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PREFACE

This textbook was written to provide engineers, scientists, and students involved
in robotics and automation with a comprehensive, well-organized, and up-to-
date account of the basic principles underlying the design, analysis, and syn-
thesis of robotic systems.

The study and development of robot mechanisms can be traced to the
mid-1940s when master-slave manipulators were designed and fabricated at the
Oak Ridge and Argonne National Laboratories for handling radioactive materi-
als. The first commercial computer-controlled robot was introduced in the late
1950s by Unimation, Inc., and a number of industrial and experimental devices
followed suit during the next 15 years. In spite of the availability of this tech-
nology, however, widespread interest in robotics as a formal discipline of study
and research is rather recent, being motivated by a significant lag in produc-
tivity in most nations of the industrial world.

Robotics is an interdisciplinary field that ranges in scope from the design of
mechanical and electrical components to sensor technology, computer systems,
and artificial intelligence. The -bulk of material dealing with robot -theory,
design, and applications has been widely scattered in numerous technical jour-
nals, conference proceedings, research monographs, and some textbooks that
either focus attention on some specialized area of robotics or give a “broad-
brush” look of this field. Consequently, it is a rather difficult task, particularly
for a newcomer, to learn the range of principles underlying this subject matter.
This text attempts to put between the covers of one book the basic analytical
techniques and fundamental principles of robotics, and to organize them in a
unified and coherent manner. Thus, the present volume is intended to be of use
both as a textbook and as a reference work. To the student, it presents in a logi-
cal manner a discussion of basic theoretical concepts and important techniques.
For the practicing engineer or scientist, it provides a ready source of reference
in systematic form.




xii PREFACE

The mathematical level in all chapters is well within the grasp of seniors and
first-year graduate students in a technical discipline such as engineering and com-
puter science, which require introductory preparation in matrix theory, probability,
computer programming, and mathematical analysis. In presenting the material,
emphasis is placed on the development of fundamental results from basic concepts.
Numerous examples are worked out in the text to illustrate the discussion, and exer-
cises of various types and complexity are included at the end of each chapter. Some
of these problems allow the reader to gain further insight into the points discussed
in the text through practice in problem solution. Others serve as supplements and
extensions of the material in the book. For the instructor, a complete solutions
manual is available from the publisher.

This book is the outgrowth of lecture notes for courses taught by the authors at
Purdue University, the University of Tennessee, and the University of Michigan.
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the course of their advanced undergraduate or graduate programs: J. A. Herrera,
M. A. Abidi, R. O. Eason, R. Safabakhsh, A. P. Perez, C. H. Hayden, D. R.
Cate, K. A. Rinehart, N. Alvertos, E. R. Meyer, P. R. Chang, C. L. Chen, S. H.
Hou, G. H. Lee, R. Jungclas, Huarg, and D. Huang. Thanks are also due to Ms.
Susan Merrell, Ms. Denise Smiddy, Ms. Mary Bearden, Ms. Frances Bourdas, and
Ms. Mary Ann Pruder for typing numerous versions of the manuscript. In addition,
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Office of Scientific Research, the Office of Naval Research, the Army Research
Office, Westinghouse, Martin Marietta Aerospace, Martin Marietta Energy Systems,
Union Carbide, Lockheed Missiles and Space Co., The Oak Ridge National Labora-
tory, and the University of Tennessee Measurement and Control Center for their
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PREFACE xiii

Professor King-Sun Fu died of a heart attack on April 29, 1985, in
Washington, D.C., shortly after completing his contributions to this book. He
will be missed by all those who were fortunate to know him and to work with
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CHAPTER

ONE
INTRODUCTION

One machine can do the work of a
hundred ordinary men, but no machine

can do the work of one extraordinary man.
Elbert Hubbard

1.1 BACKGROUND

With a pressing need for increased productivity and the delivery of end products of
uniform quality, industry is turning more and more toward computer-based auto-
mation. At the present time, most automated manufacturing tasks are carried out
by special-purpose machines designed to perform predetermined functions in a
manufacturing process. The inflexibility and generally high cost of these
machines, often called hard automation systems, have led to a broad-based interest
in the use of robots capable of performing a variety of manufacturing functions in
a more flexible working environment and at lower production costs.

The word robot originated from the Czech word robota, meaning work.
Webster’s dictionary defines robot as “an automatic device that performs functions
ordinarily ascribed to human beings.” With this definition, washing machines may
be considered robots. A definition used by the Robot Institute of America gives a
more precise description of industrial robots: “A robot is a reprogrammable
multi-functional manipulator designed to move materials, parts, tools, or special-
ized devices, through variable programmed motions for the performance of a
variety of tasks.” In short, a robot is a reprogrammable general-purpose manipu-
lator with external sensors that can perform various assembly tasks. With this
definition, a robot must possess intelligence, which is normally due to computer
algorithms associated with its control and sensing systems.

An industrial robot is a general-purpose, computer-controlled manipulator con-
sisting of several rigid links connected in series by revolute or prismatic joints.
One end of the chain is attached to a supporting base, while the other end is free
and equipped with a tool to manipulate objects or perform assembly tasks. The
motion of the joints results in relative motion of the links. Mechanically, a robot
is composed of an arm (or mainframe) and a wrist subassembly plus a tool. It is
designed to reach a workpiece located within its work volume. The work volume
is the sphere of influence of a robot whose arm can deliver the wrist subassembly
unit to any- point within the sphere. The arm subassembly generally can move
with three degrees of freedom. The combination of the movements positions the
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2 ROBOTICS: CONTROL, SENSING, VISION, AND INTELLIGENCE

wrist unit at the workpiece. The wrist subassembly unit usually consists of three
rotary motions. The combination of these motions orients the tool according to the
configuration of the object for ease in pickup. These last three motions are often
called pitch, yaw, and roll. Hence, for a six-jointed robot, the arm subassembly is
the positioning mechanism, while the wrist subassembly is the orientation mechan-
ism. These concepts are illustrated by the Cincinnati Milacron T° robot and the
Unimation PUMA robot arm shown in Fig. 1.1.

Elbow
extension

Shoulder
swivel

it o e e B

@ Shoulder rotation 300°
17.0

Elbow rotation 270°
in .

~

Wrist bend 200°

®

Figure 1.1 (a) Cincinnati Milacron 7° robot arm. (b)) PUMA 560 series robot arm.
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Many commercially available industrial robots are widely used in manufactur-
ing and assembly tasks, such as material handling, spot/arc welding, parts assem-
bly, paint spraying, loading and unloading numerically controlled machines, space
and undersea exploration, prosthetic arm research, and in handling hazardous
materials. These robots fall into one of the four basic motion-defining categories
(Fig. 1.2):

Cartesian coordinates (three linear axes) (e.g., IBM’s RS-1 robot and the Sigma
robot from Olivetti)

Cylindrical coordinates (two linear and one rotary axes) (e.g., Versatran 600 robot
from Prab)

Spherical coordinates (one linear and two rotary axes) (e.g., Unimate 2000B from
Unimation Inc.)

Revolute or articulated coordinates (three rotary axes) (e.g., T} from Cincinnati
Milacron and PUMA from Unimation Inc.)

Most of today’s industrial robots, though controlled by mini- and micro-
computers, are basically simple positional machines. They execute a given task by

¥

Cylindrical

Revolute

Figure 1.2 Various robot arm categories.
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4 ROBOTICS: CONTROL, SENSING, VISION, AND INTELLIGENCE

playing back prerecorded or preprogrammed sequences of motions that have been
previously guided or taught by a user with a hand-held control-teach box. More-
over, these robots are equipped with little or no external sensors for obtaining the
information vital to its working environment. As a result, robots are used mainly
in relatively simple, repetitive tasks. More research effort is being directed toward
improving the overall performance of the manipulator systems, and one way is
through the study of the various important areas covered in this book.

1.2 HISTORICAL DEVELOPMENT

The word robot was introduced into the English language in 1921 by the play-
wright Karel Capek in his satirical drama, R.U.R. (Rossum’s Universal Robots).
In this work, robots are machines that resemble people, but work tirelessly. Ini-
tially, the robots were manufactured for profit to replace human workers but,
toward the end, the robots turned against their creators, annihilating the entire
human race. Capek’s play is largely responsible for some of the views popularly
held about robots to this day, including the perception of robots as humanlike
machines endowed with intelligence and individual personalities. This image was
reinforced by the 1926 German robot film Metropolis, by the walking robot Elec-
tro and his dog Sparko, displayed in 1939 at the New York World’s Fair, and more
recently by the robot C3PO featured in the 1977 film Star Wars. Modern indus-
trial robots certainly appear primitive when compared with the expectations created
by the communications media during the past six decades.

Early work leading to today’s industrial robots can be traced to the period
immediately following World War II. During the late 1940s research programs
were started at the Oak Ridge and Argonne National Laboratories to develop
remotely controlled mechanical manipulators for handling radioactive materials.
These systems were of the “master-slave™ type, designed to reproduce faithfully
hand and arm motions made by a human operator. The master manipulator was
guided by the user through a sequence of motions, while the slave manipulator
duplicated the master unit as closely as possible. Later, force feedback was added
by mechanically coupling the motion of the master and slave units so that the
operator could feel the forces as they developed between the slave manipulator and
its environment. In the mid-1950s the mechanical coupling was replaced by elec-
tric and hydraulic power in manipulators such as General Electric’s Handyman and
the Minotaur I built by General Mills.

The work on master-slave manipulators was quickly followed by more sophis-
ticated systems capable of autonomous, repetitive operations. In the mid-1950s
George C. Devol developed a device he called a “programmed articulated transfer
device,” a manipulator whose operation could be programmed (and thus changed)
and which could follow a sequence of motion steps determined by the instructions
in the program. Further development of this concept by Devol and Joseph F.
Engelberger led to the first industrial robot, introduced by Unimation Inc. in 1959.
The key to this device was the use of a computer in conjunction with a manipula-
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tor to produce a machine that could be “taught” to carry out a variety of tasks
automatically. Unlike hard automation machines, these robots could be repro-
grammed and retooled at relative low cost to perform other jobs as manufacturing
requirements changed.

While programmed robots offered a novel and powerful manufacturing tool, it
became evident in the 1960s that the flexibility of these machines could be
enhanced significantly by the use of sensory feedback. Early in that decade, H. A.
Ernst [1962] reported the development of a computer-controlied mechanical hand
with tactile sensors. This device, called the MH-1, could “feel” blocks and use
this information to control the hand so that it stacked the blocks without operator
assistance. This work is one of the first examples of a robot capable of adaptive
behavior in a reasonably unstructured environment. The manipulative system con-
sisted of an ANL Model-8 manipulator with 6 degrees of freedom controlled by a
TX-O computer through an interfacing device. This research program later
evolved as part of project MAC, and a television camera was added to the manipu-
lator to begin machine perception research. During the same period, Tomovic and
Boni [1962] developed a prototype hand equipped with a pressure sensor which
sensed the object and supplied an input feedback signal to a motor to initiate one
of two grasp patterns. Once the hand was in contact with the object, information
proportional to object size and weight was sent to a computer by these pressure-
sensitive elements. In 1963, the American Machine and Foundry Company (AMF)
introduced the VERSATRAN commercial robot. Starting in this same year, vari-
ous arm designs for manipulators were developed, such as the Roehampton arm
and the Edinburgh arm.

In the late 1960s, McCarthy [1968] and his colleagues at the Stanford
Artificial Intelligence Laboratory reported development of a computer with hands,
eyes, and ears (i.e., manipulators, TV cameras, and microphones). They demon-
strated a system that recognized spoken messages, “saw” blocks scattered on a
table, and manipulated them in accordance with instructions. During this period,
Pieper [1968] studied the kinematic problem of a computer-controlled manipulator
while Kahn and Roth [1971] analyzed the dynamics and control of a restricted arm
using bang-bang (near minimum time) control.

Meanwhile, other countries (Japan in particular) began to see the potential of
industrial robots. As early as 1968, the Japanese company Kawasaki Heavy Indus-
tries negotiated a license with Unimation for its robots. One of the more unusual
developments in robots occurred in 1969, when an experimental walking truck was
developed by the General Electric Company for the U.S. Army. In the same year,
the Boston arm was developed, and in the following year the Stanford arm was
developed, which was equipped with a camera and computer controller. Some of
the most serious work in robotics began as these arms were used as robot manipu-
lators. One experiment with the Stanford arm consisted of automatically stacking
blocks according to various strategies. This was very sophisticated work for an
automated robot at that time. In 1974, Cincinnati Milacron introduced its first
computer-controlled industrial robot. Called “The Tomorrow Tool,” or T3, it
could lift over 100 Ib as well as track moving objects on an assermbly line.
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During the 1970s a great deal of research work focused on the use of external
sensors to facilitate manipulative operations. At Stanford, Bolles and Paul [1973],
using both visual and force feedback, demonstrated a computer-controlled Stanford
arm connected to a PDP-10 computer for assembling automotive water pumps. At
about the same time, Will and Grossman [1975] at IBM developed a computer-
controlled manipulator with touch and force sensors to perform mechanical assem-
bly of a 20-part typewriter. Inoue [1974] at the MIT Artificial Intelligence
Laboratory worked on the artificial intelligence aspects of force feedback. A
landfall navigation search technique was used to perform initial positioning in a
precise assembly task. At the Draper Laboratory Nevins et al. [1974] investigated
sensing techniques based on compliance. This work developed into the instrumen-
tation of a passive compliance device called remote center compliance (RCC)
which was attached to the mounting plate of the last joint of the manipulator for
close parts-mating assembly. Bejczy [1974], at the Jet Propulsion Laboratory,
implemented a computer-based torque-control technique on his extended Stanford
arm for space exploration projects. Since then, various control methods have been
proposed for servoing mechanical manipulators.

Today, we view robotics as a much broader field of work than we did just a
few years ago, dealing with research and development in a number of interdisci-
plinary areas, including kinematics, dynamics, planning systems, control, sensing,
programming languages, and machine intelligence. These topics, introduced
briefly in the following sections, constitute the core of the material in this book.

1.3 ROBOT ARM KINEMATICS AND DYNAMICS

Robot arm kinematics deals with the analytical study of the geometry of motion of
a robot arm with respect to a fixed reference coordinate system without regard to
the forces/moments that cause the motion. Thus, kinematics deals with the analyti-
cal description of the spatial displacement of the robot as a function of time, in
particular the relations between the joint-variable space and the position and orien-
tation of the end-effector of a robot arm.

There are two fundamental problems in robot arm kinematics. The first prob-
lem is usually referred to as the direct (or forward) kinematics problem, while the
second problem is the inverse kinematics (or arm solution) problem. Since the
independent variables in a robot arm are the joint variables, and a task is usually
stated in terms of the reference coordinate frame, the inverse kinematics problem
is used more frequently. Denavit and Hartenberg [1955] proposed a systematic
and generalized approach of utilizing matrix algebra to describe and represent the
spatial geometry of the links of a robot arm with respect to a fixed reference
frame. This method uses a 4 X 4 homogeneous transformation matrix to describe
the spatial relationship between two adjacent rigid mechanical links and reduces the
direct kinematics problem to finding an equivalent 4 X 4 homogeneous transforma-
tion matrix that relates the spatial displacement of the hand coordinate frame to the
reference coordinate frame. These homogeneous transformation matrices are also
useful in deriving the dynamic equations of motion of a robot arm. In general, the



