This was as an indication of advanced skills 
in developing fairly automatic systems for practical purposes, in lei-
sure and entertainment, and even in religion. Emblematic of is the 
example of the lion mechanism that Leonardo Da Vinci designed and 
built to greet the king of France, with a leg design shown in Figure 1-7 
[9]. In this case the leg structure is limited and the advanced function-
ality is demanded to the transmission mechanism within the walking 
machine.

Figure 1-8 [10], is an example of the many designs that were devel-
oped in 18th century as automata, mainly for leisure and entertainment 
purposes. Main of them were installed in luxury clock designs in order 
to show the flow of time. The mechanism structure is based on linkages 
for the leg motion whereas gears and springs are used for storing and 
transmitting the necessary mechanical energy. Linkages for legs are of 
fairly simple structures, while the gear transmissions can be composed 
of complex trains both for proper motion laws and compact designs. 

Figure 1-6  The Automaton Nysa designed in Alexandria 
in the 3rd Century B. C. Source: [8] (with permission); a) a 
modern reconstruction; b) a kinematic study of mechanism 
functioning.
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10  Designs and Prototypes of Mobile Robots

The automata designs for legged machines experienced renewed inter-
ests in the second half of the 19th century when smaller steam engines 
were attempted. Even the mechanism technology that was the core of 
Industrial Revolution evolved, and more complex mechanisms were 

Figure 1-7  A drawing of leg design for lion automaton by 
Leonardo Da Vinci at the beginning of the 17th century.

Figure 1-8  Gear-based design of a mechanical horse in an 
automaton of the 18th century, as reported in Borgnis (1818–
21) [10].
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conceived and applied in walking machines, as seen in the design pat-
ents in Figure 1-9. 

Emblematic is the kinematic solution by Chebyshev at the end of the 
19th century that shows a design which is still the inspiration of new 
mechanisms to this day [11]. It is a linkage design with 1 dof whose 
characters are used even in what today is known as kinetic art, where 
mechanisms move within a sculpture or are the sculpture itself. In fact, 
linkage mechanisms (like the one in Figure 1-10) were conceived up to 
the middle of the 20th century in several solutions, as reported in [11, 
12], and are still the core of the mechanism designs of walking machine 
today. In particular, pantographs are often used with the important role 
of amplification of an input motion with suitable trajectory features for 
the leg end-point, as indicated for example in [13, 14].

But technological evolution was not only important in the western 
world. For example, in China the culture also reached heights that re-
quired mature technology. In the field of automation Chinese designers 

Figure 1-9  American patents from the end of the 
19th century for mechanical horse with leg linkages and 
geared-transmissions.
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12  Designs and Prototypes of Mobile Robots

developed brilliant solutions; a very significant example is the Wood 
Cow pictured Figure 1-11. It was used for the transportation of heavy 
loads by using 1 dof walking machine.

In Japan, since the 18th century Karakuri designs were developed 
for religious exhibitions and leisure applications with complex mecha-
nisms, including partially walking motion performance. Leg design was 
limited to structures whose motion was activated by brilliant solutions 
in compact mechanical designs.

Figure 1-10  Linkage design for 1 dof walking machine by 
Chebyshev at the end of the 19th century [11]. 

Figure 1-11  A reconstruction of the Chinese Wood Cow 
built in the 5th century BC (from Ancient Chinese Machines 
Foundation at National Cheng Kung University in Tainan).
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1.3	 Modern solutions
Since the main goal of a walking machine is locomotion that is based 
on leg motion, in modern times specific fields have been identified as 
being related to walking machines and humanoid robots. The specific 
interests have also produced specific forums of discussion and a result-
ing dissemination of information, both in conferences and publications, 
such as journals and books.

In particular, humanoid robots were started in the 1970s, with pi-
oneering designs developed by Ichiro Kato at Waseda University in 
Tokyo, Japan [15], as seen in Figure 1-12. Since then the leadership in 
this area has been centered in Japan. The anthropomorphic design of 
legs was obtained with simple open kinematic chain structures that are 
actuated with complex actuation systems for proper motion control. 

Today the more sophisticated humanoid robots, like those in 
Figure 1-13, still have such a kinematic structure in the legs but with 
more powerful efficient actuation for advanced sensor-controlled mo-
tion (also due to more compact powerful robot-directed actuators).

Figure 1-12  Early biped solutions for humanoid robots at 
Waseda University from the 1970’s to 80’s. Source: [15] (with 
permission); a) pneumatically actuated, b) servo-controlled 
fluidically actuated with inverse pendulum stabilizer.
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14  Designs and Prototypes of Mobile Robots

Linkage mechanisms are still used in multi-leg walking machines, like 
those in Figure 1-14, replicating the animal solutions in Figure 1-1. In 
fact, all kind of linkages are used in leg designs, with 1, 2 and 3 dofs solu-
tions, in walking machines with 2, 4, 6 and 8 legs. These have been used 
for different applications, ranging from entertainment purposes up to ex-
ploration, including monitoring scopes, as discussed in the next chapters.

Emblematic are the walking machines for humanoid robots in 
Figure 1-15. They were developed with two different solutions for high 
payload transportation purposes for human users. In Figure 1-15(a) a 
linkage mechanism is based on a pantograph and parallelograms to achieve 
both high payload capability and 1 dof actuation for each leg [16]. In Figure 
1-15(b) a parallel manipulator architecture is implemented with high pay-
load capability and high motion versatility in replicating the human leg 
structure of bones and muscles [15], as in the sketch in Figure 1-4(b).

The above few illustrated examples can be considered representative 
of a large production of designs and prototypes of walking machines 

Figure 1-13  Humanoid robots. Source: [1] (with permis-
sion); a) Honda robot built in 1993; b) Waseda robot Wabian-2 
in 1997 version. 
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and humanoid robots that have been experienced successfully as used 
mainly within the last three decades. The mechanism structures of the 
legs have evolved from pure mechanical solutions to sophisticated sen-
sored servo-controlled systems, but still with a mechanical design as the 
core for locomotion functionality.
1.4	 Challenges for future developments 
Since the main goal of a walking machine is recognized in the loco-
motion as based on leg functioning, it is well understood that future 
improvements also strongly depend on the efficiency of the locomotion 
action and leg design.

Figure 1-14  Walking machines with pantograph-based leg 
mechanisms as designed by Shigeo Hirose. Source: [17] (with 
permission); a) a biped dinosaurian robot, [18]; b) a hexapod 
robot; c) a spider-like four-leg TITAN IV robot, d) compact 
quadruped TITAN VI robot.
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Locomotion action is performed by combining mechanical function-
ing with operation of hardware and software systems that power, sup-
port, regulate, and monitor the locomotion. Similarly a leg design is 
obtained in efficient solutions when its mechanical design is successfully 
supported and integrated by the above mentioned hardware and soft-
ware systems. Those systems make a leg design a mechatronic system, 
since they are related to aspects and requirements that in an integrated 
way power, support, regulate, and monitor the action of a leg. Discussion 
on those systems, and challenges for their improvements in enhanced 
solutions of walking machines, are presented in the next chapters of this 
book, which also refer to specific mobile robot categories.

Challenges are currently under consideration for improving the com-
pactness of the nature-based solutions by looking at a power increase, 
both in terms of payload capability and walking frequency within com-
pact mechanical designs. Biomechanics’ study of locomotion in nature 

Figure 1-15  Mechanism designs in novel locomotion units 
in humanoid robots: a) pantograph based leg mechanisms in a 
three-leg solutions. Source: [16] (with permission); b) a paral-
lel manipulators architecture. Source: [15] (with permission).
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can be still of great help, and indeed great attention is still focused on 
looking for biomimetic solutions.

Nevertheless, as in the past, future developments will depend strongly 
on the available technology for single components and overall system 
integration. Trends and interests are already well-defined as focused 
on smart materials, sensing equipment and power units that can de-
termine walking machines, even to the point of being competitive with 
wheeled machines and vehicles. Mechanism structures are also under re- 
consideration not only for better solutions but for suitable integration 
with the expected advances in other components.

Figure 1-16 summarizes the concepts that future developments of 
walking machines depend on, advances in several aspects and compo-
nents with integrated considerations and implementations where the 

Figure 1-16  A general scheme for design of leg systems 
with the central role of mechanical structures.
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mechanical structure will still pay a central role, both in design issues 
and operational efficiency.

Data and requirements will be increasingly linked to prescriptions, 
expectations and constraints that can be defined by general consider-
ations, but also by goals for end-users and designers who take into ac-
count the specific task and environmental impact of an application.

Locomotion analysis will still look for biomimetic inspiration since it 
is well recognized as the optimization in nature solutions. Biomechanics 
still plays an important role in defining actions and motions that an artifi-
cial locomotion system must perform, not only for stable efficient walking 
but even for achieving compact light designs similar to natural systems.

The mechanical design requires design procedures that are also ori-
ented to user- friendly operations, with multidisciplinary aspects in-
tegrating problem solutions with mechatronic features, not only for 
structural design but also for manufacturing issues, both with market 
components and new smart materials.

Considerations by end-users can again be an important influence in 
design procedures and their solutions, as indicated by the left circle box 
in the diagram of Figure 1-16, where emphasis is stressed on aspects 
that are related to human-machine interactions. Similarly, the right cir-
cle box indicates the influence of task data and environment conditions 
in all the aspects of design procedures.

Finally, the acceptance question is a crucial point in modern tech-
nology since technical solutions, although valid, must be understood 
and positively evaluated in terms of economical value, benefit aspects 
in user-oriented implementations, and general acceptance viewpoints 
(fashion, aesthetics, psychological comfort, etc.) by potential users.

However, future developments and the widespread use of walking 
machines may depend to a large degree on the enhancement of leg de-
sign in the many aspects that can be approached with new perspectives 
and technologies. Challenges and trends for designing the operation of 
leg mechanisms will be focused on improvements to:

–  compact design
–  efficiency
–  payload capability
–  flexibility 
–  environment impact 
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and they can be outlined mainly in the following topics:

–  topology of mechanism structures
–  formulation for high-speed computation 
–  light compact mechanical design
–  interactions with environments and human users or operators
–  advanced sensorization
–  adaptable control systems 
–  smart materials and components
–  anthropomorphic and nature-inspired solutions 

The above considerations have emphasized expected advances in tra-
ditional performance, but perhaps new applications will be invented 
for walking machines as a function of the new technology that will 
be made available in the future. In addition, future developments will 
generate the rise of new problems and new emerging topics from other 
fields. A final goal to be considered is achieving not only nature-like 
designs but the development beyond standard solutions with different 
solutions.
1.5	 Conclusions 
This chapter presented a short account of the history of walking ma-
chines in terms of leg mechanisms, using an illustrative approach in 
order to outline their main characteristics over a long time and the evo-
lution of technology. It is relevant to note that interest arose in different 
cultures and over different time periods with the same aim, developing 
systems imitating the nature solutions in animals for applications that 
only recently can be recognized as having significant practical implemen-
tations. The role of mechanism structures has been and is still promi-
nent, since mechanisms are the core of walking machines in performing 
the biomechanical operation of locomotion. Therefore, challenges and 
trends for more capable walking machines, even with full robotic de-
signs, seem to be focused on better and more efficient reproduction of 
locomotion mechanics, beside a system integration with technological 
advances for the other components of walking machines.
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2.	 Exoskeletons and bipeds

Qiang Huang and Zhangguo Yu, Beijing Institute of Technology, China

Abstract: Robotics is a field of interdisciplinary research, and the 
development of its relevant disciplines has promoted its rapid prog-
ress in recent decades. Exoskeletons and bipeds, which are inspired 
by humans, have attracted many researchers. Exoskeletons, as the 
extenders of humans, can enhance a person’s strength, power and 
endurance. They are usually utilized in the medical field to provide 
assistance for disabled people. Bipeds are capable of assisting humans 
to do repeatable tasks or to operate tasks in dangerous environments. 
The significance of studying these two kinds of robots is not only 
to break through the limitations of human capability, but also to 
gain a better understanding of human body. This chapter focuses on 
the history and key technologies of exoskeletons and bipeds. Some 
representative robots and mechanisms are described in detail.

2.1  Exoskeletons
Exoskeleton robots are external structural mechanisms whose joints cor-
respond to those of the human body. They are worn by an operator, and 
the physical contact between the operator and the exoskeleton allows 
direct transfer of mechanical power and information signals between 
them [1]. Generally, exoskeletons are divided into lower extremity exo-
skeletons [2], upper extremity exoskeletons [3] and full-body powered 
exoskeletons [4].

Compared to other robots, exoskeleton robots can make full use of 
both  the capability of human judgment and the capability of robotic 
motion. Specifically, the human neural network is one of the most efficient 
and quickly responding systems, it can accomplish many complicated 
tasks, and it works well in many fuzzy conditions [1]. Robotic manipula-
tors can exert large forces and torques due to the structure and power of 
their actuators, but they lack flexibility. Thus, the outer mechanical gar-
ment would dramatically amplify the operator’s strength and endurance 
[5], and significantly enhance its adaptation in the unstructured environ-
ment, compared with autonomous robotic systems [6]. 

Downloaded From: http://ebooks.asmedigitalcollection.asme.org/ on 01/08/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



24  Designs and Prototypes of Mobile Robots

Meanwhile, although biologists have discovered the elaborate struc-
ture of human body, the ability to understand and imitate human move-
ments is still at a primitive level. Building exoskeletons is a good way to 
understand these queries, and the study of exoskeletons helps with the 
design of prosthetics. Thus, we can gain new insights into those prob-
lems and learn more about possible solutions. 
2.1.1	History and overview
In the 1960s, in cooperation with the United States military, General 
Electric Co. (GE) developed the first exoskeleton robot, Hardiman, 
as seen in Figure 2-1(a), which was intended to be used in a practical 
environment [7]. It was driven by hydraulics and electricity, and sup-
posed to amplify the operator’s strength 25 times. The control system 
of the exoskeleton was a kind of slave-master system. Unfortunately, 
the project was not successful because of the limitations of safety and 
reliability issues, and the exoskeleton was never tested on humans [8].

Made in 1969 at the Mihailo Pupin Institute, Powered Exoskeleton, 
seen in Figure 2-1(b), was the first exoskeleton robot that could walk 
actively. It was pneumatically powered and partially cinematically pro-
grammed to generate human-like gait. 

Figure 2-1(c) shows a successful version of an active exoskeleton 
robot, realized and tested at Belgrade Orthopedical Clinic in 1972, for 

Figure 2-1  The early era of the exoskeleton.
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the rehabilitation of paraplegics and similarly disabled persons. It was 
pneumatically powered and electronically programmed.

In past decades, some well-known and innovative exoskeletons 
were developed. The HAL (Figure 2-2), developed by the University 
of Tsukuba [9], was an exoskeleton robot whose purpose was both 
performance-augmenting and rehabilitation. It was designed to be 
integrated with humans and utilized to assist people with gait disorder. 
The EMG sensors on a human’s leg muscles were adopted to control 
HAL’s electric actuators (EMG signals of human muscles were studied 
to help understand the motion intention of the operator [10]). The 
anthropomorphically-based BLEEX (Figure 2-3) focused on the lower 

Figure 2-2  T﻿he HAL. [Courtesy of University of Tsukuba.]

Figure 2-3  The BLEEX. [Courtesy of Berkeley.]
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extremity exoskeleton [11]. The applications of BLEEX were providing 
soldiers, disaster relief workers, wildfire fighters, and other emergency 
personnel the ability to carry heavy loads. BLEEX was the first load-
carrying lower extremity exoskeleton in the world.

Miguel A.L. Nicolelis and his laboratory in Duke University are 
developing technologies that allow electrical signals from brain to con-
trol robotic limbs [12]. If they succeed with this project, a paralyzed 
teenager may wear the exoskeleton to make the first kick of 2014 World 
Cup (Figure 2-4). The main idea behind this kind of exoskeleton is that 
paralyzed people might control their limbs just by thinking.
2.1.2	Mechanism design principles
The motion of exoskeleton robots is motivated by the actions of 
humans, and one does not have to be concerned with collisions between 
human and exoskeleton. Thus, the basic rule in selecting the structure 
of an exoskeleton robot is to match its degrees of freedom (DOFs) with 
that of a human. Considering this rule, the best way to design an exo-
skeleton robot is to build it with exactly the same DOFs as a human. 
However, there are more than 300 DOFs in the human body, and so the 
prospect of building and controlling such a complicated machine seems 
impossible. With the two purposes mentioned above, the function of 
exoskeleton robots is to support the motion of legs and arms. And the 
strength-assists of exoskeleton needn’t support every single muscle of 

Figure 2-4  The first robot used by a paralyzed teenager. 
[Courtesy of Duke University.]

Downloaded From: http://ebooks.asmedigitalcollection.asme.org/ on 01/08/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Exoskeletons and Bipeds  27

the human body, but rather the entire movement of a human. These 
facts are greatly helpful in simplifying the DOF of exoskeletons. 

Exoskeleton robots are classified into two types according to dif-
ferent structure, anthropomorphic and non-anthropomorphic. In the 
anthropomorphic architecture, the structure attempts to exactly match 
the kinematical DOF of human [13]. Thus, when building an anthro-
pomorphic lower extremity exoskeleton, it is better for the structure of 
the exoskeleton’s leg to directly duplicate the structure of a human’s leg. 
However, one major difficulty is that the joints in human legs cannot be 
fully duplicated in designing the trajectories of joints [14]. For instance, 
the human knee does not exhibit a pure rotation. Duplicating all its kine-
matics will result in a complicated (and perhaps non-robust) mechanical 
system [15]. Therefore, only the major motion in human joints is consid-
ered, except coupling the position of exoskeleton and human.

Non-anthropomorphic architectures are not widely used in exoskel-
etons because the structure may interfere or limit the operator. But non-
anthropomorphic architectures are highly successful in other areas such as 
bicycles, and they open up a wide range of possibilities for structural design.

In designing an exoskeleton robot, anthropomorphic and non-anthro- 
pomorphic are not separated rigidly, since parts of the exoskeleton are 
anthropomorphic and some are not. This is called pseudo-​anthropo
morphic [16]. In the next section, a pseudo-anthropomorphic exo
skeleton, which is designed for lower-extremity and upper-limb power 
support, is introduced.

All in all, the basic rule in designing the structure of the exoskeleton 
is safety. The exoskeleton must not force the operator to a position the 
operator cannot reach. The working range of an exoskeleton should be 
restricted so as to be compliable with human operators. 

The BLEEX (Figure 2-5) is used as an example to explain the 
mechanical designing schemes. This robot focuses solely on lower 
extremity exoskeletons. It consists of hip, knee and ankle joints like a 
human, but the details of these joints are different from a human. There 
are seven distinct DOFs in each leg: three at the hip, one at the knee and 
three at the ankle.

Although the joints of humans are not purely rotational, the combi-
nation of rotational joints is able to imitate the motion of human legs. 
From Figure 2-6 we can see that the hip joint of an exoskeleton is a com
bination of three rotational joints: alternate rotation, flexion/extension 
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and abduction/adduction. This combination’s movement is as a human’s 
ball and socket joint with three DOFs. The design of the adjustment 
bracket allows for the adjusting exoskeleton to accommodate operators 
of various widths. 

Figure 2-7 shows the configuration of an ankle joint. The flexion/
extension axis coincides with the human ankle flexion/extension axis. 
This configuration makes the exoskeleton’s foot compliant to f﻿﻿lex with 
the human’s foot.

Figure 2-6  BLEEX hip degrees of freedom. [Courtesy of 
Berkeley.]

Figure 2-5  Overall structure of BLEEX. [Courtesy of 
Berkeley.]
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2.1.3  Sensing and control algorithm
The main goal of exoskeletons is to integrate human and robot into a 
whole system which combines the intelligence of the human and the 
strength of the robot. Thus, the exoskeleton system should have the 
ability of quickly detecting the state of the operator and predicting its 
intention. 

Most control methods aim to enhance the operator’s power, which is 
one of the main functions of exoskeletons. When the intention of the 
operator is predicted, the power augments control module transfers the 
operator’s intention into the movement of the exoskeleton’s actuators.

To put it simply, the power augment control can be illustrated as fol-
lows. The control input is the intention, such as the force or biological 
signal, of the operator. The output is the joint speed or force of the sys-
tem. Generally speaking, the output is about a dozen times greater than 
the input, which means that power augmentation is realized by a large 
movement obtained with small operator torque. 

•	Sensing
The difficulty of directly measuring the intention of the opera-
tor makes it a tough task to estimate the operator’s attention. 
Consequently, various sensors are utilized to detect the state of 
the operator for the sake of human intention prediction.

Figure 2-7  BLEEX ankle degrees of freedom. [Courtesy of 
Berkeley.]
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The states of the operator should include the contact force 
between the operator and the exoskeleton, the operator’s muscle 
movement, the angle velocity of each joint and the body posture. 
All this information is essential for the exoskeleton to follow 
and predict the operator’s motion and intention. Meanwhile, 
the conditions of the outer environment should also be col-
lected, as the exoskeleton replaces the human in contacting the 
environment.

When concerned with low-extremity, the balance control is an 
essential factor to be considered, and force between the foot and 
ground must be measured very precisely. Thus, many kinds of 
force sensors, such as pressure sensors, tactile sensors and six-
axis force/torque sensors, are installed on the exoskeleton to 
detect the contact force. Also, a displacement sensor is used to 
measure terminal movements of the links or end-effector of the 
exoskeleton.

•	 Impedance control 
In a master-slave system [17], the interaction between master 
and slave can be simplified with mechanical impedance with in-
ertia, viscosity and stiffness [18]. This means that human and 
exoskeleton interact with each other through a quadratic system, 
as the exoskeleton system is a typically master-slave model. In 
addition, human and exoskeleton can be dealt with the same 
equivalent simplification. But human operators adjust their 
impedance characteristics according to a given task and change 
control properties during operation [19]. In addition, kinematics 
compatibility is required between human and robot [20]. 

The planar model (Figure 2-8) depicts the fundamental inter-
action between human and exoskeleton. 

Figure 2-8  Impedance model of interaction.
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According to the Newton’s law, 

	 1 3 2 1 2 1( ) ( )F mx k x x c x x= + - + -�� � � � (1)

	 2 3 3 3 1 2 1 2( ) ( )g gF mx c x k x k x x c x x= + + + - + -�� � � � � (2)

where F1 denotes the force generated by operator muscle, F2 
denotes the force generated by exoskeleton actuator, m denotes 
the inertia of interaction, k denotes the stiffness of interaction, 
c denotes the viscosity of interaction, M denotes the inertia of 
load, cg denotes the viscosity of load, and kg denotes the stiffness 
of load. Note that the original lengths of both springs is zero.

If the controller and the mechanical impedance characteristics 
satisfy 

	 k = 0� (3)

	
1 2 3x x x= =� � � � (4)

Then the equation can be simplified as

	 1 1F mx= � � (5)

	 2 3 3 3g gF mx c x k x= + +�� � � (6)

Equation (5), (6) is the ideal control of a master-slave system. 
From the equations we can see that the slave and master part are 
separated from each other. With two separated parts, the opera-
tor will feel lifting the weight M as if it is m instead.

The impedance control algorithms are complicated and need 
some simplification in the model for computation. For example, 
it is hard to find a system in reality with an impedance model 
of zero stiffness. So to remedy this defect, the controllers of 
the impedance model are sometimes complicated and require 
a long time for computation; this may uncouple operator and 
exoskeleton.

Steve Jacobsen and the engineers at Sarcos propose some 
new ideas to control the robot XOS. Their ideas are based on 
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a simple force control strategy to ensure the exoskeleton follows 
the operator with minimal interaction forces [21]. This control 
theory sounds quite practical. When the operator starts to move, 
he/she imposes forces on the exoskeleton; the controller then 
drives the actuators to adjust the position of joints to minimize 
the forces detected. So the instant operator generates a force and 
then the exoskeleton accomplishes the movement instead of the 
operator. This control algorithm is called ‘get out of way’ by Steve 
Jacobsen. It sounds easy but is hard to realize, as the value of each 
sensor changes several thousand times in a single second, and 
all the computations must be done in this short time. If not, the 
operator will feel like walking in the water with his/her action 
far behind the ideas. 

The control algorithm is explained in a simplified model shown 
in Figure 2-9. Only two sensors are placed on the contact surface 
of the operator and the exoskeleton. The sensors measure the 
pressure between muscles and exoskeleton, and then send the 
signals to the controller to compute the movement of actuator 
to minimize the pressure of the sensors. Finally, the exoskeleton 
will track the trajectory given by the controller.

Figure 2-9  Simplified model of force control.
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•	Electromyography signal control
As the force control of the exoskeleton requires quick response 
and is highly non-repeatable, many exoskeletons adopt biologi-
cal signals, such as electromyography (EMG) signals, to measure 
the joint position and angular velocity. The potentiometers sen-
sors are used to achieve this goal.

The EMG signal (0.01–10 mV) is generated when the mus-
cles contract and directly reflect the muscle activities of a human. 
The use of EMG has an advantage that the intention can be esti-
mated before the muscle tension is exerted since the myoelectric 
potential rises before the muscle activation. This phenomenon 
is known as electro-mechanical delay [10]. So the EMG signal 
is treated as an effective control method for many kinds of as-
sist robotic system, especially for the exoskeleton robots [22]. 
Figure 2-10 shows the fundamentals of the EMG signals [23].

•	Neural interface control
A new control algorithm is now considered with the development 
of sensors, computers and an understanding of the human neural 
system. The new control algorithms are based on the neural signal 
interactions between exoskeleton and human, which are quite dif-
ferent from the previous force control strategy. The advantage of 
neural interface (NI) control is that whereas force control works 

Figure 2-10  The experiment of EMG detecting.
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based on movements, NI control executes when the operator has 
the will to execute. This means that NI control is faster. The exo-
skeleton and muscles receive signals from the human brain simul-
taneously, so that plenty of time is saved for the exoskeleton to 
drive its actuator and get ready for the movement. Exoskeletons 
with NI control also have reduced obstruction when worn. 

To reduce obstruction, exoskeletons must instantaneously fol-
low the operator’s voluntary and involuntary movements. This 
requires the exoskeleton to couple with muscles. Figure 2-11 
shows the structure of an NI control exoskeleton. The smooth 
operation of the whole system relies on continuous interactions 
between living brain tissue and artificial electronic or mechani-
cal devices [24]. Exoskeletons act based on signals detected from 
the neural system, and the feedback of movement, to decrease 
the discrepancy of movement between operator and exoskeleton. 

•	Comparison among different control methods
With the increased sensitivity of the sensor and rapid response 
of the actuator, the impedance control theory will work well, and 
one will feel like the exoskeleton is a part of his/her body. There 
are limitations to this control method, for the performance of 
force control strategy is confined by the sensitivity of sensors. 
The increasing sensitivity of sensors will cause a loss in robust-
ness of the control algorithm. If the sensitivity is too large, an 
external force or torque exerted on the exoskeleton will ruin the 
stability of the whole system.

Figure 2-11  Model of NI control.
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Compared with the impedance control method, the EMG 
control has the advantage of not requiring detection of the reac-
tion between operator and exoskeleton. But the complex rela-
tionship between the EMG signals and torque leads to the main 
drawback of the EMG control method. This limitation needs 
an accurate and reliable model [25] that is difficult to achieve in 
practical applications.

NI control exoskeletons are capable of predicting the move-
ment of humans. Exoskeletons have recorded thousands of sig-
nals from the human neural system under various conditions. 
Thus, when humans are accomplishing movement, exoskel-
etons can fore-act to the expected position to reduce obstruc-
tion. However, in practical applications, the precise detection of 
the signals is complicated, which means many sensors have to 
be placed on the user’s body, and this reduces the flexibility and 
agility of the exoskeleton.

Above all, two factors should be noted when using these con-
trol methods. First, the relationship between human and exo-
skeleton is not simple rigid coupling. Actually, more compliances 
and additional masses in the coupling exist in reality, which 
complicates the dynamic behavior of the system with uncertain 
unstable parameters. Second, human controller parameters are 
difficult to estimate, and the feedback of the human is time-varying 
and nonlinear. Thus, vibration should be suppressed in the con-
trol system to enhance efficiency and safety.

2.1.4  Actuators and portable power supply
The efficiency and the weight of the actuators and power supply are 
very critical for the design and performance of the exoskeleton robot, 
especially for the mission duration of the portable exoskeleton. There 
are various actuators applied to the exoskeleton. HAL [9] uses servo 
motors for the hybrid assistive leg, while a hydraulic driving unit is used 
for the BLEEX [8]. Series elastic actuators (SEAs) and pneumatic 
actuators are also commonly used in the application of the exoskeletons. 

•	Series elastic actuators
Series Elastic Actuators (SEAs) [26], invented by Gill Pratt 
and Matthew Williamson at the MIT lab, are high-fidelity 
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force-controllable actuators, which have shown their effective-
ness in many force controlled robots.

In SEAs, the output of a motor and gear train is connected 
through a spring. The output force of the actuator depends on 
the compression of the spring, which can be calculated accord-
ing to Hooke’s Law (F = kx). The output force control is then 
achieved by serving the compression of the spring via feedback. 
Hence the spring turns a position-controllable device into a 
force-controllable device. Figure 2-12 shows the architecture of 
SEA. The load sensing element in SEAs is much more compli-
ant than a traditional load cell, which leads to much lower output 
impedance and higher fidelity force control.

•	Electro-hydrostatic actuator
Hydraulic actuators have a relatively high control bandwidth and 
high specific power, as the hydraulic fluid is largely incompress-
ible. Electro-hydrostatic actuators (EHAs) are a class of servo 
motor-driven displacement control type hydraulic system [27], 
with typical architecture shown in Figure 2-13.

Generally speaking, no servo valves are used when the pump 
is connected to one hydraulic actuator. A model-based approach 
needs to be taken to make the output power estimation for the 
system, which is more complicated because the coupling be-
tween components in EHAs are hydraulic and have internal 
leakage.

Exoskeletons with EHAs have the following properties: more 
sensitivity and control over force, high durability based on the 
large surface area transmission of force, and more actuator place-
ment freedom. The apparent inertia of the actuator and friction 

Figure 2-12  Architecture of SEA.
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are two major causes of back-drivability degradation. Reducing 
apparent inertia of the actuator by torque feedback, and cancel-
ling friction torque with estimated friction torque, are effective 
methods for reducing these effects.

•	Portable power supply
A portable power source is not necessary when the exoskeleton 
is designed for therapy and not as a stand-alone, but there would 
be wider applications if the device could be used outside of the 
clinic. Up till now, a battery was still the main power source for 
exoskeletons and other robots. Long duration is based on both 
the battery system and the efficiency of the robot system, and it 
is a bottleneck for the mobility of the robots.

At present, some advanced exoskeletons, such as HAL and 
BLEEX, have portable power supplies. However, exoskeletons 
with portable power will be more and more popular in the 
future.

2.2  Bipeds
Biped robots are robots with two legs, and the main difference between 
them and other robots is biped locomotion. Since the first biped robot, 
WABOT-1 [28], was developed nearly half a century ago, researchers 
have made a great deal of progress in developing these robots.

Figure 2-13  Hydraulic schematic of electro-hydrostatic ac-
tuator. [Courtesy of Nakamura et al. [27].]
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2.2.1  History and overview
The field of biped robots can be divided into two broad classes: fully 
actuated and passive robots. Fully actuated robots consist of two catego-
ries, according to control mode: position control and force/torque con-
trol. Passive robots are composed of passive-dynamic and limit-cycle 
walkers. They may be completely passive, or partially actuated, and the 
motions generated can be human-like and highly efficient, even with 
partial actuation [29, 30].

•	Position control biped robots
Position control robots, such as Honda ASIMO [31] and 

HRP-2 [32], are driven by motors connecting joints with reducers, 
and the control parameters are joint angle and angular acceleration.

ASIMO (Figure 2-14) is an example of joint position con-
trol biped robots. At the beginning, it can complete tasks like 
serving tea, pushing a cart and walking on rough terrain [33]. 
Later, it realizes decision-making and real-time planning in 
uncertain circumstances, and can also run at a speed of 9 km/h. 
Waseda University, a pioneer in biped robots, built the world’s 
first biped robot, WABOT-1, in 1970, and has since developed 
multi-generation biped robots. In 2006, the new generation 
biped robot WABIAN-2R (Figure 2-15) achieved human-like 

Figure 2-14  ASIMO. [Courtesy of Honda.]
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walking with knee stretching through adding DOFs of hip and 
passive toe joints [34]. The robot realized a quick turn using a 
slipping motion with both feet in 2011.

HRP-2 and HRP-3 were developed by AIST in 1998. These 
robots can walk stably, complete a variety of dexterous move-
ments, carry objects with people, go across obstacles and lift 
objects from the ground. In order to increase the performance, 
HRP-4 (Figure 2-16) was developed with a light weight of only 

Figure 2-15  WABIAN-2R. [Courtesy of Ogura et al. [41].]

Figure 2-16  HRP-4. [Courtesy of Kaneko et al. [42].]
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38 kg [35]. In 2012, HRP3L-JSK was developed by AIST and 
the University of Tokyo. It remains stable under external force 
while standing and can walk at a speed of 5 km/h [36, 37]. 

BHR series robots have been developed since 2000 by the 
Beijing Institute of Technology [38–40]. BHR-5 (Figure 2-17) 
is a newly built biped robot with vision, hearing, force and equi-
librium sensing capability. It can walk straight and sideways, per-
form “Taiji” and martial arts, go around, climb stairs, play table 
tennis without external cables, and overcome disturbance. Some 
other famous joint position control biped robots, such as the 
LOLA [41], developed by the Technical University of Munich, 
Partner [42], developed by Toyota, and the KHR series and 
HUBO [43, 44], developed by KAIST, have also achieved sig-
nificant progress during recent decades.

•	Force control biped robots
With the increasing requirements of safety, interaction and dis-
turbance rejection ability of biped robots, many researchers focus 
on force/torque control robots. There are three driven modes for 
force control robots, namely electric, hydraulic and pneumatic. 
Hydraulic and pneumatic components drive joints directly while 
motors usually drive joints through series springs to achieve force 
control. This kind of robot can guarantee the compliance as well 
as the tracking precision. 

Figure 2-17  BHR-5 robot.
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The biped robot PETMAN, developed by Boston Dynamics, 
is really amazing, both for its life-like appearance and powerful 
strength. It is designed for testing chemical protection clothing. 
It can realize natural agile movement, do push-ups, and go across 
obstacles. Boston Dynamics’ newly built robot Atlas (Figure 
2-18) is a high mobility biped robot designed to negotiate out-
door, rough terrain. In extremely challenging terrain, Atlas can 

Figure 2-18  Atalas. [Courtesy of Boston Dynamics.]

Figure 2-19  Sarcos. [Courtesy of Yamane et al. [81].]
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go through congested space by using hands and feet [45]. Sarcos 
(Figure  2-19) is a commercial hydraulic drive robot with 51 
DOFs. Many institutes including the Carnegie Mellon University, 
Japan JST and more experiments on this platform [46, 47]. 

M2V2 (Figure 2-20) was developed by IHMC with the aim of 
stability control under disturbance. It has 12 actuated DOFs in 
the lower limbs, which are powered by force controllable SEAs. 
These actuators provide high fidelity and low impedance, allow-
ing for control techniques that exploit the natural dynamics of 
robots [48, 49]. Some other robots such as Spring Flamingo [50] 
developed by MIT are also force control robots. 

In order to make robot motion more human-like, many force 
control robots are developed from the aspect of bionics. Robot 
Lucy, developed by the University of Brussels, was built with 
pneumatic artificial muscles, which could simultaneously control 
the torque and stiffness of joints in 2007. This type of control 
is similar to human muscle [51–53]. Tokyo University recently 
developed a robot, Kenshiro, as a real human simulator. It has 
the same joint arrangements and muscle as human, but the com-
plex musculoskeletal construction make it difficult to control 

[54, 55].

Figure 2-20  MVM2. [Courtesy of Pratt J et al. [56].]
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•	Passive walking biped robots
Passive dynamic walkers, pioneered by the works of McGeer in 
1990 (Figure 2-21), present a fundamentally different type of 
walking machine. In these machines, simple mechanical prin-
ciples are exploited for designing a mechanism which allows for 
a stable limit cycle. Then the concepts of those originally purely 
passive mechanism systems are used in dynamic limit-cycle walk-
ing machines, in which actuators are integrated to influence the 
limit cycle. Passive walking biped robots often show advantages 
in terms of human-like gaits and power consumption [56–58]. 

Figure 2-22  Flame. [Courtesy of Hobbelen et al. [60].]

Figure 2-21  McGeer robot. [Courtesy of McGeer et al. [35].]
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Delft University of Technology developed their first generation 
of passive walking robots, Stappo, in 1995. Then they developed 
robot Denise in 2004, with a height of 1.5 m and a weight of 8 kg. 
The robot’s hip is actuated by pneumatic power and the tilting and 
steering design of its ankle allows the robot to keep good balance 
at a walking speed of 1.4 km/h [59, 60]. In 2008 they developed 
a robot, Flame (Figure 2-22), with a height of 1.3 m, a weight 
of 15 kg, and a walking speed of 1.6 km/h. This robot has some 
sensors and seven motors. It can recover from tumbling through 
adjusting the foothold [61]. A battery powered robot with adult 
height, Ranger, was developed by Cornell University [62]. MIT’s 
semi-passive robot Toddler (Figure 2-23) has no knees. It can 
start, stop, turn, go forward and backward through learning algo-
rithms, and adapt to changing environments [63, 64]. 

2.2.2  Mechanism design
Mechanical structure is a key feature of biped robots. Many ingenious 
mechanism designs have been developed to enhance the performance of 
bipedal walking and mimic the structure of human. This part introduces 
mechanism design of feet, waist and ankle joints. Further readings about 
mechanism design principles can be found in Chapter 3 of this book.

•	Foot design
To realize stable, robust, natural and efficient walking, many foot 
mechanism designs were proposed. ASIMO [65] and HRP-2 

[66] have impact absorption mechanisms in the feet. Since 

Figure 2-23  Toddler. [Courtesy of MIT.]
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biped robots with flat feet cannot perform heel strike and toe off, 
LOLA [67] and HRP-4C [68] have active toe joints to help real-
ize a human-like walking, and extend the step lengths and active 
capabilities of the whole body.

Recently, a shoe-wearable foot mechanism which mimics a 
human’s foot arch structure was designed by Waseda University to 
reveal the role of the human foot and absorb a foot-landing force at 
the plantar contact phase [69]. This structure is shown in Figure 2-24.

This shoe-wearable foot with a passive toe joint mechanism is 
0.85 kg, and its size and the position of each joint axis are deter-
mined according to an adult’s feet. Human foot arch structure 
and plantar characteristics are approximated through a rotational 
spring and compression springs, respectively, and the characteris-
tics of human foot skin are mimicked by using a super-soft ure-
thane resin called Hitohada gel [69].

•	Waist design
A human’s waist is a typical hyper-redundant system. It has a 
high level of flexibility, and it is the central regulation unit of a 
human body. 

The waist of a biped can not only help to complete human-
like motions, such as pitching, rolling and turning, but also be 
capable of regulating the center of gravity and compensating the 
yaw torque in order to keep balance. To expand the work space 
and realize the yaw torque compensation, 2-DOF waist with 
yaw and rotation joints (Figure 2-25) was developed by Waseda 
University [70].

Figure 2-24  Foot mechanism structure. [Courtesy of 
Hashimoto et al. [69].]
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This waist joint allows the robot to roll and yaw indepen-
dently, which allows it to increase step length and provides more 
mobility for lateral motions. The roll axis facilitates walking with 
a straight stance leg at a nearly constant height of the center of 
gravity [71]. The yaw axis movements can be used to compensate 
for the yaw torque between foot and ground while walking fast 
[72]. Some other robots like LOLA and BHR also have a similar 
waist joint configuration [73].

•	Ankle design
In order to accomplish a better mass distribution in legs, large 
workspace and performance improvement in stabilizing control, 
robot LOLA was designed with a 2-DOF parallel mechanism 
in the ankle joint [73]. The kinematic actuation principle of the 
ankle joint is shown in Figure 2-26. The drives are designed as 
length variable steering rods in order to reduce manufacturing 
effort and part diversity. In addition, since ball screws are free 
from starting torque and have very low rolling friction, they 
guarantee precise control of foot torques that act on the ground. 

As is shown in Figure 2-27, the ankle joint (3) is actuated by 
two spatial slider-crank mechanisms (7–9). The motors (4) are 
mounted on the thigh (1), close to the hip joint. Each linear drive 
is composed of a roller screw (8) and a linear bearing (9). The 
roller screw is arranged in longitudinal direction of the shank 

Figure 2-25  2-DOF waist structure. [Courtesy of Omer et 
al. [70].]
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Figure 2-26  Kinematic actuation principle of ankle joint. 
[Courtesy of Ulbrich et al. [73].]

Figure 2-27  2-DOF parallel mechanism in the ankle joint. 
[Courtesy of Lohmeier et al. [67].]
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and perpendicular to the knee joint axis, and the linear bearing 
is utilized to keep the screw free from the radial loads. The foot 
is linked with the linear carriage (7) through the steering rod 
(10). The bevel gear (6) in the knee joint axis is actuated by the 
motor through the synchronous belt (5). And the output shaft 
of the bevel gear drives the roller screw. Finally, the movement of 
the ankle joint is achieved. The absolute angular sensors (11) can 
measure joint angles directly.

2.2.3  Motion planning
It is challenging work to plan biped walking motion due to the nonlin-
ear dynamics and high coupling of the robot system. ZMP criterion and 
3D linear pendulum are the basic methods to design the motion for a 
biped robot, and more natural walking can be obtained through analysis 
of human motion data.

•	ZMP criterion
Zero Moment Point (ZMP) criterion is a widely adopted prin-
ciple in motion planning for bipedal walking, which was pre-
sented in 1969 by Vukobratović [74]. The ZMP is defined as the 
point on the ground around which the sum of all the moments of 
active forces equals zero. If ZMP is within the convex hull of all 
contact points between the feet and the ground, the biped robot 
is able to walk. In order to ensure dynamic stability for a biped 
robot, one common method in motion planning for the tradi-
tional biped robot based on ZMP is to design a desired ZMP 
trajectory that strictly satisfies “ZMP criterion,” then derive the 
whole body motion to realize the desired ZMP trajectory.

•	3D linear inverted pendulum model
Kajita et al., used the 3D liner inverted pendulum model (LIPM) 
to generate a pattern in single support phase (SSP) and to keep 
the velocity of the center of mass (CoM) constant in double sup-
port phase (DSP) [75]. They were the pioneers who realized 
stable walking using LIPM. In conventional LIPM, as shown 
in Figure 2-28, it is assumed that the mass of the robot can be 
lumped to the CoM, which is supported by a massless telescopic 
leg. Y axis points to the walking direction. X axis points to the 
right of the model. Z axis is vertical. When the CoM is kept on 
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a constant height, its motion in the frontal direction is indepen-
dent of the motion in the lateral direction. With the assumption 
that z = zc , the dynamic equations are given as follows: 

	 c c zmp
c c

g g
x x x

z z
- = -�� � (7)

	
c c zmp

c c

g g
y y y

z z
- = -�� � (8)

where g is gravity acceleration, (xc, yc) is the CoM coordinate in 
the world coordinates, and (xzmp, yzmp) is the ZMP coordinate in 
the world coordinates. 

For further simplification, ZMP is fixed in many methods. 
And so xzmp and yzmp equal zero if the origin point of the coordi-
nate is set to the support point. In this case, Equations (7) and 
(8) become easier and an analytic expression of the CoM motion 
can be obtained [75].

•	Multi-link model
The multi-link model has higher accuracy of dynamic and 
kinematic compared with the simple models. Pre-design ZMP 

Figure 2-28  3D liner inverted pendulum model.
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trajectories and pre-design walking motion are two main meth-
ods of this model. The first one is introduced in this section, and 
the other will be described in Section of 2.2.6.

The research on the stable walking pattern generation was ini-
tiated in Waseda University [76]. Takanishi et al. designed the 
reference ZMP and realized continuous biped walking with the 
trajectories of lower and upper body. The walking pattern com-
posed of unit patterns of the foot and the waist is first designed 
by a polynomial according to the ground conditions. Then the 
compensatory unit patterns of the waist and trunk are calcu-
lated to achieve more stable walking. Kinematic constraints are 
imposed on the upper body motion to solve the interferential 
and nonlinear differential equation. The left and right side of the 

Figure 2-29  Walking pattern generation based on ZMP. 
[Courtesy of Lim et al. [76].]
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equation is regarded as the periodic function, which is solved by 
comparing the coefficients of both sides of the equation using 
fast Fourier transform (FFT). And a more accurate solution 
could be achieved through iteration. The knee unit pattern is 
geometrically computed on the basis of the foot pattern and the 
compensatory waist pattern. Finally, the complete continuous 
walking pattern that consists of these unit patterns is obtained 
according to the step direction, as shown in Figure 2-29. 

2.2.4  Stability control
Stability control is also an essential part in the development of biped 
robots, and research has proposed various solutions to this issue. 

Choi et al., introduced a controller with formula stability proof using the 
Lyapunov method [77]. Wieber focused on compensating strong pertur-
bations of robots and proposed methods to update the upper body trajec-
tory using a linear model predictive control scheme [78]. Takenaka et al., 
focused on handling disturbance through upper body position feedback 
gains design and the extended model ZMP control method [79]. Sugihara 
evaluated the stable pole of an inverted pendulum which could extend 
the admissible region of ZMP [80]. Kajita et al., proposed a CoM/ZMP 
tracking controller based on the linear inverted pendulum, considering a 
ZMP delay [81]. Pratt et al., presented the capture point which can lead 
the COG motion to a complete stop [82]. Englsberger et al., proposed and 
proved the derivation of a capture point based on the natural dynamics of 
the linear inverted pendulum (LIP), which stabilizes walking robots [83].

The biped robot may suddenly become unstable and begin to tip over 
when there are unexpected sudden events. In that case, ZMP becomes 
uncontrollable, since the contact force between the ground and the feet 
cannot provide the necessary recovery moment to control the ZMP. For 
example, in the case when the actual ground surface is lower than the 
assumed surface for the planned dynamic pattern, the swing foot will 
land on the ground more slowly than the designed time of the planned 
dynamic pattern, which results in the biped tipping forward immedi-
ately. In addition, when the biped becomes unstable, the biped body 
slants from the desired body inclination. Thereafter, the body inclina-
tion is called the body posture. If the body posture is not recovered in 
time, the tipping moment becomes large and the body slanting increases 
continuously, which results in the robot tipping fast. Control methods 
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based on sensory reflex are the general ways to solve this problem, as 
they not only control the ZMP, but also the parameters of the landing 
time and the body posture online are proposed [84]. 

The stability control based on sensory reflex presented in this section 
consists of a ZMP reflex, a landing-phase reflex and a body-posture 
reflex. The three sensory reflexes are independent, and become active 
when their conditions are satisfied. The assumptions for the sensory 
reflex are given as follows:

1) �The unexpected irregularities can be detected by the biped 
sensors;

2) �The noise of sensors used for the sensory reflex can be filtered, 
and their responses are fast enough for the real-time control.

•	ZMP reflex
The ZMP reflex controls the ZMP of actual walking online. The 
actual ZMP is measured by a foot-force sensor. Generally, only 
one edge of the foot sole is in contact with the ground during 
biped tipping. For example, only the toe is in contact with the 
ground when the biped tips forward. Viewed from the perspec-
tive of the ZMP, in those cases, the actual ZMP is on the toe; that 
is, the actual ZMP is on the boundary of the stable region. To 
avoid having only one edge of the foot sole contacting the ground, 
there should be some distance between the actual ZMP and the 
boundary of the stable region. That is the stability margin.

If the actual ZMP is always controlled in the center of the 
stable region, the actual stability margin is the largest. But in that 
case, the robot cannot move at high speed. To keep walking in 
the most dynamic pattern possible, the actual stability margin is 
specified to be the same as the stability margin of the dynamic 
pattern. Thereafter, the region with such a stability margin is 
defined as the desired stable region (Figure 2-30).

One effective way to keep the actual ZMP within the desired 
stable region is to control the ankle joints of the support feet 
(Figure 2-31). In the case when the actual ZMP is within the 
desired stable region, the ZMP reflex is not active. In the case 
when the actual ZMP is outside the desired stable region, the 
ZMP reflex is active, and the ankle joint Dθa(nTs) realizing the 
ZMP reflex is calculated using the following equation:
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Where Ts is the sample period of the servo loop, and nTs is the cur-
rent time, dzmp(  jTs) is the distance between the actual ZMP and the 
boundary of the desired stable region, Kac and Kas are coefficients, 
and Fz is the foot contact force with the ground, which is measured 
by the sensor. If Fz > 0, that is, the foot is in contact with the ground, 
the ankle joint of this foot is used to control the actual ZMP. 

Figure 2-30  Stable region and desired stable region.

Figure 2-31  ZMP reflex and body-posture reflex.
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If Fz = 0, the foot becomes the swing foot, and the ankle joint of 
this foot returns to the value of its dynamic pattern gradually.

•	Landing-phase reflex
The biped may suddenly become unstable if the swing foot cannot 
land on the ground in time due to unexpected ground irregulari-
ties. For example, the ground surface is assumed to be level when 
the dynamic walking pattern is generated, but the actual ground 
surface is unknown rough terrain. In the case when the actual 
ground surface is higher than the assumed surface of the planned 
dynamic walking pattern (Figure 2-32(a)), the swing foot lands on 
the ground faster than the designed time of the planned dynamic 
walking pattern. Then the moment of tipping backward occurs, 
and the robot will tip backward. Conversely, the foot lands on the 
ground too slowly when the actual ground surface is lower than 
the assumed surface (Figure 2-32(b)), the moment of tipping for-
ward increases, and the robot will tip forward.

The landing-phase reflex controls the swing foot landing on 
the ground at a desired time online. In the case when the swing 
foot lands on the ground too fast, the robot lifts its foot. The 
increase of foot height DZf (nTs) to realize the landing phase 
reflex is given as follows:
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Figure 2-32  Landing-phase reflex of foot position.
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where Kfc and Kfs are coefficients, and Mr is an approximate value 
of the weight of the biped. If Fz ³ Mr, the support foot nearly 
becomes the single support foot, then the foot height returns to 
the value of the dynamic walking pattern. In the case when the 
swing foot lands on the ground too late, the robot lowers its foot 
to land on the ground. The increase of foot height DZf (nTs) to 
realize the landing-phase reflex is given as follows:

	
1
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, 0
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j n
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j

z
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h F
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where h is a constant variable. The online change of foot height 
∆Zf(nTs) is achieved by controlling the hip and knee joints accord-
ing to the kinematics.

•	Body-posture reflex
From the viewpoint of stability, it is desirable that the body pos-
ture is constant when there is no waist joint. The actual body 
posture is measured by inclination sensors, such as accelerom-
eters and angular rate sensors. The actual body posture will slant 
from its desired body posture when the biped begins to tip over. 
As the slanting increases, the tipping moment becomes larger. 
The body-posture reflex controls the actual body posture to be 
the desired body posture online. Since the hip joints are near the 
body, the most effective way to keep the desired body posture is 
to control the hip joints (Figure 2-32). The hip joint Dθh(t) to 
realize the body-posture reflex is given as follows:
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where Dqactb( jTs) is the deflection between the actual body pos-
ture and the desired body posture, and Khs is the coefficient. If 
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Fz > 0, the foot is in contact with the ground, and the hip joint 
of this foot is used to control the body posture. On the other 
hand, if Fz = 0, the foot is the swing foot, and its hip joint 
does not affect the body posture. In this case, the hip joint of 
the swing foot returns to the value of the dynamic walking 
pattern.

2.2.5  Control system
The main architecture for biped robots can be summarized as follows. 
First, some biped robots, such as P3 [85], HRP-2 [86] and BHR-01 
[87], adopt the centralized control architecture based on local VME, 
ISA or PCI bus. The advantage of this architecture is high commu-
nication speed and capacity. But the calculation burden of the central 
computer is so heavy that it could not process much other sensor in-
formation. Additionally, the wires connected to the central computer 
are excessive. The long wires easily suffer from electro-magnetic in-
terference. In order to solve these problems, some other biped robots, 
such as HRP-3P [79], KHR-2 [88], QRIO [89], JOHNNIE [90] and 
BHR-03, adopt the distributed control architecture based on CAN, 
OPEN-R, USB or Ethernet. In this section, an open distributed con-
trol system for BHR-5 [91] is introduced, which improves the com-
patibility and expandability of the whole system, and also reduces the 
calculation burden of the central computer. 

The open distributed control system for BHR-5, as shown in 
Figure 2-33, has three sub-systems: the teleportation system, decision-
making system (DMS) and motion control system (MCS). The tele-
portation system is used to control the robot remotely. DMS is used to 
process non real-time events, like vision, hearing and decision-making. 
The operating system (OS) of these two sub-systems is Windows XP. 
MCS controls all joints in real-time. Its OS is RT-Linux. Wireless 
LAN and Ethernet are used as communication interface between them. 
Both DMS and MCS support the CANopen protocol, which facilitates 
integrating new peripherals.

The MCS includes a coordinated control computer, PCI cards, 
CANopen drivers, Mini Multi-Axis Controllers (MMAC), DC motors 
and various sensors. 

Two 6-axis force/torque sensors are located on each foot to detect the 
contact force between the foot and the ground. In addition, two 6-axis 
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force/torque sensors are located on each wrist. The force/torque informa-
tion is processed by a 4-channel PCI interface card. In order to measure 
the attitude/posture of the upper body, inertial sensors are assembled in 
the body. Keyboard and mouse are use to control this computer via USB. 

Three dual channel PCI CAN cards are assembled on the main-
board. Most of the peripherals communicate with the control computer 
via CAN bus. The highest baud rate of CAN bus is 1 Mbits/s, and 
sending a frame always costs 120 us. In order to enhance the operating 
speed, these channels are processed in the parallel mode. That is to say, 
when the PC sends CAN frames through one channel, it just writes a 
frame into its transmission buffer and does not wait for an acknowledg-
ment signal that it was sent successfully. In succession, the PC writes 
a frame into another channel’s buffer in the same way. When the PC 
receives frames, it reads receiving buffers of the six channels circularly. 
This method helps to save a great deal of time and the communication 
period can drop to less than 3 ms.

Figure 2-34 shows the flow chart of periodic servo control thread at a 
5 ms servo period in MCS. The real-time control process routine oper-
ates sensory reflex control to generate trajectory reference data for all 
joints.

Figure 2-33  The open distributed control system.
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2.2.6  Biped walking 
In this section, a method of walking planning for BHR-5 considering 
human walking data and ZMP stability margin is introduced. Then, a 
walking experiment using stability control is presented.

•	Description of BHR-5
BHR-5 is a newly developed biped robot platform with torso, 
head, arms, hands, legs and waist. The height of this robot is 
1.65 m and the weight is 60 Kg. In order to realize the stability 
control and cope with the perturbation of external environment, 

Figure 2-34  Flow chart of real-time periodic control.
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six-axis force/torque sensors, accelerometers and gyroscopes are 
installed inside the robot. The main difference between BHR-5 
and the previous editions is that two DOFs of waist, yaw and 
roll joints are added to the torso (Figure 2-35), which makes the 
movement of the robot more human-like. 

•	Human motion data analysis
Recently, some researchers have focused on the walking mecha-
nism and characteristics of the human to make bipedal walking 
more natural and human-like, and the motion capture system 
was adopted to collect human walking data [92–100].

In order to analyze the human walking mechanism, a motion 
capture system is utilized to record the main joint angles of the 
human body. The system consists of 12 optical cameras and 38 
reverberation markers that are pasted on the surface of a sub-
ject’s body. It records the positions of all markers with the rate 
of 100 frames per second. And the main angles of joints can be 

Figure 2-35  DOFs configuration of BHR-5.
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calculated by software. Then human walking data with several 
step lengths and cycles can be captured from different subjects 
with different physical characteristics. Figure 2-36 shows the 
subject with reverberation markers and the skeleton structure 
formed in the software.

As a result of analyzing the captured walking data, the human 
walking characteristics discovered are [101]:
(1)	 A one-step cycle can be described by the DSP and the SSP. 

The rate of DSP (the ratio between the double support 
time and the whole step cycle) during a step cycle will be 
less if the step cycle is longer for the same step length, and 
vice versa. And the rate of DSP during a step cycle will be 
larger if the step length is shorter for the same step cycle, 
and vice versa. 

(2)	 The swing height of the foot is relevant to step length, not 
to step cycle. The longer the step length is, the higher the 
height is. And the swing foot moves up to the highest posi-
tion at approximately 3/5 the time of SSP. The slope angles 
of the swing foot as it leaves and lands on the ground will be 
larger if step cycle is shorter for the same step length, and 
vice versa. 

(3)	 The rate of hip displacement in sagittal direction during 
DSP will be less if the step cycle is shorter for the same 
step length, and vice versa.

Figure 2-36  The subject and the skeleton structure.
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(4)	 The hip displacement in lateral direction during DSP will 
be less if the step cycle is shorter for the same step length, 
and vice versa.

(5)	 The hip displacement in vertical direction is relevant to 
step length, not to step cycle. The longer the step length is, 
the larger displacement is. The hip moves up to the highest 
position at approximately 3/5 the time of SSP, and moves 
down to the lowest position at the middle time of DSP. 

(6)	 The hip moves close to folding line in level plane. There is 
an approximate linear relationship between sagittal move-
ment and lateral movement during double-support phase.

•	Pattern generation
The key parameters of foot trajectories and hip trajectories are 
planned considering the ground conditions and the character-
istics of human walking parameters collected from humans. 
Then the final motion pattern is determined considering the 
stability margin. After that, joint angles can be obtained by in-
verse kinematics [92, 102]. Here, the stability margin is the 
minimum distance between the ZMP and the boundary of the 
supporting polygon.

For the foot trajectories, supposing that the period necessary 
for one walking step is T, the Kth walking step begins with the 
heel of the foot touching the ground at t = KT, and ends with 
the heel of the foot touching the ground at t = (K + 1)T. The 
constraints of the foot based on human walking characteristics 
are given by the following equations (the walking parameters are 
shown in Figure 2-37):

	 θ
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Where θf (t) represent the angle of foot, Tc is the step period, Td 
is the period of DSP, and Td/Tc denotes the rate of DSP during 
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a step cycle, which can be assigned according to the human data. 
qs(K) and qe(K) are the angles of the ground surface under the 
support foot, particularly qs(K) = qe(K) = 0 on level ground, qb 
and qf are the slope angles of the foot as it leaves and lands on 
the ground. All of these parameters can be assigned based on the 
human walking mechanism and ground conditions:
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Figure 2-37  The walking parameters.
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where yf (t) zf (t) represents the foot coordinates in y and z direc-
tions, respectively. Ds is the step length, lan is the height of ankle 
joint, laf denotes the length from the ankle joint to the toe, and 
lab denotes the length from the ankle to the heel. (lfm, hfm) is the 
coordinate of the highest point of the swing foot, which can also 
be assigned according to human data. hgs(K) and hge(K) are the 
heights of the ground surface under the support foot, particularly 
hgs(K) = hge(K) = 0 on level ground. Hence, the foot trajectory 
can be obtained based on the ground conditions, and the mecha-
nism and data collected from humans.

In the vertical direction, the waist moves up and down, accord-
ing to the obtained human walking parameters, and the follow-
ing equation should be satisfied: 
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where Hhmin and Hhmax are hip displacement at the lowest and 
highest positions in the vertical plane, respectively.

yh(t) can be described as follows:
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where ysd, ymd and yed are the hip displacement at the beginning, 
middle and end of the DSP in sagittal plane, respectively. And 
the dispersion between yed and ysd can be defined according to the 
human walking data.

From the human walking characteristics above, there is an 
approximate linear relationship between sagittal movement 
and lateral movement during DSP, so the following constrains 
should be satisfied:
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where yi are the points in sagittal hip trajectory, xi are the points 
in the lateral hip trajectory and e is the threshold.

By using third spline interpolation, the trajectory of yh(t) that 
satisfies the constraints equation (13) and the constraint of sec-
ond derivative continuity can be obtained. Furthermore, xh(t) can 
be considered as the function of yh(t), then trajectory of xh(t) that 
satisfies the constraints equation (14), and the constraint of sec-
ond derivative continuity can be obtained by using third order 
spline interpolation. Hence, the series of smooth xh(t) and yh(t) are 
obtained by setting different values of ysd and yed with fixed ranges.

After the trajectory design of foot and hip, the final trajectory 
is determined by taking the largest stability margin into account. 
The ZMP can be computed by the following equations:
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Where (xzmp , yzmp , 0) is the coordinate of the ZMP, n is the 
number of links, mi is the mass of link i, g is the gravitational 
acceleration, (xi, yi, zi) is the coordinate of the mass center of link 
i on the absolute Cartesian coordinate system, Ii is the rotational 
inertia of link i, and Ωi

��  is the angle acceleration of link i. 
Finally, the smooth hip trajectories with the largest stability 

can be formulated through selecting the ysd and yed, and the pro-
cess of the improved method of walking pattern generation is 
shown in Figure 2-38.
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•	Simulation and experiment
Biped walking is a complex problem involving mechanism 
design, motion planning and stability control. In this section, the 
walking simulation and experiment of BHR-5 using the theory 
mentioned above is illustrated. The parameters of the planning 
trajectory are in Table 2-1, and the rate of DSP is 20%, which is 
inspired from human data.

Figure 2-39 is the stick figure of walking, including 6 steps. It 
shows that the feet leave and land on the ground with desired 
angles.

Figure 2-38  The flow chart of walking pattern generation.

Table 2-1  Walking parameters.
Walking speed 1.5 km/h
Walking stride 0.33 m
Walking cycle 0.8 s
Single-supporting phase duration 0.16 s
Double-supporting phase duration 0.64 s
Steps number 6
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Figure 2-40 shows the ZMP in X and Y direction. The ZMP is always 
in the convex hull and the robot is able to walk according to the “ZMP 
criterion.” Figure 2-41 shows the experiment of two steps. It shows that 
BHR-5 walks on the ground steadily with the speed of 1.5 km/h.
2.3	 Conclusions
This chapter introduces the history and key technologies of exoskeleton 
robots and biped robots. On the one hand, research into exoskeleton 
robots and biped robots has made great achievements, especially in key 
issues concerning motion planning, flexible control, and balance control. 
On the other hand, several exoskeleton and biped robot platforms have 
been built and used in a certain environment. 

There are still many issues needed to be resolved in this subject. The 
applications and safety control are key issues which require subsequent 
progresses in collaboration among numerous disciplines, including 
biology, robotics, mechanics, electronics, et al. With the development of 
related technologies, exoskeletons and bipeds will bring a revolution to 
every aspect of our life.

Figure 2-39  Stick figure of walking.
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3.	 Mechanical design challenges in rescue robot 
prototyping

Emin Faruk Kececi, Istanbul Technical University, Turkey

Abstract: In rescue robotics, mobile robot platforms are used for 
search and rescue operations in the disaster zone. The design and 
realization of the robot from the idea to a working prototype require 
extensive knowledge and experience in mechanical, electrical and 
computer engineering. In the design and construction steps, math-
ematical calculations and manufacturing steps are carried out to real-
ize the robot. Both digital and physical prototyping are explained and 
their differences and necessities are clarified. Later in the optimiza-
tion stage risk analysis, functional conflicts, availability of materials, 
manufacturing capabilities and testing are considered and included in 
the design of a final prototype for better performance. This chapter 
explains the practice of rescue robot prototyping and the knowledge 
explained in this study can be applied to other mobile robotic fields.

3.1	 Introduction
Rescue robotics is the field of mobile robotics, where the robots are de-
signed and used for search and rescue operations after natural and man-
made disasters [1, 2]. The most common features of the rescue robots 
is their usage, where the robot is used to find the victims under the 
rubble. For this purpose some researchers use flying robots to observe 
the disaster zone from the above [3, 4] and other type of robots are the 
ground vehicles [5, 6]. The ground vehicles are driven into the rubble 
and possible survivors are searched for inside the damaged buildings 
where a flying robot cannot go in.

A search and rescue robot is used mainly to find survivors in the di-
saster zone. The disaster can be either natural or man-made, and apart 
from traveling on rough or soft terrain, the robot needs to send sensory 
feedback to the users. This feedback can be a camera view or sound in 
the environment as well as gas levels or light level [7, 8]. 

No existing platform can qualify to be emergency response team 
equipment. Since there is still a need for a reliable platform design, a 
new robotic platform is being designed and prototyped where first of 
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80  Designs and Prototypes of Mobile Robots

all, the locomotion mechanism is decided and the robot is built around 
this concept. The theoretical calculations are carried out for drivetrain 
and battery requirements. By using computer aided design software, 
the digital prototype of the robot is achieved. At the digital prototype 
stage, the placement of the parts is also decided and a model is created 
for computer aided analysis. With computer aided analysis, strength, 
vibration, part optimization and impact resistant simulations are run 
to see the design weaknesses to be improved with iterations. After the 
digital prototype is completed, manufacturing drawings are generated 
mechanical parts are manufactured and assembled. With the integra-
tion of the electronic circuits, the robot is ready to be programmed. 
After the embedded electronics on the robot are programmed, it is 
ready to move with the control signals coming from the operator or 
autonomously [9]. 

Methodology of prototyping is explained and updated to opti-
mize the design. However, it lacks the details of manufacturing and 
of prototyping [10]. The existing literature on prototyping explains 
the general process and the cycle of optimization to improve the de-
sign and the product [11]. However, the current literature on robot-
ics is very limited and the interaction of mechanical, electronics and 
software parts in the optimization process is an ongoing research. 
This chapter is intended to fill this gap and teach the general meth-
odology of robot prototyping.

In this chapter, digital and physical prototyping are explained and 
problem solving methods in physical prototyping are discussed to help 
designers with their new designs. The methodology explained in this 
chapter can be applied not only to prototyping of ground vehicles, but 
also to prototyping a general mobile robot.

The following sections of this chapter explain how the digital and phys-
ical prototyping are achieved. When the digital prototyping provides a 
computer model of the system, main ideas can be drawn and basic analy-
sis can be achieved. Physical prototyping involves a design process where 
the digital prototype data is used and parts are manufactured and assem-
bled. Fault analysis in physical prototyping involves noticing the possible 
problems ahead of time and fixing them before they stop the whole pro-
totyping process. After all, prototyping is an iterative process and product 
design and manufacturing stages must be updated to be successful.
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3.2	 Design challenges
The main mechanical challenges of rescue robotics are mobility and en-
ergy. It is very important to make a rescue robot as small as possible so 
that it can penetrate into the rubble easier. However, when the robot 
gets smaller, any obstacle becomes bigger when it is compared to its own 
drive system, making the mobility of the robot limited. Communication 
with the robot is mostly achieved with a wireless unit, where coverage 
becomes a fundamental issue and should be guaranteed for a successful 
mission. Measurement is done both internally and externally to under-
stand the situation of the robot and the environment. Sensor fusion still 
poses a great challenge [12–14].

In order for the robot to move on a confined and difficult terrain, mo-
bility becomes one of the most important features of the robot. After all, 
if the robot cannot move inside and on the rubble, it is simply useless. In 
order to increase the mobility, different designs such as wheeled, legged 
and tracked designs [15–17] have been achieved.

The energy requirement of the robot defines the endurance of the 
robot. However, simply increasing the battery size is not a solution, 
since both the size and the weight will be increasing. The robot can 
be connected to the operating unit with a wire and the energy can be 
transferred with this cable but the tangling of the cable poses another 
problem. Reliable battery research is one key to the success of mobile 
robots [18].

The solution to the common rescue robot mechanical design prob-
lems lies in the optimization of weight and mechanism. The platform 
design to increase the mobility is an ongoing research, but the adapt-
ability to the terrain increases the mobility. Energy performance of the 
robot is improved by making the robot body lighter, which is explained 
in detail in the following sections.

When the decrease of weight of the robot is achieved, more sensors 
can be placed on the robot for more accurate measurements. As an in-
ternal sensor, especially the advancements on the IMU sensors with a 
3 axis accelerometer, 3 axis gyroscope, 3 axis magnetometer and an in-
tegrated GPS allow the operator to understand the position, heading 
and the motion of the robot. External sensors are used to avoid obsta-
cles (such as sonar and IR range sensors) and find victims in the rubble 
(camera and heat sensor).
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3.3	 Digital prototyping
The purpose of digital prototyping is to solidify the design, to have parts’ 
drawings, to decide manufacturing methods, to decide the assembly or-
der and to see the feasibility of the assembly, to provide communication 
within the project team, to decide the necessary standard components 
and custom made components, to decide the placements of the compo-
nents and to create the bill of materials (BOM) [19].

When the design requirements of the new platform for a rescue robot 
are listed, the designers will have ideas about which mechanisms to use 
for mobility. Depending on the requirements, the robot can be wheeled 
or tracked, or any other way. The same requirements also define the geo-
metrical dimensions of the robot. The dimensions are decided with con-
sideration to the system components and their functions. For example, 
the specifications and the size of the camera and its placement define 
the front face of the robot. When the space and placement of every each 
part of the robot are considered and decided, the shape of the robot is 
finalized. Figure 3-1 shows the digital prototype of a rescue robot.

One very important point at this stage is the cabling of electronics 
parts, motors, batteries and sensors. Since a simple robot will have almost 
100 power and signal cables in between the electronic equipment, the 
cables are too many to draw on the digital prototype. Moreover, the com-
puter file becomes too big to work with. As a result, the space left for the 
cables can be inadequate, and even more importantly the cables can cross 
over each other and thus assembling becomes very time consuming.

Figure 3-1  Digital prototype of a rescue robot.
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Theoretical calculations are carried out for the selection of the motor 
torque and speed. Since the expected weight of the robot is limited, for 
the maximum weight and desired speed, the drivetrain motors are cal-
culated and chosen from the manufacturer’s catalogs. The batteries are 
calculated for the required endurance with the voltage and ampere re-
quirements of the motors. At the selection of the batteries the discharge 
rate (C) of the battery should also be taken into consideration [20]. 

Mechanical parts of the body of the robot are designed considering 
the failure modes and the strength of the parts. The important stage of 
the design is part optimization. By using computer aided engineering 
programs, the strength analysis is carried out and the parts are made 
lighter for weight reduction. Reducing the total weight of the robot in-
creases the endurance [21]. 

After the digital prototyping is completed, a model of the robot is 
ready to be used for manufacturing. After a careful study of each part, 
design for manufacturing is achieved and manufacturing methods are 
decided. Assembly is one of the most important parts of the manufac-
turing stage in which problems occur the most. The placing and the 
integration of the different parts of the robot should be taken into con-
sideration, in order to avoid any flushing of the parts. Moreover, space 
for the assembly equipment should be planned. 

The computer aided drawing programs are developed enough to 
show the design in a 3 dimensional view. This ease of use allows for the 
team of mechanical designers, electrical engineers and programmers to 
work more closely and to understand each other’s work better. 
3.4	 Physical robot prototyping
The main purpose of physical prototyping is to test the digital proto-
type physically. The main problem with the digital prototype is that the 
computer software makes assumptions and some of these assumptions 
are not correct or not valid. A simple example of this type of assumption 
is that on a tracked robot, the software cannot determine the expansion 
of the track under the driving force. 

There are 4 reasons to prototype: communication, proof of the theory, 
integration and milestone [22]. During the prototyping stage many par-
ties are involved apart from the engineers, such as the vendors, manage-
ment, customers and investors. The prototype can help to explain the 
look and the functions – it can basically give the feeling of the product. 
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For example, the portability of a rescue robot is very important, since it 
needs to be carried by the user. When the involved parties lift and carry 
the physical prototype, they can really understand the importance of the 
weight of each piece of the robot. Figure 3-2 shows an actual prototyped 
rescue robot. The real prototype is also used for physical testing.

In some cases of the design process, it is not clear to the design team 
how the physical system will work. This occurs because of the lack of 
knowledge. For example, when the material of the tracks is chosen gen-
erally the friction coefficient between the track and the rubble surface 
is not known. With experiments this information can be obtained. In 
order to do the experiments, a prototype must be built. 

At this initial stage, the prototype can have only the interested sec-
tion, the other parts of the prototype can be represented elements. 
In other words, when the friction of the tracks is investigated, there 
is no need to build a complete robot, which would increase the cost 
drastically. Rather than using exact batteries during the friction tests, 
the robot can be driven from a power source and a dead weight can be 
placed inside the robot to represent the battery weight. This way the 
current requirement of the system can be easily observed and the place 
of the batteries can be changed, since there is no wire attached from 

Figure 3-2  The prototyped 4 leg-tracked rescue robot.

ASME_Designs_and_Prototypes_of_Mobile_Robots_Ch.03.indd           85             Manila Typesetting Company             03/04/2015  04:43PM
Downloaded From: http://ebooks.asmedigitalcollection.asme.org/ on 01/08/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Mechanical Design Challenges in Rescue Robot Prototyping  85

the dead weight. Concurrent engineering allows the designers from 
different fields to work together and improve a product at the design 
stage [23].

At the more advanced stages of prototyping, the integration of the 
different subsystems becomes vital. In the digital prototype it is almost 
impossible to draw every part of the robot. Especially the connection 
elements and cables take too much memory space. Not modeling the 
connection elements, namely nuts and bolts can cause some serious 
problems in assembly. The bolts hit each other and sometimes there 
is not enough space for the tools to work inside the robot. When the 
cables are considered, a dual DC motor driver needs 10 signal cables 
and 6 power cables. When the microcontroller, battery, motor drivers, 
sensors and switch cables are considered, in a normal size rescue robot 
(10 ´ 50 ´ 30 cm – h ´ l ´ w) there is almost 4 meters of cables. The 
main problem is not the length of the cables, rather the number (almost 
100) and the volume of the cables.

In the process of physical prototyping, design and calculations are 
carried out at the design process stage. In this part, the designer is more 
concerned about how to make the system work. Later fault analysis 
should follow, considering how the system might not work and neces-
sary precautions should be studied. Especially, for the improvement of 
the prototype, where for a given function the design is changed, the ef-
fect of the design changes on the rest of the design must be carefully 
studied. The given function can be cost or total weight. 

For example, to decrease the manufacturing cost, connection ele-
ments can be decreased and their places can be changed. These changes 
may result in a decrease in the rigidity of the structure and the new 
placement of the connection elements can cause some conflicts. 

Weight reduction can be achieved with more efficient components, 
such as batteries and motors or even motor drivers. However, the place-
ment of these new components should be carefully studied for the in-
side packing of the robot and the position of the center of gravity must 
be recalculated.

At the end of the physical prototyping, the bill of materials is created 
to see the necessary parts and the cost of the product. The list will also 
include the custom made parts and standard components to be pur-
chased. Naturally the cost of the first prototype will be much higher, 
since the volume is low.
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3.5	 Design process
Mechanical design is achieved depending on the function of the robot. 
The choice of mechanism affects the mobility of the robot. Some of 
these mechanisms are outside of the robot, such as a flap with a track on 
it to increase the ability to place the track at a desired position for higher 
traction force. In some cases the motor is not directly connected to the 
driving wheel or track, where transmission elements (belts or chains) 
and housing elements are used. Selection and sizing of the power trans-
mission elements and housing and bearing elements affect the overall 
size and weight of the structure. The system optimization parameters 
should be taken into consideration at the selection of the mechanism 
design step. Most of the time, size and weight are the most important 
parameters.

In mathematical modeling, kinematic and the dynamic analysis are 
done, where the kinematic analysis shows how the mechanisms will 
work and the dynamic analysis proves the necessary torque values. The 
dynamic equations are later used in the controller design. The forces 
acting on the tracks of the robot during steering are identified and 
the dynamical equations of the platform are found with Lagrangian 
method.

Depending on the desired speed and the torque, the motors are se-
lected. At this stage voltage and current ratings of the motor should be 
decided. Since size and weight are very important for a rescue robot, a 
more efficient motor, namely a motor with a better gearbox, generally 
suits better. However, it should be kept in the designer’s mind that bet-
ter parts will be increasing the cost of the production. Especially plan-
etary gearboxes are very efficient and compact; however, they are more 
expensive. If the mechanisms allows, only one directional gearbox can 
be selected for higher efficiency. 

The mechanical manufacturing and assembly are carried out to build 
the prototype physically. In mechanical manufacturing, design for man-
ufacturing becomes very important, where the designer considers the 
manufacturing process and capabilities at the design stage of the parts. 
Mechanical assembling finalizes the hardware prototyping.

The result of this stage will be a working prototype, but the perfor-
mance, the extreme cases of how the robot will fail and which precau-
tions should be taken are studied in the following section.
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3.6	 Fault analyses
When a prototype of a robot is built, some parts of the robot are pur-
chased and some of the parts are designed and manufactured in house. 
Both the purchased parts and the manufactured parts have their own 
risks, such as availability, cost, adaptability and accuracy.

The risk in purchased parts is that some parts cannot be found in lim-
ited time, or the price is too high for the project budget. This limitation 
can cause a drop in the robot performance. For example a gearbox DC 
motor falls into this category, where the company can deliver the mo-
tor approximately in 8 to 10 weeks. The designer needs to continue the 
design with the available products on the market at the desired project 
time, and if absolutely necessary, purchase the parts with fast delivery 
time.

Another risk in purchased parts, even though the delivery time can be 
acceptable with the project calendar, the cost of the product can be too 
high. At this stage the designer has 2 choices: either to drop the perfor-
mance of the robot or to ask for more funding.

The third risk of purchased components is the adaptability of the 
components to each other and to manufactured parts. When a motor 
shaft is not the same size as the pulley or the wheel to be attached, con-
necter hubs can be used. 

The final risk of purchased versus designed and manufactured parts 
is the accuracy of the parts. In house manufacturing will be costly both 
financially and timely. If a mechanical part is not always manufactured 
regularly, there will be a need for additional cutting tools which will in-
crease the unit manufacturing price. The lack of experience in manufac-
turing of this part will also cause time loss. If the delivery time and cost 
is acceptable, it is better to purchase the part rather than to manufacture 
it in house at this stage.

However, if the part has a strategic importance to the project and 
requires know-how, the manufacturing should be done in house to pro-
tect the knowledge. 
3.6.1	Functional conflicts
Functional conflicts occur when the expected parts cannot be found at 
the design and manufacturing stages or the initial performance require-
ments of the robot are changed after the initial design. In the design 
process it is not possible to improve any feature of the robot, without 
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causing any penalty. For example, if the speed of the robot is to be in-
creased, stronger motors will be required which are generally bigger and 
thus will cause the robot to be heavier than the initial case. In return, the 
weight increase will require more torque from the motors. At the design 
stage, availability of the parts must be carefully studied. 

The performance criteria of the robot must be identified at the be-
ginning of the design stage and the important parameters should be 
decided. Some of the most important parameters are size, weight, en-
durance, mobility, speed, load capacity and water and dust resistance. 
The important factors depend on the prototype and the design team, 
where the weight might be very important for portability purposes or 
for higher load capacity.

For example in a rescue robot when the stair climbing ability is de-
sired, the robot needs to be longer to touch the stairs from multiple 
points; however, in general, a rescue robot should be smaller in size to 
penetrate into rubble better. The sizing problem can be solved by the 
robot having flaps and opening them during stair climbing to increase 
the contact points. Figure 3-3 shows the prototype robot on the stairs 

Figure 3-3  The length constraint on the robot  to adapt to 
the environment.
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when the flaps are fully opened. By closing the flaps, the robot length 
decreases allowing the robot to have a smaller turning radius.
3.6.2	Materials and manufacturing methods
The material selection and dimensions of the parts are calculated and 
decided together at the design stage; however, the material choices on 
the market are very limited. Iron, steel, aluminum and plastics are easier 
to find where alloys of aluminum and specific materials like titanium are 
not common. At the prototyping stage, the designers should choose the 
most common materials and even the alloys should usually be avoided 
both for availability and cost reasons. 

The same fact applies to manufacturing processes where during the 
prototyping stage every manufacturing method might not available to 
the researchers. Moreover, for the classical manufacturing methods such 
as milling and turning, the accuracy and surface quality is limited. If the 
part requires better accuracy and surface quality, additional manufac-
turing methods should be considered, such as honing or lapping. 

Another source of risk is that some of the manufacturing companies 
lack of experience either in working with some materials or implement-
ing certain manufacturing methods. Neither the designer nor the man-
ufacturing company wants limitations of the manufacturing method to 
cause the design to be impossible to be achieved. 

For example, in laser cutting, the minimum diameter of a hole can-
not be smaller than the thickness of the sheet metal. If the laser beam is 
focused to a small point, the material starts melting rather than getting 
cut because of the increase in the temperature at a given point before the 
beam is directed to that point. The manufacturing method limitations 
should be known and taken into consideration during the design stage. 
3.6.3	Testing
Testing is the final stage of prototyping where the robot is tested for 
the expected performances. Also the success and the failure of the ro-
bot are learned and the experience is carried on to future robot designs. 
Failure modes for mechanical, electrical and software parts of the robot 
should be identified and tested for the designed prototype and the test 
environment. 

For rescue robots, there is a RoboCup Rescue League standard field 
where the 3 zones are designed as slightly, normal and moderate earth-
quake damaged buildings. The robot as a final product can be tested in 
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this type of a zone; however, the designers should test their design in 
a controlled environment. A military standard, MIL-STD 810 F, also 
exists for environmental testing of the products, where different envi-
ronmental effects are described and measured in this testing. However, 
this military standard can be too demanding for a rescue robot where 
IP code (IEC 60529) can be satisfactory in regards to the measurement 
of water resistance and dust resistance.

At the testing stage, it is better to divide the system into pieces and 
test every part separately. These tests are done for two different reasons: 
to prove the design and to observe the performance.

At first, mechanical parts can be tested by powering them with a dif-
ferent power source and observing the functionality. The main causes 
of failure at this stage are housing and connections. When the parts 
are not secured correctly, they move in undesired directions and either 
cause unexpected friction, or collide with other parts and stop function-
ing. The testing shows the stability of the parts and proves the design 
concept and manufacturing accuracy.

At the second stage when the performance of the robot is tested, such 
as the impact resistance of a throwable rescue robot, the robot needs to 
be forced for the calculated impact. Moreover, the functionality of the 
mechanical parts is tested. These performance tests are designed and 
realized depending on the function of the robot. Analytical prototyping 
can give an idea about the size of the impact force and the critical cross 
sections, but actual testing proves the quality of the design and manu-
facturing. Figure 3-4 shows the rescue robot climbing on soft terrain. In 
this test the functionality of the track mechanism is tested, where with 
the increasing climbing angle, the required traction force increases to 
make the robot climb.

Over all, testing is very time consuming and expensive but in order to 
prove the robot performance it is very necessary. Moreover, the experi-
ence learned from testing is carried out into the future robot design and 
prototyping.
3.7	 Conclusions and future directions
In the success of a rescue robot, one of the biggest constraints is the mo-
bility of the platform. If the robot cannot reach the desired location, it 
cannot achieve its task. In order to increase the mobility, the weight and 
size of the robot become important parameters where the placements 
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of the parts play a vital role. In the design process, the calculations lead 
to digital and physical prototypes and later in fault analysis the most 
common problems which cause failure of the robot are studied and the 
design is updated for better performance. By considering the possible 
failures at the design stage, time and money can be saved in the proto-
typing process. The general methodology explained in this research can 
be applied to other mobile robots as well.

3D printing is a process where the parts are manufactured by add-
ing operation rather than classical cutting operations. The advantage 
of the 3D printing is that the custom made parts can be manufactured 
very easily. Especially these machines work with .stl files which can be 
exported from the common 3D drawing programs. 

However, with the current 3D printing technology mostly plastic 
(ABS) parts can be manufactured. Moreover, since in this process 
the parts are manufactured with the addition process the mechanical, 
the strength of the parts is lower than that of solid parts. The density 
of  the parts is also low, since air bubbles get trapped inside the part 
during the manufacturing process. 

Figure 3-4  Testing of the climbing ability on soft terrain.
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In the future the 3D printing technologies will improve to cover not 
only plastic but also metals thus the materials used in this process will 
improve to provide better mechanical properties.

Next, DC motors are commonly used as a mechanical power 
source on mobile robots. When the weight of the robot is consid-
ered, almost 40% of the total weight of the robot is caused by the 
motors where the body, batteries and the electronics make up the rest 
of the weight.

When DC motors are compared to SMA wires, the power density of 
SMA wires is almost 50 times more than DC motors. This means the 
necessary DC motor can be replaced with a SMA wire or SMA motor 
and the weight of the actuator can be 50 times less, allowing the total 
weight of the robot to decrease almost 40%.

However, the current SMA wire technology has a cooling problem. 
When the electricity is passed to the wire, the wire shrinks and creates 
force. However, when the electricity is cut, the wire needs time to cool 
down and come to its original length. Since the wire density is high, es-
pecially on the SMA wire, active cooling is used to increase the response 
time of a SMA motor. 

Advancements in SMA wire technology would allow light weight 
actuators and thus allow the rescue robots to be lighter.

The battery technology is also advancing with the drive from mobile 
electronics. Especially the hand held devices require very energy dense 
batteries. Lithium polymer and lithium ion batteries are almost 6 times 
more efficient than lead acid batteries.

The weight reduction with advanced batteries can allow the robot 
to be lighter or endurance of the robot to increase for the same weight. 
Increase in the power density of a battery will help the robot designer 
to focus on the functions of the robot. By having more energy on 
board, the robot will have more actuators to accomplish different 
tasks.

Manufacturing of the robot parts as well as the standard parts like 
actuators and batteries are improving and these new developments are 
allowing robot designers to create more compact and durable robots.
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4.	 Networked control for mobile robots

Xilun Ding and Fan Yang, Beijing University of Aeronautics and Astronautics,  
China

Abstract: As network technologies have developed, networked con-
trol became a main research focus in mobile robots, as well as in many 
other applications. In this chapter, the advantages and the applications 
of networked control mobile robots are summarized. Furthermore, the 
chapter presents the main problems and achievements facilitated by 
the interplay between networked control, communication and percep-
tion. Control over the networks has to deal with drawbacks brought 
by network communication, such as delays and data loss. The mobil-
ity of individual robots brings new challenges to communication and 
perception. Further study is still needed in the coverage and localiza-
tion problems of mobile sensor networks. A brief review of our Novel 
Robotics System for Planetary Exploration (NOROS) and some 
related works, such as the study of group behaviors, optimal routing 
design and wireless sensor networks localization, are also presented.

4.1	 Introduction
Control theory concerns influencing systems in order to achieve certain 
output quantities to take a desired course, and it did not become an 
independent scientific field until the late 1940s when N. Wiener pub-
lished his classic book on control [1]. World War II and space explora-
tion motivated the development of automatic control, and HS Tsien’s 
“Engineering Cybernetics” [2] is considered the true beginning of mod-
ern control. As our society progressed from agricultural to mechanical, 
steam engine, electrical, electronic and on to the computer age, control 
theory and its applications experienced changes from frequency-domain 
design, state-space approach, and discrete event and hybrid dynamic 
systems, to intelligent control algorithms [3]. Without exception, every 
breakthrough in technology has caused a milestone change or paradigm 
shift in automatic control. Now that we have entered the age of a net-
worked society, computer networks are a pervasive element of every-
day life. They allow us to access information at a distance and indeed 
to link geographically dispersed computing resources into powerful, 
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distributed computing platforms. The advances in networking and in 
miniaturization of electromechanical systems introduced the field of 
remote control and gave birth to networked control systems (NCS). 
How to apply control strategies, such as PID control, optimal control, 
adaptive control, robust control and intelligent control, over a network, 
becomes meaningful work. 

The original concept of network robotics can be found in tele-robotics. 
Though early tele-robotics research used only a direct line to control 
the slave robot, at the beginning of the 1990s, The World Wide Web 
(WWW) motivated the first integration of robotics with networking 
through the creation of online robot systems [4], which can deliver mo-
tion and additional information to the operator through the Internet. 
Later, this technology was utilized for controlling mobile robots [5]. 
Embedded computers and sensors are becoming ubiquitous in homes 
and factories, and wireless ad hoc networks or plug-and-play wired 
networks are becoming increasingly commonplace. This means mobile 
robots could compose complex systems of distributed sensors, effector 
and computational resources, coordinated to perform search and recon-
naissance tasks exploiting the efficiency that is inherent in parallelism. 
Thus a lot of mobile robot prototypes controlled by networked systems 
have been developed in laboratories and industry. 

For networked robots, which are defined as multiple robots coordi-
nated and cooperated together by networked communication to accom-
plish a specified task, the communication network plays a key role in 
the system [6]. The application of the network is a liberator; it allows 
us to do things that were not previously possible with robots. Yet there 
are still many challenges to overcome. The key problems derive from its 
interdisciplinary nature. In fact, the study requires deep knowledge of 
automatic control, perception and communication, and the ability to 
capture the interplay between these disciplines. This chapter presents 
an overview of recent networked control mobile robots research chal-
lenges, and the main achievements regarding the key problems men-
tioned above, including our related work on the NOROS robots system.

The remainder of this chapter is organized as follows: The main ap-
plications of networked control mobile robots are presented in Section 
4.2. Section 4.3 introduces our novel robotics system for planetary ex-
ploration. The main advantages and challenges of networked control 
mobile robots are introduced briefly in Section 4.4. The main problems 

ASME_Designs_and_Prototypes_of_Mobile_Robots_Ch.04.indd           99             Manila Typesetting Company             03/04/2015  04:44PM
Downloaded From: http://ebooks.asmedigitalcollection.asme.org/ on 01/08/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Networked Control for Mobile Robots  99

and achievements facilitated by the interplay between networked con-
trol, communication and perception are discussed in Sections 4.5–4.7.
4.2	 Applications of networked control mobile robots
Due to recent high-tech and low-cost advances in microelectronics and 
sensors, such as low-power CCD cameras, small microprocessors with 
expanded capabilities, and autonomous navigation systems using global 
positioning systems, a system of mobile robots, embedded computers, 
actuators, and sensors has tremendous potential in reconnaissance, 
surveillance and physical security, particularly locating and identifying 
hazardous targets. The coordination of multiple mobile robots can be 
effective and efficient in the above applications through information 
sharing and the formation of distributed communication networks. 
Multiple robots controlled to cooperatively achieve an objective have 
the potential to be more effective than a collection of independent ro-
bots. The significance and potential impact of networked robots is ap-
parent from the following examples.

The manufacturing industry has always relied on integration between 
sensors, actuators, material-handling equipment and robots. Many fac-
tories utilize Automated Guided Vehicle (AGV) for unmanned trans-
portation. A representative method for guiding the vehicles is using 
special tapes as a guide-rail [7]. In this case, it is difficult to cope with 
frequent structural changes in the factory. All of the guide tapes need 
to be re-stuck on the floor every time. Today, companies are finding it 
easier to reconfigure existing infrastructure by networking new robots 
and sensors with existing robots via wireless networks and ubiquitous 
computing. For example, JH Lee et al. [8, 9] implement distributed intel-
ligent sensor network systems for AGV in factories. The environment is 
monitored by distributed sensor devices which connect with other dis-
tributed sensor devices and robots throughout the network (see Figure 
4-1). Though the mobile robots are not equipped with sensors for self-
positioning and control, they are able to accomplish tasks simply by fol-
lowing orders from the sensor devices in the networked environment. 

In the defense industry, the US military is engaged in the large 
Future Combat Systems (FCS) initiative to develop network-centric 
approaches to deploying autonomous vehicles. The FCS could be a dis-
tributed network centric system with all of the functionality necessary 
to be successful on the modern battlefield, distributed among multiple 
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vehicle elements whose capabilities sum to the capabilities necessary for 
victory in all forms of combat. The Army is accelerating the research 
and development of this system, and anticipates equipping its first unit 
with the FCS as soon as technology is available. A great deal of effort 
was made collaboratively between the General Robotics, Automation, 
Sensing & Perception (GRASP) Laboratory, the Georgia Tech Mobile 
Robot Laboratory and the University of Southern California’s (USC) 
Robotic Embedded Systems Laboratory, which is funded by DARPA. 
They developed an autonomous, adaptive robot network capable of 
executing a wide range of tasks within an urban environment. It can 
explore urban environments and the interiors of buildings to detect and 
track intruders, and transmit all of the above information to a remote 
operator [10, 11]. Robots map an environment and deploy themselves 
to form a sensor network to detect intruders (see Figure 4-2).

There are already many commercial products with prohibitive costs 
to cope with, where large numbers of robots are needed for applications. 
For example, the MARON robot developed by Fujitsu lets a human 
user dial up their robot and instruct it to conduct simple tasks, includ-
ing sending pictures back to the user via cellular phone. The K-Team 
Corporation is a Swiss company that develops, manufactures and mar-
kets high-quality mobile robots for use in advanced education and re-
search. The Khepera and Koala robots they developed are a standard for 
academic research now, while the K-Junior robot is designed for teachers 
and hobbyists [12]. The iRobot Swarm [13] is comprised of over 100 
SwarmBots™ (see Figure 4-3), 16 charging stations and navigational 

Figure 4-1  (a) Intelligent sensor networks guided AGV [9] 
(b) Concept of ubiquitous environments. Source: [8] (with 
permission).
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beacons. Each robot belonging to the swarm could easily be replaced, as 
they would be understandably much cheaper, which has a suite of sen-
sors, communications hardware, and human interface devices. Indeed 
the Network Robot Forum [14] is already setting standards for how 
stationary sensors and actuators can interact with other robots in do-
mestic and commercial settings.

Environmental monitoring is a key application for networked robots, 
where one can exploit the mobility and communication abilities of the 
robotic infrastructure for observation and data collection at unprece-
dented scales, in various aspects of ecological monitoring. This is sig-
nificant for environmental regulatory policies (e.g., clean air and water 
legislation), as well as enabling new scientific discovery. Examples in-
clude systems built for aquatic monitoring [15], terrestrial monitoring 
[16] and subsoil monitoring. Other applications for networked robotic 
systems include surveillance of indoor environments [17] and support 
for first responders in a search and rescue operation [18]. 

Figure 4-2  (a) Future combat systems (b) robot network 
for urban environment. Source: [11] (with permission).

Figure 4-3  (a) iRobot Swarm; (b) SwarmBots. Source: 
[11] (with permission).
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There are also many other applications, such as the health care in-
dustry, field robotics and surveillance, and a lot of research projects are 
focused on group behaviors and the collective intelligence of networked 
mobile robots, the aim of which is improved efficiency, extra work ability, 
and robust fault-tolerance ability. For example, a recent multi-university 
US project addressed the development of networked mobile robots for 
swarming behaviors [19]. 
4.3	 Introduction of NOROS robots
The Novel Robotics System for Planetary Exploration (NOROS) was 
developed collaboratively by Beijing University of Aeronautics and 
Astronautics (BUAA) and Politecnico di Milano (POLIMI), which is 
an improved version of “Ladyfly’’ shown in [20]. The original concept 
of the NOROS design consists of a robotic system usable for Moon or 
Mars soil exploration in preparation of a human mission to the planet. 
It is therefore compatible with the technologies relevant to the space 
program goals and scenarios. The design consists of a group of robots 
deployed from a lander. The main robot carries the scientific and oper-
ating instruments, while the smaller ones scan the area to be explored to 
create a map. Mapping data and soil features are then collected by the 
main robot and passed to the lander, then relayed to the Earth. The ro-
bots will have wheels for fast motion on flat surfaces and robotic legs to 
overtake obstacles, and reliable positioning for use of instruments and 
tools. A novel polygonal structure of the frame will be adaptable to rough 
terrain and to the required motion to the robot [21] (see Figure 4-4).

Then we developed the first hexapod robot prototype named 
NOROS-I [22, 23]. The robot is radial symmetric with hemispheric 
shell (see Figure 4-5), and since the legs are located symmetrically, the 

Figure 4-4  Conceptual model of NOROS robot.
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angle between adjacent legs is 60°. There are three joints in each leg, 
namely hip, thigh and calf joint, all of which are driven by Maxon DC 
motors through the bevel bear. The range of joint angles of the leg is 
limited in (–90°, 90°), (–90°, 150°), (–90°, 150°), respectively. There are 
three parts inside of the robot body: the bottom part accommodates the 
battery and motors, the middle part contains the hardware of control 
system such as the CPU board, motion drive, control cards and video 
capture card, etc. A binocular camera that can be stretched out of the 
shell for environmental detection is placed at the top. The robots can 
walk in various gaits, and are robust to different terrain.

Meanwhile, we developed a flotilla of small robots named NOROS-II 
(see Figure 4-6(a)), which look like smaller versions of NOROS-I. The 
objective was to design a group of cheap and portable robots which 
are able to explore a given area rapidly, and create a global map coop-
eratively. Even if some robots are broken accidentally, the remaining ro-
bots of the NOROS system are still able to accomplish the task. The 
NOROS-II robot has a width of 980 mm and is 120 mm in height, 
with six legs distributed axisymmetrically around the body, which pro-
vide omni-directional mobility. Each leg consists of three revolute joints 
and a driving wheel. The hybrid locomotion system allows motion by 
legs to cross a highly soft or rough terrain, and can obtain a 3 km/hour 
maximum speed by moving on wheels on hard flat ground. The weight 
is about 4 kg, including all mechanical components, control system and 
lithium batteries. Different sensors are equipped for various tasks. The 
contact of the supporting foot can be measured by using a 1 DOF force 

Figure 4-5  Prototype of NOROS-I.
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sensor. A small camera and six infrared sensors are used to detect ob-
stacles, remote control commands and the video signal are transmitted 
by wireless LAN, which enable us to make the robot perform various 
tasks at hazardous and narrow places.

We also developed a robotic team, which consists of one big robot, 
two small robots, the CSS and the coordinated wireless control system 
(see Figure 4-6(b)). A lot of experiments were carried out, such as route 
optimization, sensor networks, localization and mapping. The results 
show the wireless networked robots mapping the search area and find-
ing features very fast in the detection area. In case one of the explorers 
encounters a problem, the mission can be carried on with all other ro-
bots, giving time to solve the problem while the mission goes on. The 
system is very robust to the application of planetary exploration.
4.4	 Advantages and challenges
Mobile robots controlled by NCS share data efficiently, and it’s easy 
to fuse the global information to take intelligent decisions over a large 
physical space. They eliminate unnecessary wiring, as robot architec-
tures and systems can be liberated from the constraints of fixed wiring. 
It is easy to add more sensors, actuators and controllers with very little 
cost and without heavy structural changes to the whole system. They 
connect cyber space to physical space, making task execution from a dis-
tance easily accessible (a form of tele-operation). Most importantly, they 
can perform tasks that individual robots cannot perform [24], as ants 
are able to cooperatively manipulate and transport objects, often in large 
groups. Networked robots can potentially communicate and cooperate 

Figure 4-6  (a) Prototype of NOROS-II; (b) Groups of 
NOROS robots system.
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with each other, and even though individual robots may not be sophisti-
cated, it is possible for networked robots to provide a range of intelligent 
behaviors that are beyond the scope of intelligent robots. 

While there are many successful embodiments of networked robots 
with such applications as space exploration, disaster rescue, health care, 
and as museum guides [25], there are still many challenges to overcome.

The key problems are derived from its interdisciplinary nature. In fact, 
the study requires deep knowledge in automatic control, perception and 
communication, and to capture the interplay between these disciplines. 
How to coordinate multiple mobile robots through the networks to ac-
complish the task? How should the information be perceived, aggre-
gated, and distributed? These are all basic questions derived from the 
intersection of control theory, perception and networked communica-
tion (see Figure 4-7).

There are many challenges in the control of mobile robots caused by 
the characteristic features of the communication method adopted, such 
as the delays, unpredictable data loss, quantization, etc. A lot of contri-
butions were devoted to solve these problems. Another main constraint 

Figure 4-7  The challenges at the intersection of control, per-
ception and communication. Source: [6] (with permission).
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worth noticing is that robot networks are dynamic, unlike networks of 
sensors, computers or machines which might be networked together 
in a fixed topology, and the robot’s behavior also changes as the topol-
ogy changes. It is very difficult to predict the performance of such dy-
namic robot networks, yet it is the analytical problem that designers 
must solve before deploying the network. New mathematical tools are 
urgently needed to control individual behavior to achieve a specified ag-
gregate motion and shape of the groups (more details are discussed in 
Section 4.5).

The communication subjects are mainly concerned with providing a 
certain level of quality of service (QOS), while achieving efficient and 
fair utilization of network resources. The major problems of interest 
are calling admission, routing, flow control and various other resource 
allocation problems. The mobility of an individual robot brings new 
challenges. It should be possible to synthesize distributed controllers 
to move agents to attain desired network characteristics, such as maxi-
mizing network coverage while ensuring that nodes retain line of sight 
with one another, or maximizing the lifetime of networks. Some basic 
algorithmic problems and our related works are provided in Section 4.6. 

Problems of perception have been studied extensively in the robot-
ics community. However, the perception problems in a system of net-
worked, mobile sensor platforms bring a new set of challenges. The 
mobile sensor networks have the ability to reposition and organize 
themselves in the network. Where should the nodes be placed in order 
to maximize coverage? How to balance the costs of movement and the 
quality of perception? Robots can move in order to localize themselves 
with respect to their neighbors, to localize their neighbors, and also to 
identify, localize, and track features in the environment. These are all 
problems to be resolved. Several pertinent results and our related works 
are provided in Section 4.7. 
4.5	 Control challenges and achievements
4.5.1	Overview of NCS

Currently control engineers have to cope with many new problems 
arising from networked systems while designing complex mobile robot 
control systems. The advantages of controlling mobile robots over net-
works have been mentioned above; however there are also some chal-
lenges caused by the limitation of communication networks, such as 
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variable delays and unpredictable data loss. Another main constraint 
is the changing topology of the mobile robot networks. Traditionally, 
models of group behavior have been built on continuous models of in-
dividual dynamics, including models of control and sensing with a fixed 
set of neighbors. No powerful mathematical tools have been developed 
to solve the changing topology problems, and further studies are still 
needed on the control of individual behavior to achieve a specified ag-
gregate motion and shape of groups.

Generally speaking, the two major types of control systems that uti-
lize communication networks are (1) shared-network control systems 
and (2) remote control systems [3], and the robots controlled by these 
systems can be called tele-operated robots and autonomous robots, re-
spectively. The autonomous robots, using shared-network resources to 
transfer measurements from sensors to controllers, and control signals 
from controllers to actuators, can greatly reduce the complexity of con-
nections. On the other hand, a tele-operation control system can be 
thought of as a system controlled by human supervisors, who send com-
mands and receive feedback via the network. Such a system can prevent 
people from hazardous environments. 

There are two general NCS configurations. The first is a hierarchical 
structure which consists of a main controller and several remote closed-
loop systems (see Figure 4-8). Each of the subsystems contains a sensor, 
an actuator, and a controller by itself, and the main controller computes 
and sends the reference signal in a frame or a packet via a network to the 
remote system. The remote system then processes the reference signal 
to perform local closed-loop control, and returns to the sensor measure-
ment to the main controller for networked closed-loop control. 

The second approach of networked control is the direct structure (see 
Figure 4-9). This structure has a sensor and an actuator of a control 
loop connected directly to a network. The control signal is encapsulated 
in a frame or a packet and sent to the plant via the network. The plant 

Figure 4-8  NCS in the hierarchical structure. Source: [26] 
(with permission).

ASME_Designs_and_Prototypes_of_Mobile_Robots_Ch.04.indd           106             Manila Typesetting Company             03/04/2015  04:44PM
Downloaded From: http://ebooks.asmedigitalcollection.asme.org/ on 01/08/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



108  Designs and Prototypes of Mobile Robots

then returns the system output to the controller by putting the sensor 
measurement into a frame or a packet as well. Both the hierarchical and 
direct structures have their own pros and cons. Many networked con-
trol systems are a hybrid of the two structures.
4.5.2	Major accomplishments
Since an NCS operates over a network, data transfers between the 
controller and the remote system will suffer the drawbacks brought on 
by the network, such as time delays, packet loss and finite capacity. A 
fairly large amount of literature has been devoted to overcoming these 
problems. A main consideration is the delay caused by communication 
networks; the time to read a sensor measurement and to send a control 
signal to the mobile depends on network characteristics, such as delays 
and jitter [26]. Mainstream research has been focused on the design of 
control/observation algorithms that can stand the delay variations, and 
their unpredictability. Fattouh et al. [27], proposed a H∞ method to 
cope with the constant time delays. For the more realistic case of vari-
able delays, Witrant et al. [28] generalized the predictor techniques, by 
assuming that a dynamical ordinary differential equation model of the 
delay is available. In other cases, a possible solution consists of intro-
ducing an input buffer. This technique makes the delay constant, at the 
price of lower performance [29]. Another approach consists of com-
bining robust control theory and network calculus theory. By estimat-
ing a bound of the end-to-end delays, Vatanski [30] proposed a robust 
control method, and extension of this work has been done [31] which 
reduces the effect of the network on the robust controller by optimiz-
ing the quality of net service. These accomplishments, considering the 
effect of data-loss on system stability and performance, can be roughly 
categorized into three types, based on the resulting closed-loop systems: 
switched systems, asynchronous dynamical systems and jump linear 

Figure 4-9  NCS in the direct structure. Source: [26] (with 
permission).
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systems with Markov chains. Other works which try to overcome the 
drawbacks brought on by network communication are not mentioned 
due to the scope limitation of this chapter.

Another main approach is to deal with the coordination of multi-
robots system. Groups of autonomous mobile robots with computing, 
communication and perception capabilities are expected to become eco-
nomically feasible and perform a variety of spatially distributed sensing 
tasks. An interesting work is considering the problem of task partition-
ing among members of a team of cooperating agents in response to the 
discovery of new tasks or potential failures of certain agents. There is 
a rich literature in parallel and distributed algorithms for solving as-
signment problems [32, 33]. Nature provides proof of the concept that 
simple animals can execute simple behaviors to enable complex group 
behaviors, such as hunting, constructing nests and survival etc. It is still 
unclear how to design local laws to yield a prescribed global behavior. 
The picture is clearer in some specific and simple cases, such as the dis-
tributed averaging problem. But even in this simple example there are 
still many things to be understood. It is not yet clear what network to-
pologies yield better performance in term of robustness to failure, flex-
ibility, reliability and adaptability. We need a design methodology for 
solving the inverse problem in navigation – behaviors for controlling 
individuals to achieve a specified aggregate motion and shape of the 
group. Some experiments on group behaviors have been done using our 
NOROS robot groups; an example is building a team formation with 
two small robots to divide and simplify the exploration task. The ro-
bots converge at the top of the slope, exchange information and prepare 
for further exploration. The big robot fuses and analyzes the informa-
tion gathered by the small robots, and makes strategies that allow the 
lighter robot to climb the slope by walking and the other by wheeling 
(Figure 4-10). However, these experiments are still in the framework of 
conceptual attempts to study group behaviors.
4.6	 Communication challenges and achievements

4.6.1	Key problems
A communication network is central to the functioning of networked 
mobile robots. Multi-hop wireless networks, such as radio, ad hoc and 
sensor networks, are networks in which communication between two 
nodes may go through multiple consecutive wireless links. Unlike a 
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static network, mobile robots with transmitters and receivers can move 
toward each other to facilitate communication and adaptively maintain 
a communication network. In such an environment, due to the limited 
radio range of the wireless link, it may be necessary for one node to 
enlist the aid of other nodes in forwarding data to a destination node 
not within the radio transmission range of the source. Thus, each node 
operates not only as a host but also as a router. The movement gives 
us an opportunity to create desired network topologies under a suit-
able model of network communication, the so-called mobility-based to-
pology control problem. It also provides an opportunity to address the 
information routing problem in disconnected networks by turning the 
robots into relay nodes; the key idea here is to enable the robot holding 
a current message to an unavailable destination to modify its trajectory 
in order to relay a message. However, there are still many challenges to 
resolve. How can we control the motion to ensure that all agents can 
talk to each other? How does a piece of information propagate through 
the network, and what can we say about when and where that piece of 
information will be heard? The movement of robots in a network of ro-
bots and sensors may cause network partitioning when nodes go out of 
range. Wireless networks are especially interesting from a resource con-
trol point of view. It should be possible to synthesize distributed con-
trollers to move agents to attain desired network characteristics, such as 
maximizing network coverage while ensuring that nodes retain line of 
sight with one another, or to maximize the lifetime of ad hoc wireless 
networks.
4.6.2	Major accomplishments
It is important that the robots cover the space while remaining within 
communication range [34]. A lot of achievements have been made 
in this subject. Ye et al. [35], proposed a probing environment and 

Figure 4-10  Experiments of group mapping and detection.
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adaptive sleeping protocol (PEAS) that can build long-lived resilient 
sensor networks using a large number of small sensors, which was one 
of the first attempts to address communication connectivity and sens-
ing coverage simultaneously using heuristic algorithms. Wang et al. 
[36], proposed a new coverage configuration protocol (CCP) that can 
provide different degrees of coverage as requested, to provide guaran-
teed coverage and connectivity configurations, through both geometric 
analysis and extensive simulations. Zhang and Hou [37] proved that, 
given a fixed node density in a finite (but reasonably large) region, the 
upper bounds of life time when only α-portion of the region is re-
quired to be covered at any time. This is the first discussion of how to 
combine consideration of coverage and connectivity maintenance in a 
single activity scheduling. Tian et al. [38], enhance Zhang’s work to 
support general wireless sensor networks by proving another conclu-
sion: “the communication range is twice that of the sensing range” is 
the sufficient condition, and the tight lower bound to ensure that com-
plete coverage preservation implies connectivity among active nodes if 
the original network topology (consisting of all the deployed nodes) is 
connected.

Energy conservation is a precious resource for battery-driven nodes 
in the network. Management of energy resources has significant impact 
on the ad-hoc network. Therefore, by handling the early drain of the 
battery node, controlling the transmission power of a node and put-
ting low power consumption strategies together into the protocols, this 
management can prolong network lifetime [39]. Given a network that is 
connected when all nodes are operating at maximum power, the aim of 
power control is to use the minimum power level at each node for which 
the network remains connected [40]. A lot of achievements have been 
made in this subject. Hu [41] describes a fully distributed algorithm 
for topology control that provides reliability and graceful degradation 
under topological changes and component failures, which is based on 
a Delauney triangulation of the graph. Ramanathan and Rosales-Hain 
[42] present two distributed algorithms for mobile networks, named 
Local Information No Topology (LINT) and Local Information Link 
State Topology (LILT), to minimize the maximum transmission power. 
Rodoplu and Meng [43] describe a distributed position-based network 
protocol, and their algorithm is improved by Li and Halpern [44]. 
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4.6.3	Dynamic lunar exploration robots routing protocol
To solve communication problems for the moon exploration, such as 
lack of sufficient hosts, limited power and high real-time requirement, 
we adopted multi-hop ad hoc wireless networks for our novel plan-
etary exploration robots system (see Figure 4-11). Ad hoc wireless 
mobile networks are self-organizing and self-reconfiguring networks 
that can be established anytime and anywhere without the presence 
of static radio base stations or fixed backbone infrastructures. Then 
we developed an optimal ad hoc routing protocol [20, 45] named 
DLER (Dynamic Lunar Exploration Robots Routing Protocol) for 
our novel robot system. The project is supported by the National 
High Technology Research and Development Program of China (863 
Program). The remains of this subsection will be organized as fol-
low: first, we develop a node's energy consumption model based on 
analysis of the network topology of the communication system. Then 
the mathematical model for routing path optimization is built. Lastly, 
a new power-aware routing scheme is presented based on Dynamic 
Source Routing (DSR).
4.6.4	Energy consumption model
Since the most mobile hosts of an ad hoc network today operate using 
batteries, it is important to minimize the power consumption of the en-
tire network. The power required by each mobile can be classified into 

Figure 4-11  Conceptual frameworks of NOROS commu-
nication system. Source: [20] (with permission).
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two categories: communication-related power and non-communication 
power. The former can be further divided into two parts, namely pro-
cessing power and transceiver power [46]. According to different types 
of networks for different applications, the ratio of the power used for 
these two parts can be defined by:

	 NCR

CR

E
E

λ = � (1)

where the denominator refers to the maximum power for the communi-
cation-related part and the numerator refers to the non-communication-
related part.

There are four working modes of the network interface card, which 
are the doze, idle, receiving and transmitting modes. The power of each 
working mode is represented as Pdoze, Pidle, Prcvd,Ptx, and Tdoze, Tidle, Trcvd, 
Ttx is the time of each working mode taken at a node’s service time T. 
Without consideration of the energy consumed during the working 
mode transformation, the total energy consumption of a NIC can be 
formulated as follows:

	 ENIC = Pdoze · Tdoze + Pidle · Tidle + Prcvd · Trcvd + Ptx · Ttx� (2)

This can be further extended as:
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where S(i) is the size of packet i, N and M are the number of packets 
received and transmitted, and Drcvd and Dtx are the receiving frequency 
and transmitting frequency, respectively.

Prcvd is the power used to transmit the packets from the source to the 
destination node, which can be extended as:

Prcvd = Ptx · Btx · Gtx · Lpath · Grcvd
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where Btxis the bandwidth of the NIC, and Gtx and Grcvd are the gain of 
the sending antenna and receiving antenna separately. Lpath is the propa-
gation loss, which is calculated in the free space model. 

As the energy consumption of each mobile related to the communi-
cation is mainly caused by the NIC working, consequently the energy 
consumed by each mobile node can be modeled as:

Enode = ECR + ENCR = (1 + l)ECR ≈ (1 + l)ENIC

Generally we assume that Pdoze and Pidle are negligibly small. Finally 
we get the energy consumption model of the mobile node as:

	
N Mrcvd tx

node rcvd txi 1 i 1
rcvd tx

S (i) S (i)
E (1 ) P P

D D= =

 = + λ ⋅ + ⋅  
∑ ∑ � (3)

4.6.5	The optimal ad hoc routing protocols design for multi moon 
exploration robots system

The environmental conditions on the Moon are extremely bad. 
Missions like long-range surface exploration or an extended stay are 
challenging. This requires the communication system to be more ro-
bust, flexible and energy saving. Concretely, the characteristics can be 
summarized as: 

•	Lack of sufficient host station supporting
•	Limited number of surface rovers
•	Large communication packet size and high transition frequency 
•	Real-time communication request for commands like sudden 

stop
•	Limited power sources with long lifetime communication 	

networks required. 

To satisfy the special requirements mentioned above, we designed an 
optimal routing algorithm, which selects the best path to minimize the 
total power needed to route packets on the network, and to maximize 
the lifetime of all nodes. Considering the integrity of the multi robots 
system, the lifetime of the networks is defined as the duration until the 
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first occurrence of any node’s power down. The optimization problem 
of selecting the best path can be described as: 

	

1

i i+1
1

rest min

min E(n ,n     )

s.t. d c

E E

d

i

−

=

<

>

∑
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where E(ni, ni+1) is the transmission power between hosts ni and 
ni+1, d is the routing hop count, Erest is the minimum battery power re-
served during the whole nodes, and c is a constant which is negatively 
correlated with the real-time request. To avoid unexpected power down, 
there should be a certain level of Emin.

The above function can be solved by the standard shortest path algo-
rithm such as the Dijkstra or Bellman-Ford algorithm. Dijkstra’s short-
est path algorithm was modified to obtain the minimum total power 
route (MTPR) [47]. However, since the transmission power depends 
on the distance, this algorithm needs select routes with more hops 
than other routing-algorithms. With more nodes present in a route, 
the greater the end-to-end delay. Also, such a route is more likely to 
be unstable, because the probability that intermediate nodes will mi-
grate will be higher. Hence, from the standpoint of minimum hops, the 
route obtained from the above algorithm is not attractive. We utilize 
the idea of DSR (Dynamic Source Routing), where the head of the 
packet contains the information of all routed nodes. The constraints 
are balanced between energy consumption and energy which must be 
reserved. When all nodes are surplus of energy, the count of hops is the 
main index to optimize the routing method, while some nodes’ energy 
is deficient. To ensure that these nodes will not be overused to power 
down, the reserved energy constraint should be considered. The total 
transmission power for route P can be defined as follows, and details 
can be found in [45]:
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And the strategy for optimized route can be described as:
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where q is the set of executed routes, W is the set containing all pos-
sible routes, d is the hop count of route P, Eni is the energy reserved 
for node ni, and a is a constant is used to modify the requirement of 
real-time. 

We adopted a modified distributed Bellman-Ford algorithm [48] to 
solve this optimization problem. At node ni, it computes as:

Ci,j = Cost(ni) + Ptransceiver(ni) + Ptransmit(ni, nj)

where ni is a neighbor node of nj , Ptransceiver (ni) is the transceiver power 
at node (ni), and Cost(ni) is the total power cost from the source node 
to node ni. This value is sent to node nj. Subsequently, at node ni it com-
putes its power cost using:

Cost(nj) = minniÎj(Ci,j + aj)
where j = {ni|ni is a neighbor node of nj}

The path with minimum cost from the source node to node nj is cho-
sen. This procedure is further repeated until the destination node is 
reached. Therefore, in this algorithm, Ptransceiver (ni) helps the algorithm 
to find routes with fewer hops [49].
4.6.6	Simulation and results
The simulation of our routing protocol is done using OPNET software. 
To evaluate the impact of different route selection schemes on the life-
time of mobile hosts and the real-time performance, three cases are con-
sidered in our simulations, based on DSR protocols, DLER protocols 
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and MMBCR (Min-Max Battery Cost Routing) protocols separately. 
We record the end-to-end delay, which is seen as the evaluation crite-
rion of the real-time performance, and the expiration time of each node. 
The results of the simulation are shown below (Figure 4-12).

From the above, it can be determined that the end-to-end delay tends 
to be a small and stable value. Consequently, the real-time performance of 
three protocols are all relatively good, and the DSR protocols perform bet-
ter because the smallest hop counts. Considering the lifetime of the net-
works, the MMBCR performs best at the cost of real-time performance. 
In order to ensure real-time performance, the DSR scheme always chooses 
the route which contains the smallest hop counts, although it may cause 
the battery power of some nodes to be consumed rapidly. The DLER 
scheme is a compromise, which takes the lifetime of the networks and the 
real-time performance into consideration simultaneously. It is more suit-
able for the application of a multi-robots system for moon exploration. 
4.7	 Perception challenges and achievements

4.7.1	Key problems
A variety of mechanical, thermal, biological, chemical, optical and mag-
netic sensors can be attached to mobile robots to measure properties 
of the environment. Unlike a fixed sensor network, which can only col-
lect data at fixed positions in space, the mobile sensor networks have 
the ability to reposition and organize themselves in the network. For 
example, when an event is detected at a specific location, it is important 
to direct more mobile sensors toward the location to observe the event 
for more information. A natural question is: which mobiles should be 

Figure 4-12  The results of various routing protocol simula-
tion. Source: [45] (with permission).
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sent out, and where should the nodes be placed in order to maximize 
the quality of the estimates? Since there is a cost associated with mobile 
movement and data transmission, the cost and the quality of perception 
should be balanced. Another key difference is data distribution. In a 
static wireless sensor network, data can be distributed using fixed rout-
ing or flooding, while dynamic routing is used in a mobile wireless sen-
sor network, as mentioned in Chapter 2 of the companion book Mobile 
Robots for Dynamic Environments.

While there are many new probabilities brought on by the mobility of 
the platform, a lot of challenges are still to be resolved. For example, con-
sider the problem of estimating the state of the network. State estimation 
requires the estimation of the state of robots and the environment based 
on local, limited-range sensory information. Localization of n vehicles in 
an m-dimensional configuration space requires O((mn)k) computations, 
where k is somewhere between 3 and 6, depending on the algorithm and 
domain-specific assumptions. The estimation problem is further exacer-
bated by the fact that not all robots in the network may be able to get the 
necessary information in a time-critical fashion. For better use of network 
communication and computation resources, in-network data processing 
techniques have been proposed. These enable the network to compute ac-
curate and up-to-date global pictures of the global perception landscape 
that are available to all the robots in the system. An artificial potential field 
method was used for computing distributed maps in perception space, in 
order to compute adaptive paths for a mobile node that can interact with 
the sensor network [19]. Other methods such as gradient computations, 
particle filters and Bayesian inference are also included.

4.7.2	Major accomplishments
One of the fundamental issues in sensor networks is the coverage prob-
lem, which has been defined as the maximization of the total area cov-
ered by the robot’s sensors [50]. In general, this reflects how well an area 
is monitored or tracked by sensors. This problem can be formulated as 
the Art Gallery Problem, which is to determine the number of observers 
necessary to cover an art gallery such that every point in the art gallery is 
monitored by at least one observer [51]. This problem can be solved opti-
mally in a 2D plane, but is shown to be NP-hard when extended to a 3D 
space [52]. Meguerdichian et al. [53], proposed an optimal polynomial 
time algorithm that uses graph theoretic and computational geometry 
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constructs for solving for best and worst case coverage. Some research 
attempted coverage of an initially unknown environment for mobile ro-
bots [54]. However, when the geometry of the environment is known in 
advance, coverage becomes a special case of path planning [55]. How to 
find the minimal and maximal exposure path that takes into account the 
duration that an object is monitored by sensors has been addressed [56]. 
A variant which allows the use of mobile sensors is known as the watch-
men tours problem. In these approaches the sensor model is abstract and 
not well-suited to real environments and cameras. Some control strategies 
are based on complete knowledge of the event distribution density, and 
the control law positions the mobile sensors optimally with respect to the 
event distribution density function. These approaches guarantee the net-
work minimizes a cost function relevant to the coverage problem locally, 
yet it is not reactive to the sensed environment. Other strategies [57, 58] 
are proposed based on node estimates, and they require that each agent 
can measure the value and gradient of the distribution density function 
at its own position, to maintain or seek a near-optimal sensing configu-
ration. These strategies provide a significant reduction in computational 
overhead for each mobile, by eliminating the need for the numerical inte-
gration of a function over a polynomial domain at every time step.

Another fundamental issue in sensor networks is the localization prob-
lem. The overwhelming reason is that a sensor’s location must be known 
for its data to be meaningful. As an additional motivation, sensor loca-
tion information (if accurate enough) can be extremely useful for scalable 
“geographic” routing algorithms [59]. Location information is needed to 
track the placement of the nodes and to correlate the values measured by 
the nodes with their physical location. However, putting GPS receivers 
in every node or manually configuring locations is not cost-effective for 
most mobile sensor network applications. A lot of algorithms have been 
proposed for the localization of the wireless sensor networks.

We consider a network composed of anchor nodes and blind nodes. 
According to the mobility of the nodes, the network can be treated in 
three kinds of scenarios as follows,

1. � Blind nodes are static while anchor nodes are moving. For ex-
ample, a military application where nodes are dropped from a 
plane onto land, and transmitters attached to soldiers or ani-
mals in the area are used as moving seeds. Each node’s location 
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estimate should become more accurate as time passes and it re-
ceives information from more seeds;

2. � Blind nodes are moving while anchor nodes are static. One ex-
ample is NASA’s Mars Tumbleweed project. It proposes a low 
cost way to explore large areas on Mars by having rovers with 
sensors that are blown over the surface by the wind, with mini-
mal or no control over their movement. Of course, GPS does 
not work on Mars, but it may be possible to establish fixed land-
mark seeds or positioning from orbiters [60]. 

3. � Both blind nodes and anchor nodes are moving. This is the 
most general situation. It applies to any application where the 
nodes are deployed in an ad hoc way, and move either because 
of the environment they are in (wind, currents, etc.) or because 
they have actuators for motion.

According to the characteristics of the mobile wireless sensor net-
work, the methods for localization can be classified into two broad 
classes: centralized localization techniques depend on sensor nodes 
transmitting data to a central location, where computation is performed 
to determine the location of each node; distributed localization meth-
ods do not require centralized computation, and rely on each node de-
termining its location with only limited communication with nearby 
nodes. The distributed localization methods can be further classified 
into range-based and range-free methods. Range-based techniques use 
distance estimates or angle estimates in location calculations, while a 
range-free solution depends only on the contents of received messages. 
The main range-based approaches are illustrated as follows:

1. � Angle of Arrival Detection Method (AOA) [61] – This method 
uses the antenna to directly detect the range and bearing of a target. 
To detect a target’s range and bearing, a complicated and expen-
sive antenna is installed in a fixed location. This antenna rotates, so 
when the radio waves coming from the target are at peak power, the 
antenna is able to determine the target’s range and bearing. The ad-
vantage of using this method is the high level of accuracy it achieves.

2. � Time/Time Difference of Arrival Detection Method (TOA/
TDOA) [62, 63] – In this method, the sender transmits radio 
signals. After the radio signal reaches the target, the time spent 
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in transit is converted into the distance traveled to find the dis-
tance between the sender and target. From this, the target’s 
range and bearing can be determined. However, if this method 
is used indoors, obstacles may interfere with the radio waves, 
lowering the method’s accuracy.

3. � Received Signal Strength Method (RSS) [64] – In this method, 
the sender transmits a radio signal. When the signal reaches the 
antenna at the target, the power of the received signal can be 
converted into distance to give the distance from the sender to 
the target as well as the target’s range and bearing. 

The main range-free approaches are as introduced as follows:

1. � Centroid Scheme [65] – Centroid scheme is a range-free, prox-
imity-based, coarse-grained localization algorithm that uses an-
chor beacons, containing location information, to estimate node 
position. In this method the receiver localizes itself with high 
confidence (under an idealized radio model) to the centroid of 
a set of proximate reference points using a connectivity metric. 
Each node estimates its location by calculating the center of the 
locations of all anchors it hears. If anchors are well positioned, 
location error can be reduced.

2. � APIT Scheme [66] – APIT (Approximate Point In-Triangulation 
Test) employs a novel area-based approach to perform location 
estimation by isolating the environment into triangular regions 
between beaconing nodes. A node’s presence inside or outside of 
these triangular regions allows a node to narrow down the area 
in which it can potentially reside. By utilizing combinations of 
anchor positions, the diameter of the estimated area in which a 
node resides can be reduced, to provide a good location estimate.

3. � DV-Hop Scheme [61] – DV-Hop localization uses a mecha-
nism that is similar to classical distance vector routing. In this 
method, one anchor broadcasts a beacon to be flooded through-
out the network containing the anchors’ location with a hop-
count parameter initialized to one. Each receiving node maintains 
the minimum counter value per anchor of all beacons it receives 
and ignores those beacons with higher hop-count values. Beacons 
are flooded outward with hop-count values incremented at every 
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intermediate hop. Through this mechanism, all nodes in the net-
work (including other anchors) get the shortest distance, in hops, 
to every anchor. This method provides localization in networks 
where seed density is low. Hop-counting techniques propagate 
location announcements throughout the network.

4. � Amorphous Scheme [67] – This algorithm, proposed indepen-
dently from DV-Hop, uses a similar algorithm for estimating 
position. First, like DV-Hop, each node obtains the hop dis-
tance to distributed anchors through beacon propagation. Once 
anchor estimates are collected, the hop distance estimation is 
obtained through local averaging. Each node collects neighbor-
ing nodes’ hop distance estimates and computes an average of 
all its neighbors’ values. Half of the radio range is then deducted 
from this average to compensate for error caused by low resolu-
tion. The Amorphous Localization algorithm takes a different 
approach from the DV-Hop algorithm to estimate the average 
distance of a single hop. The coordinates of anchors are flooded 
throughout the network so each node can maintain a hop-count 
to that anchor. Nodes calculate their position based on the re-
ceived anchor locations and corresponding hop count. 

None of these schemes target the case where anchors and blind nodes 
can both move. Though these methods can be adapted for mobile net-
works by refreshing location estimates frequently, they are not designed 
with any consideration for how mobility can be exploited to achieve lo-
calization. The methods that consider localization with mobile nodes are 
not very mature now. Bergamo and Mazzini’s work [68] was the first ap-
proach that considered mobility of nodes. They assumed a network with 
two seeds at fixed locations that can transmit across the entire network, 
and nodes that are able to measure signal strength accurately. Instead 
of using mobility to improve localization, they studied how mobility 
makes localization more difficult, and found that errors increased with 
increasing node speed. Hu and Evans [69] first introduced the sequential 
Monte Carlo method into sensor networks localization, and argued that 
it can exploit mobility to improve the accuracy and precision of localiza-
tion. This approach does not require additional hardware on the nodes 
and works even when the movement of seeds and nodes is uncontrol-
lable. There are a lot of methods developed based on this work, such as 
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[70–72]. There are also some localization methods based on robotic lo-
calization, which usually assumes a prior or previously learned map, and 
tries to determine the robot’s position based on its motion and sensor data  
[73, 74]. However, these methods can impose a significant memory and 
computational burden, especially if one is interested in high resolution.
4.7.3	Dynamic CSS localization system for NOROS robots
We developed a localization and navigation system, including software 
and hardware (see Figure 4-13), for our NOROS robots based on 
Chirp Spread Spectrum technology [75], and then in terms of M Cao’s 
work [76], proposed an approach to correct distance measurement er-
rors for CSS-based localization, through the combination of distance 
geometry constraints and a CSS ranging error model. 

The major advantage of the CSS technology is to provide robust per-
formance for LR-WPAN (low rate wireless personal areal network), even 
in the presence of path loss, multi-path, and reflection [77]. The key lo-
calization technology used in CSS is called symmetric double side two 
way ranging (SDS-TWR). SDSTWR does not require any kind of time 
synchronization between the transmitter and the receiver; instead it only 
depends on time-of-flight between two devices in order to estimate the 
range [78]. Cao introduces the Cayley–Menger determinant as an impor-
tant tool for formulating the geometric relations among node positions in 
sensor networks as quadratic constraints, and estimates the errors in the 
inaccurate measured distances between sensor nodes and anchor nodes 
[76]. This method can be seen as optimizing the estimation of error by 
Least Square Method, and provides an optimal localization estimation, 
but doesn’t perform well under line-of-sight environments. We developed 
Cao’s method by modifying the parameters of error estimation equation 

Figure 4-13.  (a) Hardware of NOROS localization system 
(b) software of NOROS localization system.
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dynamically, and the experiments resulted in contrast with the other two 
mentioned methods. Figure 4-14(a) shows the dynamic error correction 
algorithm we proposed as having a good performance at dynamic error 
estimation. The results of the navigation and localization experiment are 
presented in Figure 4-14(b), where the black line is the actual path, and 
the green line is the path estimate by our localization system. 
4.8	 Conclusions and future works
This chapter presents the main problems and achievements of net-
worked control mobile robots, which are embodied on the intersection 
between networked control, communication and perception. The devel-
opments of networked control mobile robots offer significant potential 
for such applications as environmental monitoring, surveillance, indus-
try and security. However, there are still many challenges to be solved. 
The main overarching challenges are summarized here:

•	The design of control methods to overcome drawbacks due to the 
characteristic features of the communication method adopted; 
the design of local control law to coordinate multiple robots to 
perform a special group behavior;

•	The design of a communication protocol to guarantee coverage 
and connectivity configurations; the optimized routing design to 
minimize power consumption of the entire network.

•	The coverage and localization problems using wireless sensor 
networks.

Figure 4-14  (a) The error estimation results of three algo-
rithms (b) The tracking results of walking in line.

ASME_Designs_and_Prototypes_of_Mobile_Robots_Ch.04.indd           125             Manila Typesetting Company             03/04/2015  04:44PM
Downloaded From: http://ebooks.asmedigitalcollection.asme.org/ on 01/08/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Networked Control for Mobile Robots  125

Many related works, such as the study of group behaviors, optimal 
routing design and wireless sensor network localization have been car-
ried out using our NOROS robots system. The results encourage us 
greatly regarding networked control for mobile robots. Further study 
will focus on creating self-organizing robot networks with completely 
decentralized controllers and estimators, and finding new mathematical 
tools to solve the changing topology models of mobile robots. The tre-
mendous potential of networked control mobile robots is still waiting 
for exploitation.
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5.	Human-machine interface of mobile robot for posture

I-Ming Chen, Wei-Ting Yang, Albert Causo, and Song Huat Yeo, Nanyang 
Technological University, Singapore

Abstract: This chapter presents a human-machine interface system 
for mobile robots to capture and replicate human posture. A motion 
replication system (MoRep) that captures whole body motion using 
inertia sensor-based measurement units is presented. Multimodal 
feedback enables users to replicate measured postures.

5.1	 A survey of HMI for robots
A human-machine interface of a mobile robot is supposed to facilitate the 
operation of mobile robots in performing tasks in remote environments. 
Mobile robots have been around for quite some time now, and various con-
trol interfaces have been designed and implemented for these machines [1]. 
Many factors influence the design of an interface, such as structure of the 
mobile robot, complexity of task, accuracy of task, and situation of operator 
[2–4]. A good human-machine interface allows an operator to accomplish 
tasks quickly, smoothly and accurately in manual remote or tele-operation 
status. Technologies such as balance control, motion control, path planning 
and obstacle avoiding aid in decreasing the complexity of operations to a 
certain extent [5–8]. The operator can now pay attention to key functions 
and operations while performing tasks. The design of human-machine in-
terfaces could also be simplified and become more intuitive.

A human-machine interface (HMI) or human-computer interface 
(HCI) usually includes software and hardware components [3, 9]. The 
software component includes an operating window on a screen, which 
could show virtual buttons, readings, videos, images and graphs. The 
software part is designed to aid in operation, monitoring and reminding 
via the operator’s vision. The hardware component includes devices to 
receive commands or signals from an operator via physical contact. The 
hardware part of a mobile robot is usually composed of more than one 
device. Numerous human-machine interfaces have been developed to 
cater to different mobile robot platforms and requirements [2, 10–12]. 
They could be roughly classified into five types (Figure 5-1): 
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5.1.1	Traditional input devices
Most traditional input devices are standard components such as but-
tons, knobs, switches, keyboards, mice and joysticks. The early human-
machine interface was a control panel with these input devices, and had 
the advantages of high stability, high strength, and low cost. This kind of 
interface is suitable for mobile control in hazardous operating environ-
ments, but the tasks need high stability. These days, these traditional 
interfaces have been adapted to industrial, military and security robots 
[13]. However, these interfaces provide insufficient control for mobile 
robots. 
5.1.2	Passive multi-axes manipulator
The robot arm is an important part attached to a tracked, legged or 
wheeled mobile platform in order to perform complex tasks [1]. Some 
robot arms adopted a passive manipulator as human-machine interface 
(Figure 5-2), similar to an advanced joystick. The structure of this de-
vice is like a small robot arm and its figure is similar, with the robot 
arm we want to control. Passive manipulator devices make operation of 
the robot arm more intuitive. Sensors are installed on the joints of the 

Figure 5-1  Five types of human-machine interfaces.

Figure 5-2  The robot arm (left) and operation manipulation (right) 
of Da Vinci surgical system. Source: [14] with permission, ©2014 
Intuitive Surgical, Inc.
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manipulator to measure displacement, velocity, rotational angle or rota-
tional velocity. Thus, a robot arm could be controlled and driven by the 
processed signals of sensors. The design of this interface is quite suit-
able for a robot arm to perform tasks that need accurate manual tele-
operation, as with surgical robotics and bomb-disposal robots. Moreover, 
passive manipulators could also convey resistance and vibration to an 
operator as the robot arm encounters resistance or obstacles [15, 16]. 
This is a mechanism called haptic feedback [17]. The mechanism is real-
ized by installing servomotors or adjustable dampers in the joints of a 
passive manipulator. The magnitude of resistance is determined by the 
values of the force sensors attached to the robot arm. Haptic feedback 
helps an operator to properly control the output force and avoid col-
lision. PHANTOM haptic devices (SensAble Technologies, Inc.) are 
innovative platforms of a passive multi-axes manipulator with haptic 
feedback, and is used in various applications [18, 19]. 
5.1.3	Touch screen
The advent of mobile devices such as phones and tablets made touch 
screen a popular choice for interface devices, owing to its portability 
and high performance. It may gradually replace some traditional input 
devices such as buttons and knobs. However, touch screen is not ap-
propriate when it comes to controlling complex machinery and motion. 
For guide robots, found in buildings, touch screen is very important, as 
users can directly input data into the robots without the use of external 
input devices such as keyboards or mice.
5.1.4	Human motion sensing devices
Any sensor systems that could detect or capture human motion are in-
cluded in this category. For example, optical motion capture systems, 
inertial measurement units (IMUs), smart gloves, cameras and eye 
trackers are all human motion sensing devices. In recent years, novel hu-
man motion sensing devices have been developed and applied to many 
fields [20–24]. When these devices are applied to the human-machine 
interface of a mobile robot, the operator himself becomes the remote 
controller. The interface cannot only realize simple control by recogniz-
ing specific motion and gesture, but also control complex humanoid ro-
bots by capturing human motion [21, 24–27]. Human motion sensing 
interface is nimble, flexible, and has wide applications.
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5.1.5	Bio-signal capture and speech recognition system
Electrodes could capture bio-signals such as EEG and ECG, and many 
researchers attempt to convert these multi-channel signals into stable 
and definite control signals [28–30]. This robotics interface is usually 
employed to aid special operators such as the elderly, people with dis-
abilities or paralysis patients [31]. This interface could be used in assis-
tive technologies like prostheses, wheelchairs and exoskeleton devices. 
In order to obtain stable bio-signals for accurate and complex control, 
some researches even capture signals from the cerebral cortex and mus-
cle nerves by surgical operation [32]. Speech recognition is a technology 
that has been around for quite some time [33]. Since sound is a single 
channel signal, for a computer to recognize and understand human 
language it needs a sophisticated algorithm and a single microphone. 
Speech recognition had been applied to robot control several years ago 
[34]. However, speech recognition is still not a robust and safe input 
method for mobile robots. It is not easy to process speech content due 
to speaker accent and noisy environment.
5.1.6	Challenges and open problems of HMI
5.1.6.1  Challenges of current HMI
Although the demand for HMI has multiplied over the years, some ba-
sic challenges still remain. Table 5-1 lists some of the drawbacks for 
each of the HMI categories listed above. Traditional input devices tend 
to be passive and unnatural in certain conditions, like in the use of key-
boards for navigation control. While passive multi-axis manipulators 
allow for better control of robots, the device is suitable mostly for arm-
like robots only. 

Although touch screen has found a niche in controlling industrial ro-
bots and concierge robots, it cannot be used for applications that require 
wide-area interfaces due to cost. The rise of human motion sensing de-
vices can be attributed to the lower cost of sensors. However, data from 
motion sensing devices require considerable signal processing and cali-
bration to be reliable. Moreover, only the most expensive sensors tend to 
have high sensitivity and resolution. Bio-signals and speech recognition, 
offer the most promise in terms of enabling natural HMI. However, 
it is also the most noise-sensitive and unstable of all the HMIs. Data 
from bio-signal and speech sensors require noise cleaning and extensive 
processing to be useful. 
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5.1.6.2  Open problems of HMI
The challenges listed above are just some of the factors that need to be 
considered when designing HMI for a mobile robot. In fact, recent ad-
vances have also exposed persistent issues that are yet to be addressed in 
a concerted effort by researchers. Some of these open problems include:

•	Managing cognitive overload
	 With the availability of multitude of sensors, users may get over-

whelmed from the deluge of data, which they have to process 
while controlling a robot. A systematic study on this issue is 

Table 5-1  Summary of HMI challenges.

HMI Challenges
Traditional Input 
Devices

Provides inadequate way to control 
the robot
Unnatural interface
Mostly passive devices

Passive Multi-Axes 
Manipulator

Bulky devices
Expensive
Appropriate mostly to arm-like 
robots

Touch Screen Limited size due to price
Cheap screens may not be responsive 
enough
Passive device

Human Motion 
Sensing Devices

Sensing stability could be an issue
May require considerable signal pro-
cessing before data becomes usable
Sensitivity and resolution may not be 
adequate
Sensor packaging may make it dif-
ficult for users to wear

Bio-Signal Capture 
and Speech 
Recognition System

Requires extensive signal processing 
before data becomes usable
Sensors are easily affected by noise
Signal stability could be an issue
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normally conducted within the social and medical sciences; how-
ever, findings in those fields are yet to fully benefit the robotics 
community.

•	Designing challenge
	 With many options on which HMI to implement, general guide-

lines are needed. Factors that need to be considered in choos-
ing the HMI design should include the type of robot to control 
or manipulate, the environment at which the user will operate, 
and the speed, reliability, and sensitivity requirements needed. In 
HMI like human-motion sensing, issues like sensor positioning 
and number of sensors are also critical factors.

•	Environment sensing
	 So far, most of the focus of HMIs has involved just the robot 

and the user. The environment is either assumed or simplified in 
order to make the system work. However, the need for an HMI 
that fully recognizes the environment at which the user and the 
robot operate should be factored in as well. 

The rest of this chapter will discuss one type of HMI that we have fo-
cused on – human-motion sensing based systems. The measurement 
of human upper arm motion, combined with the use of multi-modal 
feedback, allows users to have an HMI experience that enables motion 
learning and replication. Some of the challenges mentioned above, as 
well as the open problems in HMI, can actually be seen in operation of 
this system. 
5.2	 Motion replication System
Human-machine interface has to be re-thought. In the past, human-
machine interface used for teaching and training robots was a one-way 
interaction. As technology and robotics advance, people are on the way 
to achieving two-way interaction, which means that the robot is also 
capable of teaching operators [35, 36]. People could input their knowl-
edge to a robotic database, and the robot would become a platform to 
teach people. A good example is the humanoid telepresence robot [25]. 
A telepresence robot extends the presence of the human, which helps 
the human operator to attend class, meeting, or conference in a remote 
place. When using the robot, users must learn how to operate it at least 
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once at the beginning. The robot could also teach the operator basic 
operations, as well as motions and gestures via the human-machine 
interface. Since the operator and the robot are in different places, the 
operator can learn motions and gestures from a virtual teacher, i.e., the 
robot itself. The concept of learning spatial body motion from a virtual 
teacher is called motion replication (MoRep). MoRep systems are get-
ting to be an important part of human-machine interface, especially for 
humanoid robots [26, 27, 36]. Advanced humanoid robots usually need 
to perform accurate, complex and flexible tasks in hazardous environ-
ments, so the training of operators is crucial. 

The basic structure of a MoRep system includes three main parts: 
motion capture, motion comparison and multi-modal feedbacks (see 
Figure 5-3). The system can capture user’s motion and compare that to 
motions stored in a database. According to the result of the comparison, 
the system can send proper feedback to remind the user how to correct 
his/her movements. Human motion sensing devices are a critical com-
ponent of motion capture.

Motion comparison is the heart of the MoRep system. There are vari-
ous algorithms for the post-processing of the raw motion data, which 

Figure 5-3  The structure of motion replication (MoRep) 
system.

ASME_Designs_and_Prototypes_of_Mobile_Robots_Ch.05.indd           140             Manila Typesetting Company             03/04/2015  04:46PM
Downloaded From: http://ebooks.asmedigitalcollection.asme.org/ on 01/08/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



142  Designs and Prototypes of Mobile Robots

may include positions, Euler angles, velocities or accelerations of hu-
man body segments; data generated are usually large. The first step is 
to extract useful information, which is used for similarity comparison. 
Tsuruta et al., proposed a virtual dance collaboration system to recognize 
body motion in real-time [37]. Fourteen feature values were extracted 
from the raw data using principal component analysis (PCA). Motion 
templates were constructed by training the feature values of several mo-
tions. The system recognizes the dancer’s motion by comparing it with 
these templates. Hachimuea et al., apply the theory of Laban Movement 
Analysis (LMA) to extract characteristic poses and highlight parts from 
the data of dancing movement [38]. Baek et al., used curve fitting tech-
nique for motion comparison [39]. The curves were drawn by the cho-
sen joint positions. By matching the turning points of the curves, the 
time-shifting problem was eliminated. The other points were moved by 
multilevel B-spline interpolation. The performance evaluation and feed-
back were based on the results of the curve fitting.

Feedback function is another critical component of the MoRep sys-
tem. Vision, audio and tactile are three main types of communication 
used in learning motion. MoRep systems may adopt various combina-
tions of feedback type [40, 41]. Baek et al., developed a virtual-reality 
based training system which contained an avatar motion-guiding in-
terface, motion retargeting, and audio and image-advice feedback [39]. 
Lieberman and Breazeal developed a wearable vibrotactile feedback suit 
for motor training of the right arm [42]. The feedback signals for driv-
ing the vibrotactile actuators were calculated from the differences be-
tween the user’s joint angles and the corresponding ones in a database. 
Chan et al., proposed a dance training system based on motion capture 
(MoCap) and virtual reality technology [43]. A student imitates the 
motion of a virtual teacher projected on the screen. The system provides 
immediate feedback to guide students to improve their skills by evaluat-
ing the similarity of the two motions.

In the following sections, a MoRep system for posture guidance of up-
per extremity is presented. An arm suit with two inertial measurement 
units (IMU) is used for motion capture. There is an intuitive human-
computer interface with a 3D simulated environment. The orientation 
of the joint is used for posture comparison [44]. The system provides 
visual and verbal feedback to remind users how to correct their pos-
tures, which helps users to achieve required postures faster and to learn 
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efficiently. Finally, the utility of this posture guiding system is tested in 
experiments.
5.3	 Visual and verbal feedback
Two kinds of feedback are used in this MoRep system, visual and vibro-
tactile feedback. Choosing the right feedback makes learning the mo-
tion more intuitive and realistic.
5.3.1	Visual feedback
When a user wears the arm suit and starts the program, the left upper 
extremity is shown in 3D virtual reality. The interface window is split 
into two parts for displaying different views, as seen in Figure 5-4(a). 
The left window presents the lateral view, and the right window pres-
ents the anterior view. When the user starts to learn a posture, the vir-
tual teacher’s left upper extremity appears in the 3D virtual reality as 
a fixed posture goal. The user could achieve the assigned posture by 
driving the corresponding virtual extremity to superimpose the virtual 
teacher’s. It is intuitive and fast to learn a new posture by using superim-
position, which could be realized in the virtual world but not in the real 
world. A total score is shown on the top of the right window. The score 
indicates the similarity between teacher and user, and it ranges between 
0 and 100. A larger score means a higher similarity. The total score is 
calculated by a comparison algorithm which will be discussed in the 
next section. The value of the total score is always updated to remind 
the user how close his/her posture is to the teacher’s posture.

Figure 5-4  (a) Human-computer interface of the MoRep 
system. (b) The change of color of virtual teacher’s upper 
extremity.

ASME_Designs_and_Prototypes_of_Mobile_Robots_Ch.05.indd           142             Manila Typesetting Company             03/04/2015  04:46PM
Downloaded From: http://ebooks.asmedigitalcollection.asme.org/ on 01/08/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



144  Designs and Prototypes of Mobile Robots

The color of the virtual teacher’s extremity changes according to the 
similarity between the teacher’s posture and the user’s, as seen in Figure 
5-4(b). The color is transparent dark red when the two postures are to-
tally different, and it is transparent green when the two postures are the 
same. The rest of the states are presented by gradient colors between red 
and green. However, the color of the user’s extremity is always bright 
yellow. This color arrangement avoids confusion. The change of color 
reminds the learner how close he is to the correct posture.

Besides the superimposition and the changes of total score and color, 
words reminding the learner how to move to achieve the assigned pos-
ture are shown in the middle of the right window. Words are updated 
when the motion direction of the user needs changing. This function 
helps the user to reach the required posture more systematically. When 
the words appear on screen, the system sends out the same verbal in-
structions. In fact, the words are determined through the verbal feed-
back strategy that is presented in the next section.
5.3.2	Verbal feedback
Verbal instruction is used for detailed adjustment, but it can become 
the main feedback when the learner cannot see the display due to 
occlusion. Good verbal instructions should be intuitive and correspond 
with human cognition and learning processes. The left upper extrem-
ity could be considered as a five degree of freedom (dof ) model which 
includes the shoulder (3 dof ), elbow (1 dof ) and radius-ulna (1 dof ) 
joint. The sequence of the adjustment and words for the feedback are 
defined according to this model. There are three steps necessary to 
achieve the goal posture: (1) adjust position of the wrist, (2) keep posi-
tion of wrist and rotate whole upper extremity, and (3) rotate radius-
ulna joint. Figure 5-5 shows the flowchart of feedback strategy. The 
arm suit captures the user posture, and the teacher’s posture is stored 
in a database. After comparing the two postures, if the error is under 
default tolerance, no adjustment will be needed. If two postures are 
different, the user has to go through the three steps. Note that when 
the second or third step ends, the flow returns to the first step to check 
the previous state. If the condition is “No required adjustment” at the 
start of the third step, the flow goes back to compare the two postures 
again. This closed-loop checking strategy assures the accuracy of the 
user’s posture.
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5.3.2.1  Verbal instruction for wrist position
According to human perception in motion [45], people usually learn 
new movements by remembering the position of the end or the joint, 
such as a hands or a knee. For the upper extremity, most of the required 
postures could be achieved once the wrist reaches the target position. 
Thus, the adjustment of wrist position is the first step. The upper left 
extremity of the user and the teacher are of the same size in the virtual 
reality, as seen in Figure 5-6(a). The 1×3 vector between the two wrists 
is called the error vector, Vd. It could be regarded as the direction to 
which the user should move to achieve the required posture. The length 
of the error vector is equal to the magnitude of movement. If the length 
exceeds one-twentieth length of the user’s upper extremity, the verbal 
feedback will start.

The words to describe direction of spatial vector are usually ambigu-
ous and not intuitive. Therefore, wrist motion is simplified into six basic 

Figure 5-5  Flowchart of verbal feedback.
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directions: up, down, left, right, forward and backward. According to the 
values of elements of the error vector and their sign, proper direction is 
given as verbal feedback. Table 5-2 shows their mapping. At first, the 
absolute values of three elements are calculated, and then the maximum 
element is chosen. The direction of adjustment is chosen according to 
the original sign of the maximum element. The feedback direction is 
always updated by the state of the error vector. Once the length of the 
error vector is smaller than one-twentieth length of upper extremity, the 
procedure jumps to the second step.

In order to reduce the cognitive load on the user, the words used for 
verbal feedback are short, with clear meaning. The format is the word 
“hand” plus “direction of adjustment,” such as “hand up” and “hand 
down.” The directions right and left are replaced by inside and outside, 
since humans are not sensitive to the former.
5.3.2.2  Verbal instruction for arm orientation
The second step is to adjust the orientation of the whole upper extrem-
ity by fixing the wrist position. Figure 5-6(b) shows the diagram of 
the user’s and teacher’s upper extremities in virtual reality. After going 

Figure 5-6  Diagram of two upper extremities in virtual 
world at (a) first step, (b) second step, and (c) third step.
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through the first step, the positions of the two wrists and shoulders 
would coincide as of this step. The dash line is the vector of the rotation 
axis, which is from shoulder to wrist. The user could meet the required 
posture by rotating his upper extremity about the axis. 

At this step, the similarity score of the arms is calculated first by com-
parison [44]. If the score is under 90, verbal feedback starts. Quaternion 
is used to represent the orientation of the segment. The required rota-
tion axis and magnitude are calculated by using the arm orientation of 
user, qUArm, and of teacher, qTArm, as below:

	
1

1

( ) ( , )

2sin ( )

r UArm TArm r

r

q q q w v

wθ

−

−

= ⋅ =

=

�
� (1)

where vr is the vector of the rotation axis and qr is rotation angle. Verbal 
instruction is determined by the direction of the rotation axis and the 
sign of the rotation angle. Positive vr means its direction is from shoulder 
to wrist, and negative means the opposite. Table 5-3 shows the words 

Table 5-2  Elements of error vector and corresponding directions.

( , , )d d d dV X Y Z=
�

Sign Directions

Xd + Forward
– Backward

Yd + Left
– Right

Zd + Up
– Down

Table 5-3  Verbal instructions under different conditions at the second 
adjusting step.

Direction of vr Sign of Qr Words of instruction
+ – Keep hand in position,

rotate elbow inside– +
+ + Keep hand in position,

rotate elbow outside_ _
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of instruction in all kinds of conditions. Rotation of the whole upper 
extremity is represented by “rotate elbow.” The directions up and down 
are replaced by outside and inside respectively.
5.3.2.3  Verbal instruction for hand orientation
After going through the first and second adjusting step, there is still one 
degree of freedom left. Thus, the third step is to adjust the orientation 
of the radius-ulna joint. This motion is called pronation and supination 
of hand. In this step, the total score is calculated first. If the score is un-
der 90, proper verbal feedback is given according to the immediate pos-
ture of user. The required rotation axis and magnitude are calculated by 
using the forearm orientation of the user, qUFArm, and the teacher, qTFArm, 
as in the following equation:
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1
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2sin ( )

h UFarm TFArm h

h
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−

= ⋅ =
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where vh is vector of rotation axis, and qh is rotation angle. Positive 
vh means its direction is from elbow to wrist, and negative means the 
opposite direction. Table 5-4 shows the words of instruction in all kinds 
of conditions for left radius-ulna joint. The supination and pronation 
are represented by “rotate outside” and “rotate inside”, respectively.

After passing the three adjustment steps, the procedure finally jumps 
back to compare the whole upper extremity. If the total score is under 
90, it starts over to check the three adjusting steps. When the total score 
reaches 90, the verbal instruction is “Correct.” If the total score reaches 
95, the verbal instruction is “Excellent.”

Table 5-4  Verbal instructions under different condi-
tions at the third adjusting step.

Direction of vh Sign of Qh Words of instruction
+ –

Rotate hand outside
– +
+ +

Rotate hand inside– –
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5.4	 System implementation
The MoRep system includes an arm suit for motion capture and an ap-
plication that includes an intuitive human-computer interface, an al-
gorithm of posture comparison, and visual and verbal feedback. This 
section presents the hardware, kinematic model, calibration and com-
parison method.
5.4.1	Hardware and system design
The hardware components of the system include the inertial measure-
ment unit (IMU) for measuring the arm motion (i.e., the arm suit) and 
a computer for the interface and feedback.

The arm suit is composed of two wireless IMUs (InertiaCube, 
InterSense, Inc.) and one receiver, as seen in Figure 5-7(a). The sensor 
communicates with the receiver via 2.4GHz frequency, which itself is 
connected to the computer via USB. Each IMU consists accelerometer, 
gyroscope, magnetic sensor and wireless module. The 3D orientation 
of the IMU could be output in quaternion and Euler angle. According 
to kinesiology [46], the two IMUs are attached to the bony end of arm 
and forearm respectively to reduce the effect of soft tissue motion as 
seen in Figure 5-7(b). IMU1 captures the motion of the shoulder joint. 
The position of IMU2 makes it capable of simultaneously capturing the 
motion of the elbow joint and radius-ulna joint.

The human-computer interface is built on Microsoft .NET 3.5 SP1 
Framework with Window Presentation Form (WPF). WPF utilizes 
DirectX for rendering the 3D simulation environment. Its advanced 
data binding mechanism enables displaying angles of each joint with 
processed values from the sensors. The program is developed with C#. 

Figure 5-7  (a) The arm suit and (b) the arrangement of IMU.
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The algorithms of calibration, posture comparison and feedback are all 
integrated into this program.
5.4.2	Kinematic model
For an IMU-based MoCap system, the calculation of orientation and 
position are based on a kinematic model. Figure 5-8 shows the simpli-
fied kinematic model of the left upper extremity with relevant Cartesian 
coordinate systems (frame). This model includes two linkages (arm and 
forearm) and three joints (shoulder, elbow and radius-ulna). The frames 
of shoulder, elbow cum radius-ulna (ER) and the body are imaginary in 
the real world, and there are corresponding frames in the virtual world. 
Because the frames of the shoulder and IMU1 are attached to the same 
segment, the relative displacement and orientation between them are 
fixed. The relation between IMU2 and ER is the same. The body frame 
indicates the direction the user is facing. The real global frame is deter-
mined by terrestrial magnetism. We could assume that the origins of 
the real global, body and shoulder frame coincide.

In the following calculation, a 3 × 3 rotation matrix represents the 
orientation of the frame. The orientations of shoulder and ER frame 
with respect to real global frame could be calculated according to the 
following equations:

RGRShoulder = RGRBody ∙ 
BodyRShoulder

	 RGRER = RGRShoulder ∙ 
shoulderRER�

(3)

Figure 5-8  The kinematic model of left upper extremity 
and relevant coordinate systems in real world.
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The shoulder position is defined as an origin, and the positions of elbow 
and wrist could be calculated by the following equations:
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V1 is a 3×1 vector, which is the position of elbow with respect to the 
shoulder frame. V2 is the position of wrist with respect to the ER frame.
5.4.3	Calibration procedure
The purpose of calibration is to make the orientations of IMU1 and 
IMU2 in the real world correspond to the arm and forearm in virtual 
world. There are four steps: (1) calculate the relative orientation be-
tween IMU1 and shoulder frame, and between IMU2 and ER frame, 
(2) modify the facing direction, (3) transfer orientations from real world 
to virtual world, and (4) calculate the proportion of arm to forearm. 
After the calibration, the user’s motion is correctly connected with his/
her avatar in the virtual world. A portable height measuring device is 
used for aiding the calibration.

At the first step, the user sits towards the display and puts his/her left 
arm along the body, as seen in Figure 5-9(a). The z-axis of body frame is 
defined parallel to that of the real global frame, and the orientations of 
the shoulder and the ER frame are defined the same as the orientation 
of body frame at this posture. The relative orientation between IMU1 
and the shoulder frame is calculated at this moment, as well as the ori-
entation between IMU2 and the ER frame, by Equation (5).

BodyRShoulder = BodyRER = I
	 IMU1RShoulder = (RP1_IMU1)

–1 ∙ BodyRShoulder� (5)

IMU2RER = (RP1_IMU2)
–1 ∙ BodyRER

RP1_IMU1 means orientation of IMU1 frame at the first calibration 
posture.

At the second step, the user raises his/her left arm until it is parallel 
to the ground, and the palm points towards the floor (Figure 5-9(b)). 
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Assume that the z-axis of IMU2 frame is parallel to that of the real 
global frame at this posture. IMU2 frame could coincide with the real 
global frame by rotating about the z-axis. The rotation angle is calcu-
lated by the following equation:

	
11 12 13

211
2 _ 2 21 22 23

11
31 32 33

tanP IMU M

r r r
rR r r r
r

r r r
θ −

 
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RP2_IMU2 means the orientation of IMU2 frame in the second calibra-
tion posture. The range of qM is from –180° to 180°. The body frame 
could coincide with real global frame by rotating about the y-axis for 
qM. Thus, the relative orientation between them is determined by the 
following equation:

	

cos sin 0
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M M
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Body M MR
θ θ
θ θ
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� (7)

In the third step, the relative orientation between real and virtual global 
frame, VGRRG, is defined according to the orientation of the avatar in 

Figure 5-9  (a)(b)(c) Three postures for calibration. (d) The 
top-view diagram of the third calibration posture.
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virtual reality. In our system, the relative orientation is defined as an 
identity matrix. Finally, the orientations of shoulder and ER frame 
with respect to virtual global frame could be calculated by the following 
equations:

VGRShoulder = VGRRG ∙ (RGRBody)
–1 ∙ RGRIMU1 ∙ 

IMU1RShoulder ∙ 
RGRBody

VGRER = VGRRG ∙ (RGRBody)
–1 ∙ RGRIMU2 ∙ 

IMU2RER ∙ RGRBody

RGRIMU1 and RGRIMU2 could be directly captured by IMU1 and IMU2 
respectively.

In the fourth step, the user bends his elbow and puts his wrist on the 
throat. The shoulder, elbow and throat form a triangle and parallel the 
ground (Figure 5-9(c)). Figure 5-9(d) shows the diagram of the third 
posture. Assume that L0 is 1, and q0 and q2 could be calculated by cap-
tured data from IMU1 and IMU2. The proportion of arm to forearm is 
determined by using Sine formula:

	 0 1 2 1 0 2

0 1 2 2 2

sin(180 )
sin sin sin sin

L L L L
L

θ θ
θ θ θ θ

− −= = ⇒ = � (9)

5.4.4	Comparison method
A comparison method that could correctly calculate in real-time is re-
quired for our system. A method that compares axes of frame is ad-
opted [44]. It determines the similarity of two postures by outputting a 
score ranging between 0 and 100. The total score of left upper extremity 
could be determined by the following equation:

	
2

arm forearm
total

S S
S

+
= � (10)

Sarm and Sforearm represent similarity scores of arm and forearm 
respectively.
5.5	 Experiment
The experiment is designed to evaluate whether the feedback improves 
the user’s posture learning. The hardware of the system includes one lap-
top, two IMU and one receiver. It is portable and convenient to set up 
in various environments. In order to reduce environmental influence on 
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performance of the subjects, the venue is a quiet laboratory. The laptop 
is set on a table and connects with the receiver. When conducting this 
experiment, the subjects sit on a chair, wear the arm suit and face the dis-
play. Thirty normal and healthy subjects, ages 21 to 32 years (mean age = 
27.03), were recruited. They were equally divided into three groups for 
three feedback modes (Table 5-5). Group 1 included visual and verbal 
feedback. Group 2 only had visual feedback but without the reminding 
words appearing on the display, except when the subject achieves the cor-
rect posture. Group 3 did not have any feedback or text superimposition.

Subjects perform the experiment one by one. At first, we briefly intro-
duce the subject to the system and human-computer interface. For the 
subjects in the first group, we also explain the meaning of the reminder 
words. Then the subject wears the arm suit and goes through the calibra-
tion procedures. The body of the subject is fixed once finishing the cali-
bration. To acclimate each subject to this system, one posture is prepared 
for practice before starting the formal experiment. At the beginning, 
the subject naturally puts left arm and left forearm downwards along 
the body as a preparation posture. When an assigned posture shows 
on the display, the subject starts to imitate it. Once the subject achieves 
the posture, the subject returns to the preparation posture and waits for 
the next assigned posture. The time taken from preparation posture to 
achieving posture is recorded. There are 4 assigned postures in the ex-
periment, and each posture is repeated 4 times. The assigned postures 
are shown randomly in order not to let subjects easily memorize them 
all. Each subject has to achieve 16 assigned postures in this experiment.

Table 5-5  Detailed terms of three feedback modes.
Function Group 1 Group 2 Group 3
Different angle of view x x x
Superimposition x x
Score appearance x x
Color changing x x
Reminding words x
Verbal instruction x
Achieving notification x x x
Different angle of view x x x
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Each subject spends about 10–20 minutes going through the whole 
experiment. A questionnaire is given to evaluate comfort level, intuition 
level and usefulness. The answers to the questions are given on a 1–7 
Likert scale from “strongly disagree” to “strongly agree.” There is one spe-
cific question for Group 1 and Group 2, which is to choose the useful 
functions for improving posture learning. Finally, there is a free space at 
the end of the questionnaire, which allows for open comments.
5.6	 Results and discussion
5.6.1	Analysis of the questionnaire
According to the results of the questionnaires, all subjects feel comfort-
able wearing the arm suit (6.3 ± 0.80). The subjects in Group 1 feel the 
human-computer interface is intuitive (6.2 ± 1.23), and the subjects in 
other groups feel it is fair (5 ± 1.34). The subjects in Group 1 agree that 
the feedback signals are intuitive (6.2 ± 0.92), and subjects in Group 2 
feel fair (5.2 ± 1.03). The subjects in Groups 1 and 2 do not feel con-
fused by the multi-modal feedbacks (2.7 ± 1.69). The subjects in these 
groups do not feel fatigued throughout the whole experiment (2.8 ± 2.20 
and 3.8 ± 2.04). The subjects in Group 3 feel tired (5.5 ± 0.53) because 
they spent more time on preparing and adjusting their posture. The 
subjects in the Groups 1 and 2 agree that this MoRep system is useful 
for posture learning (6.3 ± 0.75), and the subjects in Group 3 feel it is 
fair (5.0 ± 1.15).

The subjects in Group 1 choose the useful functions according to 
their feeling (multiple choices). The sequence according to number of 
votes is: (a) superimposition, (b) different angle of view, (c) color chang-
ing, (d) audio instruction, (e) reminding words and (f ) score appear-
ance. It is obvious that vision helps most when learning new postures. 
However, six of ten subjects think that the audio instruction is useful 
for improving posture learning, especially for detailed adjustment. As 
for the subjects in Group 2, the order according to number of votes is: 
(a) superimposition, (b) different angle of view, (c) color changing and 
(d) score appearance, similar to the choice of Group 1. Most subjects 
point out that this system was fun and interesting. Some subjects sug-
gest that it is better to add one more window for showing another angle 
of view, because the 3D effect of the virtual environment was not good 
enough. Most subjects in Group 3 complain that it was hard to achieve 
correct posture. They think the interface provides little information.
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5.6.2	Result of the performance
The time taken from preparation posture to achieving posture, called 
passing time, is recorded for assessing the performance of the subjects. 
Ten subjects performed four assigned postures for four times in each 
group. A mean passing time is calculated by using the ten passing times 
of the same posture at the same time (Equation (11)). The ten passing 
times are completed by 10 subjects in the same group. Moreover, the 
standard deviation is calculated using Equation (12):
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where T is mean passing time and g is group identification, which ranges 
between 1 and 3; i means identification of subject, which ranges between 
1 and 30 and is evenly separated into three groups in order; j is posture 
identification, which ranges between 1 and 4, and k is the number of 
times, which ranges between 1 and 4. The mean passing time totals 48 
under different groups, postures and number of times.

Figure 5-10 shows the chart of mean passing time with standard 
deviation versus number of times in Posture-1 under three different 
groups. The results show that the subjects in Group1 take a shorter 

Figure 5-10  Mean passing time with standard deviation 
versus number of times in Posture-1 under three different 
group.
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time to reach the posture than the subjects in other groups. The stan-
dard deviations in Group1 are also smaller than others. Thus, it proves 
that the combination of visual and verbal feedback helps the subjects to 
learn better. In Group1, the mean passing time and standard deviation 
consistently decrease when the number of times increases. However, 
There seem to be no improvement in Group 3. It shows that the feed-
back information also helps the subjects to memorize posture and im-
prove performance.

The results of Posture-2 under three different groups are shown in 
Figure 5-11. Most subjects feel that Posture-2 is more difficult than oth-
ers, and they surely spent much time adjusting their posture. The results 
for Group 1 are similar to Group 1 of Position-1 (Figure 5-10). Though 
the passing time in Group 1 is not always the shortest in each number 
of times, the sum of the passing times in Group 1 is smaller than those 
in other groups. The performances of the subjects in Group 1 are more 
stable and show consistent progress. However, the performances of the 
subjects in Groups 2 and 3 are unstable and uneven. It proves again that 
the combination of visual and verbal feedback is feasible and helpful, 
especially for difficult postures.

Figures 5-12 and 5-13 show the results of Posture-3 and Posture-4, 
respectively, under three different groups. Most subjects feel that 
Posture-3 and Posture-4 are easier to perform. The results show that 
the performances of the subjects in Groups 1 and 2 are similar. It shows 
that if a posture is easy to perform, visual feedback is enough to help the 
user learn a new posture. Thus, the advantage of verbal feedback is not 
obvious. However, There seem to be no improvement for the subjects 

Figure 5-11  Mean passing time with standard deviation 
versus number of times in Posture-2 under three different 
groups.
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in Group 3, according to their time-consuming and varying standard 
deviation.

In summary, all the mean passing times and standard deviations of 
Group 1 in the four postures decrease as the number of times increases. 
The subjects in Group 1 spent a shorter time to reach the correct pos-
ture compared to the subjects in other groups. Moreover, the perfor-
mance of subjects in Group 1 are much more even, and become even 
more so with the increase of times. The results prove that the MoRep 
system with visual and verbal feedback is helpful to improve the perfor-
mance of posture learning.

Despite the effectiveness of the system, it could still be improved. 
The visual feedback and the superimposition of the target arm posture 
on the current arm posture could suffer from occlusion. Changing the 

Figure 5-12  Mean passing time with standard deviation 
versus number of times in Posture-3 under three different 
groups.

Figure 5-13  Mean passing time with standard deviation 
versus number of times in Posture-4 under three different 
groups.
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point of view of the feedback could minimize this issue. The presence of 
multiple feedbacks may also slow down the posture correction process, 
a process attributable to cognitive overload. Proper design of the feed-
back sequence or timing may lessen the cognitive overload of the user. 
All of these shortcomings are part of the future work for this project.
5.7	 Conclusion
The MoRep system will be an important part of human-machine in-
terface. A MoRep system that combines visual and verbal feedback for 
posture guidance of upper extremity is presented in this chapter. This 
system is portable and easy to set up in various environments. With 
the robust comparison method, and integrated visual and verbal feed-
back algorithm, the system can capture a user’s posture, compare the 
posture to a reference in a database, and provide feedback to remind 
the user how to modify his/her posture in real time. With the intuitive 
human-computer interface, a user could immerse in the 3D simulation 
environment and seamlessly learn new postures from the virtual teacher 
or robot system. User tests have proved that the system with visual and 
verbal feedback helps the subjects to learn better and faster.
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6. � Robot education with mobile robots

Jorge Solis, Karlstad University, Sweden, Waseda University, Japan

Abstract: Even though the robot market size is still small at this 
moment, applied fields of robotics are gradually spreading, from the 
manufacturing industry to the third industry, as one of the important 
components to support an aging society. However; the consistent 
drop in birth rate in developed countries is resulting in a reduction in 
the number of talented students. This represents a great challenge for 
universities to motive young people to study science and technology. 
In this chapter, a survey of basic and advanced mobile robot plat-
forms for educational purposes, at both undergraduate and gradu-
ate levels, is given. In particular, the main educational objectives with 
mobile robots are summarized, and two examples of mobile robot 
platforms for educational purposes are described, with an example of 
their actual use at the university level. Finally, research challenges for 
designing the next generation mobile robots for educational purposes 
are pointed out.

6.1 � Introduction
Developed countries, as leading nations in scientific research and pro-
duction of innovative technological products, hold very large shares 
in high-technology industries. In particular, as a result of several de-
cades of research, Japan, Sweden etc. have been actively contributing to 
industrial development, principally in the fields of chemicals, metals, 
semiconductors, robotics, machinery, industrial robotics and optics. In 
particular, Japan is also one of the leading nations in health care, medi-
cal research and robotics. Both Japan and Sweden are the premier de-
signers and producers of robots in the world, having created a number 
of entertainment and industrial robotics through commercial produc-
tion and research. Such a unique environment has been made possible 
thanks to the great contribution and dedication of universities and pri-
vate research centers.

Such great efforts have been of vital importance to the introduc-
tion of robots in different applications, such as industry [1, 2], enter-
tainment [3–5], welfare [6, 7], education [8–10] and more (see also 
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Chapters 8 and 11). On the other hand, support from government in 
different countries has motivated the rapid increase of companies and 
academic institutions related to robotics field. In fact, the International 
Federation of Robotics (IFR) projected that sales of all types of domes-
tic robots could reach over 9.8 million units in the period 2011–2014, 
with an estimated value of US$4.3 billion [11]. In addition, the Japan 
Robot Association ( JARA), a trade group which promotes the use of 
robot technology, expects the Japanese market for next-generation ro-
bots (including personal robots) to reach $14 billion by 2010 and more 
than $37 billion by 2025. As a consequence, robotics is expected to con-
stitute a key long-term economic strength in future decades. 

However, the consistent drop in birthrate in developed countries 
is resulting in a reduction in the number of talented students in en-
gineering fields. This situation may tremendously affect the industry, 
as it loses competitive power in the future due to the shortage of such 
engineers. Moreover, the curricula of engineering universities is cur-
rently lacking in practical design experience, resulting in a shortage 
of opportunities for promoting the creativity of students. In recent 
years, the proliferation of amateur robot contests (including those for 
elementary school children) supported by private companies and local 
governments have demonstrated an effective way of motivating stu-
dents to get involved in the robotics field. Such contests represent an 
opportunity for students to actually create an object by themselves 
to enhance their understanding of robot technology, cultivate their 
practical abilities, and strive enthusiastically to achieve higher levels 
of accomplishment.

Even though several robotic contests have been promoted by local 
governments, at the university level, there are still difficulties in intro-
ducing more effective educational methods to foster the creativity of 
the students. In particular, most universities have been implementing 
Project Based Learning (PBL) to the introductory courses of mecha-
tronics for undergraduate students. PBL is a model that organizes 
learning around projects. According to the definitions found in PBL 
handbooks for teachers, projects are complex tasks, based on challeng-
ing problems, that involve students in design, problem-solving, and 
decision making. Such issues give students the opportunity to work 
relatively autonomously, and culminate in integrating a complete sys-
tem [12, 13]. This diversity of defining features, coupled with the lack 
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of a universally accepted model or theory of Project-Based Learning, 
has resulted in a great variety of research and development activities. 
Moreover, the influence of the cultural background of students may 
complicate the implementation of efficient strategies to foster their cre-
ativity while solving problems.

For this purpose, several attempts to build educational robots have 
been made during the past few decades [8]. Since the late 1980s, when 
robotics was first introduced into the classroom, mobile robotics has 
been used in education at all levels and for various subjects [14]. Due to 
the fact that the fundamentals of mobile robotics is based on different 
engineering and science disciplines, from mechanical and electrical en-
gineering to computer cognitive and social science [15], different types 
of mobile robots have been used in education in many ways. Moreover, 
mobile robots are designed to perform their tasks in the presence of 
noise, contradictory and inconsistent sensor information, and possibly 
in dynamic environments [16]. 

The development of educational robots started in the early 1980s with 
the introduction of the Heathkit Hero−1 [17]. This type of robot was de-
signed to encourage students to learn how robots are built. However, no 
information on the theory or principles behind the assembly was given. 
More recently, the majority of robotics research has focused on mobile 
robotics, such as surface robotics, humanoids, aerial robots, underwater 
robots, etc. For this purpose, several less expensive mobile robotic plat-
forms have been introduced for educational purposes in the market [18], 
e.g., BEX Robotics Design system, Engino robotics, Fischertechnik, etc. 
Some other well-known examples include the K-Team Hemisson [19], 
which is a low-cost educational robot designed to provide an introduc-
tion to robot programming by using reduced computational power and 
few sensors, and the LEGO® Mindstorms RCX, which is a good tool for 
teaching early and fast robot design by using LEGO blocks [20]. In Japan, 
we can also find examples, such as the RoboDesigner kit designed to pro-
vide a general platform to enable students to build their own robots [21].

Based on the above description, there are four main educational ob-
jectives conceived for the use of mobile robots:

•	To describe the fundamentals of kinematics (modeling), sensor 
technology (perception), actuation systems (action) and control 
theory (behavior).
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•	To describe fundamental issues related to advanced robotics and 
intelligent control systems, as well as their application to a broad 
range of fields, such as space robotics, industrial applications, 
health care, etc.

•	To propose a complete, systematic solution of a real-world prob-
lem, as well as to design and implement the proposed solution 
into an embedded control system. 

•	To foster creativity for designing and developing novel applica-
tions for robotics.

In this Chapter, two examples of mobile robots used for education in 
engineering are considered. In particular, two different commercial mo-
bile robot platforms are described: RoboDesigner® and MiniWay®. For 
each of them, an example of their use for educational purposes is given. 
RoboDesigner® is used to introduce the basics of robot technology to 
undergraduates in Japan, and MiniWay® is used to introduce advanced 
robotics topics to graduate students in Sweden.
6.2 � Mobile robot platforms for education 
6.2.1	RoboDesigner®
RoboDesigner® is an educational robot kit which was developed and 
produced by Japan RoboTech Ltd. [21]. RoboDesigner® has been de-
signed for use as teaching material, to foster the creativity and logical 
thinking of future engineers and researchers. This education kit was 
developed within a team project supported by the government with re-
search cooperation between the industrial and academic sectors, with 
Waseda University actively participating. It has been designed to sim-
plify the understanding of robot technology while still providing so-
phisticated functions for advanced users and maintaining a moderate 
cost. This makes RoboDesigner® suitable for use as teaching material in 
junior high schools, colleges and universities. The standard platform set 
is commercially available as RDS-X03, and it includes the basic com-
ponents for developing an autonomous robot. The RDS-X03 is com-
posed of actuators, sensors, controller board, mechanical parts and C 
programming language software which can be easily integrated, even if 
the student has no experience with robots (see Figure 6-1). 

The control board, RDC-101, is composed of basic components 
required for controlling an autonomous robot with a multi-purpose 
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electronic circuit, depending on the design requirements. The RDC-101 
has five basic modules which are (see Table 6-1): peripheral interface 
controller, memory, motor driver, input/output port and communica-
tion port. The peripheral interface controller is based on an 8-bit CISC 
microcontroller. A 64 Kbits I2C memory is included. The motor driver 
section is located on top of the control board and it is composed of 
full-bridge drivers to control the forward and reverse rotational motion 
of the motors. The PWM control signals are linked with condition dis-
play LEDs to better understand the status of the controller. The I/O 
port enables the designer to connect up to five I/O devices. The rest 
of the connectors are used for control of the motors. Finally, in order 

Figure 6-1  RoboDesigner® is composed of a controller, motors 
and sensors. Source: [10] ASME, 2009 (with permission).

Table 6-1  RDC-101: hardware specifications.

Part Name Specifications
CPU 8-bit microcontroller
Memory 64 Kbits I2C
Motor drivers 2
I/O ports 11 (Analog/digital × 3; digital × 8)

Power supply Controller circuit: 6 ~ 12 volts
Motor driver circuit: 4.5 ~ 27 volts

Communication port RS-232C
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to transmit information between the controller board and a host PC, a 
RS232 communication port is included.

The RDS-X03 set contains a couple of DC motors with a reduction 
gear box made of ABS plastic. To adjust the torque of the motor, eight 
different configurations can be easily selected by adjusting the position 
of gears, where the reduction rate can be from 1/8 up to 1/2930. This 
kind of flexibility enables students to learn about the relationship be-
tween gear ratio and torque. Furthermore, each motor can consume up 
to 2 A. In addition, it includes a touch sensor and an analog infrared 
sensor. The touch sensor is a simple on/off switch that uses a spring. 
Using this sensor, the student can easily understand the principle of a 
switch, as well as understanding how to process digital inputs. On the 
other hand, the analog infrared sensor uses a photo transistor to per-
ceive light intensity, and it helps students understand how to process 
analog signals. Of course, due to the flexibility of its architecture, other 
types of home-made sensors can be also used. 

Depending on the level of programming skills, the programming 
environment provides two solutions for Windows XP/2000/NT: 
TiColla and TiColla-CDE. TiColla provides a friendly environment 
where the program is created with a flowchart by a simple drag/drop 
method, which allows the placing of tiles into the workspace section 
to construct a complete program (see Figure 6-2(a)). By contrast, 
TiColla-CDE uses C language for writing the program (see Figure 
6-2(b)). 

As an example of Robodesigner® used as a mobile robot in educa-
tion, an overview of the bachelor’s course of Mechatronics Laboratory 

Figure 6-2  a) TiColla main window; b) TiColla-CDE pro-
gramming environment. Source: [10] ASME, 2009 (with 
permission).
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2  from the Department of Modern Mechanical Engineering at 
Waseda University is given [10]. In particular, this course content 
has been designed to cover the basic required knowledge, from micro-
controller programming up to the principles of control engineering. 
For this course, students are required to perform different kinds of 
basic task experiments using the RDS-X03. The main objective of 
this course is to introduce to first year students the principles of me-
chatronics systems. At the end of the course, students are required to 
construct a Line-Follow Robot (LFR) based on a microcontroller (see 
Figure 6-3), as a part of a robot contest. The hardware specifications 
of the LFR are shown in Table 6-2. Regarding the TBL, each team is 
composed of three members. The laboratory content is organized as 
follows:

•	LAB1 – Printed-Board Circuit Construction: Construction of a 
printed-board circuit and confirmation of the sensor signal pro-
cessing function.

•	LAB2 – Microcontroller Programming (I): Control of ro-
bot motion based on tile-programming, introduction to Tile-
Programming by processing the input/output signals using 
RDS-X03 kit, introduction to C-Programming by processing 
the input/output signals, and processing of sensor information.

•	LAB3 – Microcontroller Programming (II): Understanding 
the processing of digital sensors by controlling the characteris-
tics of an LED, understanding the implementation prototype 

Figure 6-3  Picture of the LFR’s prototype. Source: [10] 
ASME, 2009 (with permission).
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functions and the application to control the speed of a mo-
tor by processing a digital sensor input, understanding the 
principle of processing an analog sensor input and its applica-
tion to the control of a motor.

•	LAB4 – Control Programming of Peripheral Devices: Control 
of a peripheral device, a 7-segement LED using the RDS-X03 
kit, understanding the use of interruptions by controlling the 
functions of a 7-Segment LED, and the development of a chro-
nometer. It is worth mentioning that the 7-segment LED is not 
included on the RDS-X03 set, so students are requested to con-
struct the required circuit on a bread board.

•	LAB5 – Control Programming of Systems: Understanding the 
principles of control theory by using an inverted pendulum sys-
tem, using the RDS-X03 kit. For this purpose, an inverted pen-
dulum system mounted on a mobile base was designed, where 
students are required to tune the PID control parameters (see 
Figure 6-4). The hardware specifications of the inverted pendu-
lum system are shown in Table 6-3. It is worth mentioning that 
the analog filter was constructed by students as a required task 
in the LAB1.

•	LAB6 – Robot Contest: The modules of the Line Following 
Robot are integrated, the program control is refined and the 

Table 6-2  Line following robot: hardware 
specifications.

Part Name Quantity
Gear Box (RDO-501) 2
IR Sensor (RDI-201) 2
Controller (RDC-101) 1
Communication Board (RDI-301) 1
Universal Plate (RDP-801) 2
Universal Pillar (RDP-803) 2
Universal Caster (RDP-806) 2
Cable (RDP-804) 5
7-Segment LED Circuit 1
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contest is held. The objective of the contest is to develop a line-
following robot using an RDS-X03 kit. Each team must build 
one LF-Robot (see Figure 6-5), and the contest consists of build-
ing an LF-Robot which can move from START to FINISH as 
fast as possible (see Figure 6-6). 

Figure 6-4  Inverted pendulum system designed for intro-
ducing the basic principles of control. Source: [10] ASME, 
2009 (with permission).

Table 6-3  Inverted pendulum system: hardware 
specifications.

Part Name Quantity
Controller (RDC-101) 1
Gear-Box (RDO-501) 2
Communication Board (RDI-301) 1
Universal Plate (RDP-801) 2
Universal Caster (RDP-806) 2
Pole’s Mounting 2
Rotary Sensor (RDC-506) 1
Filter Circuit 1
Pole (1 m) 1
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6.2.2	MiniWay®
A two-wheeled inverted pendulum mobile robot was designed and de-
veloped at Waseda University (see Figure 6-7). The Waseda Vehicle 
No. 2 Refined II was developed in order to introduce undergraduate 
students to the principles of robot technology [9]. Now the robot is 
being commercialized as MiniWay® by Japan Robotech Ltd. [21]. The 
MiniWay® is composed of two actuated wheels, a general-purpose con-
trol board (see Figure 6-8(a)), an adjustable weighting bar attached to 
the pendulum, a gyro and accelerometer sensors, a remote controller 
(see Figure 6-8(b)), and two optional mechanisms that can be easily 
attached/detached from the main body of the robot (see Table 6-4). 

Figure 6-6  Line Course Designed for the robot contest. 
Source: [10] ASME, 2009 (with permission).

Figure 6-5  Pictures of LFRs constructed by students. 
Source: [10] ASME, 2009 (with permission).
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Figure 6-7  A two-wheeled inverted pendulum mobile robot was de-
signed and developed at Waseda University and is now being commer-
cialized as MiniWay® by Japan Robotech Ltd. Source: [22] 13th World 
Congress in Mechanism and Machine Science, 2011 (with permission).

Figure 6-8  a) General purpose control board; b) Remote 
controller for MiniWay. Source: [23] IGI Global, USA, 2012 
(with permission).
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In particular, the control board consists of a 32-bit ARM microcon-
troller, 10 general I/O ports, 2 motor drives, a LCD display, 8 LEDs, 
a Zigbee module and 2 servo connectors. In addition, a 3D simulator 
has been developed by computing the equations of motion so that 
students may compare the theoretical and real response of the robot 
(see Figure 6-9).

A simulator was developed at Waseda University [22] in order to 
enable students to perform simulation experiments with MiniWay® 
(see Figure 6-9). The purpose of the simulator is to allow the students 
to carry out preliminary tests of their designed controller before do-
ing experiments with the hardware. In order to derive motion equa-
tions, the mechanical model of the robot has been defined (see Figure 
6-10(a)). In this case, it is assumed that the body coordinate system 
is attached to the chassis of the robot (Xch, Ych, and Zch). The second 
coordinate system is placed in the mass centre of the robot (Xc, Yc, and 
Zc). q is defined as the angular rotation of the chassis with respect to 
the ground, yL and yR are the angular rotation of the wheels with 
respect to the chassis, and jL and jR are the angular rotation of the 
wheels with respect to the ground (see Figure 6-10(b)). The last an-
gular relation that needs to be specified is the change in heading direc-
tion (see Figure 6-10(c)), which in our consideration is described by 

Table 6-4  Specifications of MiniWay®.

Parameter Specifications
Height [mm] 495
Weight [kg] 3.8
DOFs 2-DOFs
Microcontroller STM32F103VB × 1

Sensors
Accelerometer × 1

Red Gyro × 1
Optical Encoder x 2

Motor RDO-37BE50G9 (12 volts) × 2

Power supply Battery: 6 [V] × 1
RC–Battery: 12 [V] × 1

Remote controller ZigBee: 2.6 GHz
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a. For the derivation of motion equations, we use the Euler-Lagrange 
method. Therefore, the kinetic energy of the system has been derived. 
In particular, the total kinetic energy, which is shown in Equation (1), 
has been derived at Waseda University and then implemented in the 
simulator for MiniWay®. The first term computes the final kinetic en-
ergy from the translational motion. The second term represents the 
kinetic energy from the angular motion of the robot. Finally, the last 
term determines the kinetic energy coming from the rotational mo-
tion of the mass centre of the chassis (where the rotational velocity 
vector is considered in respect to the centre of the mass coordinate 
frame).

	 2 2 2 2 2 2
c w rot L R xx x yy y zz z

1 1 1 1 1ψ ψ ω ω ω= + + + + + +( )( )
2 2 2 2 2

K mv I I I I I� �
�

(1)

The block diagram of the control system designed at Waseda 
University [22] and then implemented for the MiniWay is based on a 
feedback controller (see Figure 6-11). In particular, the rate gyro sen-
sor signal measures the body angular velocity (q¢ ) and the encoder 

Figure 6-9  Picture of the 3D simulator developed at 
Waseda  University and implemented for the MiniWay®. 
Source: [22] 13th World Congress in Mechanism and 
Machine Science, 2011 (with permission).
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measures the wheel rotational angle (j). Because the drift on the signal 
obtained from the gyro is extremely small, the use of a high-pass filer 
is not required. Therefore, only a low-pass filter is used to compute the 
body angular velocity (q¢ ), where the cut-off frequency is 0.32 Hz. In 
order to compute the body angle, the wheel angular velocity, the body 
angular velocity and wheel angle are integrated and derived respectively. 
In order to control all the parameters, a feedback controller has been 
implemented by using Equation (2), where the k1 ~ k6 parameters are 
the gain coefficients of the controller, which are tuned to assure the sta-
bilization of the system. Furthermore, a current feedback controller has 
been implemented by Equation (3), where the parameter k7 is tuned to 
assure accurate control of the command current to each motor. As for 
the command control signal, the q¢REF, j¢REF and a¢REF are set to zero, 
while the other commands are sent by a remote controller.

Figure 6-10  Model reference: a) Coordinate systems; 
b) Definition of angles; c) Translational velocity. Source: [22] 
13th World Congress in Mechanism and Machine Science, 
2011 (with permission).
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As an example of the use of MiniWay® as a mobile robot in educa-
tion, the master course on Advanced Robotics and Intelligent Control 
(ELAD16) from the Department of Engineering and Physics at Karlstad 
University is briefly described [24]. In this course, the fundamentals of 

Figure 6-11  Control block diagram designed at Waseda 
University and implemented for MiniWay®. Source: [22] 
13th World Congress in Mechanism and Machine Science, 
2011 (with permission).
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robotic systems, with special focus on understanding different advanced 
robotic platforms and intelligent control algorithms, are covered during 
the lectures. Then, those concepts are illustrated through mandatory 
laboratory exercises where an intelligent control system on an advanced 
robotic platform has to be designed as a course project. The course con-
tent includes fundamental topics on autonomous robots, service robots, 
bio-robotics, haptics, advanced control and artificial intelligent algo-
rithms for robotic platforms. 

During the course, three obligatory laboratory exercises are utilized. 
Students usually work in teams (three or four members) and each ex-
ercise is designed to reinforce the basic principles developed in lectures. 
In the first practice, students are asked to tune the control gains of the 
MiniWay®. In particular, two different controller strategies are tested, 
where in the first case only the gyro is used for computing the tilt angle 
of the chassis (see Figure 6-10). In the second case, the gyro and acceler-
ometer are used for computing the tilt angle of the chassis. In both cases, 
the control laws defined in Equation (2) and Equation (3) are considered.

In the second exercise, students are asked to verify the effect of chang-
ing the microprocessor clock time setting (100 ms and 10 ms), as well 
as understanding the effect of the ground stability (tune the parameter 
value of mlt, in msec) to have the best performance where a small value of 
mlt is preferred in a ground with high friction coefficient (i.e., a carpet). 
A large value of mlt is preferred in a ground with low friction coefficient 
(i.e., flooring). Finally, in the last exercise, students are asked to design 
and implement a fuzzy logic controller to assure the stability of the two-
wheeled inverted pendulum robot. For this purpose, students are asked to 
define the membership functions and implement them in the MiniWay®.

As for the course project, students were required to state a real-world 
problem (see also Chapters 1, 4 and 5 from the book Mobile Robots for 
Dynamic Environments), to propose a complete, systematic solution of 
the problem, and to implement it in the MiniWay® by its program en-
vironment. At the end, students were asked to give a presentation and 
to submit a complete report for each team where the problem, the pro-
posed methods, their implementation, and the experimental results are 
clearly described. As for the fall course in 2011, four different projects 
were proposed by the students. 

One example of a course project proposed by students is related to 
an intelligent robot navigation based on Neural Networks. The main 
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objective of this project was to implement intelligent control for the robot’s 
navigation, implement advanced vision processing to identify landmarks, 
accomplish the task of maneuvering in the workspace avoiding obstacles 
and moving towards the final goal. For this purpose, the two-wheeled 
inverted pendulum robot was equipped with two IR sensors and a web
cam (see Figure 6-12). For this project the number of inputs for the Neural 
Network was 6 (2 × IR sensors, Colour code, PosX, PosY and HW). 
The number of outputs for the NN was set to 1. In this project the NN 
output was trained to simulate the navigation control of the Miniway®.

Another example of a course project proposed by students is related 
to the development of a layered fuzzy behavior-based navigation for an 
autonomous mobile robot. The main objective was to design and con-
struct an autonomous mobile robot capable of coming up with collision-
free trajectories, in static as well as dynamic environments containing 
obstacles, between a start and a goal configuration. Along this route, ar-
tificial landmarks were present that give a general indication as to where 
the next set of landmarks could be found. Multiple artificial landmarks 
of varying colors were hence used having different interpretations. For 
this purpose; the mobile base robot was equipped with two IR sensors, 

Figure 6-12  Picture of MiniWay® with IR sensors and a 
webcam used for the navigation control. Source: [24] 2nd 
IFToMM Asian Conference on Mechanism and Machine 
Science, 2012 (with permission).
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a webcam and a laptop computer mounted on the robot chassis (see 
Figure 6-13(a)). Furthermore, layered control architecture for the de-
veloped autonomous mobile robot was proposed (see Figure 6-13(b)). 
We can see the three layers: a Supervision Layer, a Behavior Layer and 
a Locomotion Layer. The Supervision Layer is used for behavior coor-
dination and fusion. The Behavior Layer is used to relate the states and 
actions to robot physical sensors and the different motion patterns in 
the locomotion layer. The Locomotion Layer receives commands to be 
executed directly from the behavior layer.
6.2.3	Learning outcomes
From the two examples of mobile robots for educational purpose de-
scribed above, it is possible to understand that mobile robotics can 
facilitate the hands-on practice of the following main topics (both at the 
basic and advanced level):

•	Kinematics, e.g., deriving equations of motion
•	 Sensor technology, e.g., designing and implementing digital filters, 

designing and implementing sensor fusion techniques
•	Actuation systems, e.g., analyzing the effect of backlash
•	Control theory, e.g., designing and implementing PID controllers 

as well as intelligent controllers

By understanding these main topics, it is then possible for students 
to solve real-world problems, such as autonomous navigation, line 
following, stabilizing an inverted pendulum, etc. In particular, the 
students are able to use advanced tools for designing and implementing 
real-time applications (e.g., Matlab/Simulink, Eclipse, etc.) into the 
microprocessor. In fact, it is worth mentioning that one of the students 
has proposed and developed an Intelligent Carrying Assistant Robot 
(iCAR) for real application in medical facilities, as part of his master 
thesis degree. As a result of this, a research paper was presented at the 
14th Mechatronics Forum International Conference [25]. As we have 
noticed in the examples given from students of the course ELAD16 
at Karlstad University, the use of MiniWay® motivates the students to 
propose a complete, systematic solution of real-world problems (e.g., 
navigation control in unstructured environments). The complexity of 
dealing with such problems promoted creative thinking.
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Figure 6-13  a) Picture of MiniWay® with IR sensors and 
a webcam used for the control navigation; b) Control archi-
tecture. Source: [24] 2nd IFToMM Asian Conference on 
Mechanism and Machine Science, 2012 (with permission).
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6.3 � Research problems and trends
The recent advances in computer technology, artificial intelligence, speech 
synthesis and understanding, and remote control have led to breakthroughs 
in robotic technology. On the other hand, human/robot interaction (HRI) 
is an emerging topic of interest for both basic research and costumer appli-
cation (see Chapter 5 from the book Designs and Prototypes for Mobile 
Robots). In particular, in the evolution of HRI, at least three levels of inter-
action can be identified [26]: cooperative robots [27], autonomous robots 
[28] and Haptic Interfaces [29]. Even though different robot educational 
platforms have been proposed [8, 21, 22, 30, 31], most of them have been 
developed to fulfill at least one of the levels of interaction. Therefore, 
there is still a research challenge in introducing novel educational robots 
that fulfill the following requirements at different levels of interaction: 

•	To introduce the fundamentals and advanced topics of human-
robot interaction (e.g., human-in-the-loop control) at the dif-
ferent levels of interaction (e.g., cooperative, autonomous and 
multimodal interactive interface);

•	To display the characteristics of a dynamical system but without 
extreme complication (i.e., humanoid robot); 

•	To be affordable to both university and students; 
•	To introduce effective ways to evaluate the progress of the stu-

dents’ learning. 

On the other hand, from the designing point of view, there are sev-
eral challenges dealing with the well-known tradeoff between the edu-
cational features and the cost affordability. Some of those challenges are:

•	Enhancing the hardware design, simplifying assembly, increasing 
robustness, adding useful educational features, e.g., AFRON “10 
Dollar Robot” design challenge [32].

•	Educational features designed to be accessible to students with 
and without disabilities, e.g., ROBUS [33].

•	Cost affordable to both students and teachers from compulsory 
schools, e.g., robot kit based on the UNO Arduino [34].

•	Enhancing the entertainment aspect, e.g., including aspects of 
art with the MiniWay® to learn basic theory on signal processing 
and recognition systems [23].
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The recent trends of mobile robots for education are focused on in-
troducing science, technology, engineering and mathematics (STEM) 
education for students. As such, they are not only able to understand 
the principles of robot technology but also to learn other related topics 
of actual importance to introducing robotics to the third industry, such 
as renewable energy (e.g., solar panels), bi-directional remote control-
lers (e.g., haptic desktop from Novint Falcon® [31]), and motion-based 
controllers (e.g., LeapMotion), etc. 
6.4 � Closure
In this Chapter, a survey of mobile robots for education has been given. 
In particular, two platforms were described to introduce the basics of 
robot technology to undergraduate students, and to introduce advanced 
topics in robotics to graduate students. In addition, some of the possible 
learning outcomes gained by students from those described platforms 
were pointed out. From these, the use of mobile robots for educational 
purposes helps students to understand fundamental theory, to propose 
solutions by applying their knowledge and using advanced tools for de-
signing, and to verify the effectiveness in unstructured environments. 
Finally, some research trends to introduce novel educational robots 
were introduced, and the current design challenges were summarized.
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