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Foreword

In 1946 when I was a senior at Columbia University one course [ would have revelled
in is the one whose textbook might have been Industrial Robotics: Technology,
Programming, and Applications. But, of course, in 1946 such a course would have
been impossible. So much of the technology was not at hand and there was hardly
any motivation, other than sheer fun, to build robots. Fun had already prompted the
ingenious automatons that appear herein as background history.

Yet the beast was stirring. My friend, Isaac Asimov, was busy at Boston College
telling us with prophetic science fiction how it could be; nay, how it should be. None
of that doomsday view owing to Capek.

Surely Asimov left a subliminal message with me as I put my Columbia training
to industrial control problems. Servo theory was born in World War II, an esoteric
discipline called boolean algebra became digital logic and the transistor was invented
after I graduated.

The story of my fortuitous association with inventor Devol is recounted herein.
Collectively if all welled up, as Victor Hugo would have had it, “an idea whose time
had come.”

Devol and [ started in 1956. We had a first robot in the field in 1961 when the
all-in cost of an automotive worker was $3.50/hour. Ever since the cost of labor has
increased to the current level of $21.00/hour in the automotive industry. Meanwhile,
the cost of manufacturing a robot has tumbled from $60,000 in 1961 dollars to
$25,000 in 1984 dollars. And a robot’s capabilities today are so vastly superior to
those of the first lumbering machines!

Enter Industrial Robotics: Technology, Programming, and Applications. Here
is the whole spectrum of the state of the art. My mind boggles to think how an
engineering senior armed with this background would have been greeted by my
original employer’s personnel office. Probably he or she would have been burned
at the stake!

The authors bring it all together from design to use. And there is no shirking from
peripheral activities such as CAD-CAM and Artificial Intelligence.

A would-be robot designer will learn the basic criteria. He or she will not have to
“reinvent the wheel.” His or her counterpart on the factory floor will be able to pick
intelligently from the range of robots on the market.

My only problem in recommending this book is a selfish one. Since my colleagues
and I sold Unimation, Inc., I have become a consultant. Will my clients still pay me
dearly if they can read all about it in this exhaustive tutorial treatise?

Joseph F. Engelberger






Preface to the Special
Indian Edition

About the Book

Robotics as a discipline is a mixture of computer science, mechanical, and electrical
engineering. As there have been rapid advancements in these disciplines, robotics
as a subject has also undergone many changes. The Special Indian Edition (SIE)
is a takeoff from the original book by Groover, Weiss, Nagel, and Odrey published
in 1986 and hence, most of the content has been revised and newer details added
for the present edition. The book, Industrial Robotics is mainly focused on the
industrial applications of robotics, but it also contains the basic theory required for
programming and robot applications.

The Special Indian Edition caters to the requirements of undergraduate and
Master’s students in engineering disciplines of electrical, mechanical, computer
science, mechatronics, etc. Engineers working in the industry can also use the book
for refreshing their knowledge on the current robotics practices in industry. As the
name indicates, the present edition is mainly focused on the industrial applications
of robotics. The book focuses on industrial applications and hence, the book will be
useful to students and practicing engineers.

New to this Edition

Chapters 1 and 10 have been updated in accordance to the universities’ requirements.
Topics like Circuit and Mechanical Model of DC Motors, Internal and External
sensors, Joint Space Schemes Dynamics : Newton —Euler and Euler-Lagrangian
Formulations, Trajectory via points, Jacobian and Singularity Functions, Force
Sensors and their design, Human Centered robotics, and Rehabilitation Robots have
been added in Chapters 3, 4, 5, 6, 19, and 20.

Salient Features of this Book

* Comprehensive analysis on fundamentals of robot technology

* New detailed discussion on robot dynamics

» Complete coverage of sensors and robot motions

* Emphasizes on robot programming and languages

* Detailed discussion on industrial and manufacturing applications of robots
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» Provides in-depth analysis on artificial intelligence and the future of robotics
» Enhanced pedagogy includes 90 solved examples, and 200 review questions

Chapter Organization
The book contains 20 chapters and is organized into seven parts.

Part One is introductory. Chapter 1 provides the motivation and rationale for
learning about robotics. Chapter 2 presents an overview of robot technology and
programming. This is important because in the flow of the book, we will be discussing
technical topics which must be placed into context relative to other topics. Chapter 2
also provides the survey of the entire field necessary to establish those relationships.

Part Two examines the technical topics that relate to the robot and the peripheral
hardware used with the robot. Chapter 3 discusses the mechanical components of
the robot and the control systems used to control the joints of the arm and wrist.
Chapter 4 presents some of the mathematical analysis that is used in robotics to
study the motion of the manipulator. Chapter 5 covers end effectors, the mechanical
hands and other devices that are attached to the robot arm to perform useful work.
Chapters 6 and 7 are concerned with the sensors that are used in robotics, including
machine vision, an important technology which is likely to find many applications in
robotics work in the future.

Part Three deals with robot programming. Chapter 8 is concerned with the
fundamentals of how to program robots and what the requirements for robot
programming are. Chapter 9 and its appendixes cover some of the robot textual
languages that are in common use. Chapter 10 presents a survey of artificial
intelligence and its relationship to robotics. We anticipate that robots of the future will
possess far greater intelligence and reasoning power than current-day robots, and the
field of artificial intelligence will provide the methodologies for these capabilities.

Part Four is concerned with applications engineering. What are the engineering and
economic problems that must be addressed in installing robots, and what are some of
the applications of robots today? Chapter 11 describes work cell design and control-
how to use the technology and programming of robotics in industrial applications.
Chapter 12 presents the methods that should be used to justify a robot investment.
Part Five presents a survey of how robotics is used in industry. Chapters 13 through
15 discuss the various types of robot applications in manufacturing today.

Closely related to applications engineering are the implementation issues associated
with the introduction of robotics into the factory. Part Six surveys some of these
issues. Chapter 16 proposes a seven-step approach for the implementation of
robotics in the firm, from initial familiarization with the technology to installation
of the robot work cell. Chapter 17 discusses some of the additional problem areas
that must be confronted during implementation. These areas include safety, training,
maintenance, and quality control.

Part Seven deals with social issues and the future of robotics. Chapter 18 explores
the possible social impact of robotics, giving particular attention to the problems
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confronting labor. In Chapters 19 and 20, we speculate about the following
questions. What will the technology of robotics be like in the future? And what kinds
of applications will robots be performing in the future?
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Preface

This book is intended to provide a comprehensive survey of the technical topics
related to industrial robotics. The field of robotics is emerging to become one of
the important automation areas for the 1980s and 1990’s. Engineers, technicians,
and managers must be educated and trained in order to realize the full potential of
this technology. It is our hope that this book might help to satisfy the need for text
materials to develop these technically educated people.

Our book is designed principally as a text for use in undergraduate and first year
graduate engineering programs. It should be suitable for courses in several depart-
ments, including mechanical, industrial, manufacturing, and electrical engineering.
The book includes mechanical joint-link analysis, control systems, sensors, machine
vision, end effector design, and other topics of interest to these engineering disci-
plines. The text would also be appropriate for courses in computer science since a
substantial portion of the book is devoted to robot programming. We have also de-
signed the book for industrial training courses, and it contains much material that is
relevant to those who must install robot systems. In short, it is a book on the technol-
ogy, programming, and applications of industrial robots that should serve the student
of robotics making the transition from the classroom and laboratory environment of
academia into the applied and practical world of industry.

We began developing the outline for this text in 1981. The contract with McGraw-
Hill to write the book was signed in summer 1982. A great deal has happened in the
field of robotics since then. The robotics industry has changed dramatically from one
dominated by small companies to one consisting of a significant number of large
corporation. We are beginning to see the fallout of the weaker companies in the
industry. The technology has also developed dramatically during these several years.
Computer control has become pervasive; machine vision and other sensors have
captured much of the spotlight in robotics; and other advances have mode robots a
more sophisticated yet easier to use technology.

Also during the last severer years we (the authors) have learned a great deal
about the field of robotics. We have taught a course at Lehigh in the subject several
times; we have developed new text materials and problem sets suitable for such a
course; we have designed new robot systems; and we have developed a wide variety
of industrial robot applications. The reader of this book is the beneficiary of these
developments.

Something else that has happened since 1982 is that Lehigh University has hired
two new faculty members whose expertise includes robotics: Roger Nagel in Fall
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1982 and Nick Odrey in Fall 1983. Accordingly, we have seen our way to invite them
to add their expertise to this book Roger’s education and interests are in computer
science, and his professional experience includes research at the National Bureau
of Standards in robot programming and machine vision. He was also Director of
Automation as International Harvester where he managed projects in robotics before
coming to Lehigh. Nick is an aerospace engineer turned industrial engineer. His
background is heavily oriented toward the mathematical analysis of control systems
and mechanical linkages (such as a robot’s mechanical manipulator). Combining their
knowledge with that of the two original coauthors we have a team whose expertise
in robotics is substantial. The coauthors’ educational backgrounds and affiliations
include mechanical engineering, industrial engineering, computer science and
electrical engineering. Their professional backgrounds include both academe and
industry. We believe that the breadth and depth of knowledge and experience of this
team has permitted us to provide a more complete and comprehensive coverage of
industrial robotics than exists in any other available text on this subject.

The book contains 20 chapters, many of them technical with engineering problem
sets at the end. Even the most ambitious and work-oriented instructor will have
difficulty in packing all twenty chapters into a single semester. Accordingly, what
must be done is to cover the chapters that are most appropriate for the particular
course being offered, and send the students on their way with the hope that they
will read the other chapters if the need to do so subsequently arises in their work in
robotics.

ACKNOWLEDGMENTS
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whose contributions where significant enough to merit inclusion. To those we have
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Lehigh; David Fitzpatrick ORSI; Ray Floyd of IBM Corporation; Joseph Fromme of
Cincinnati Milacron; David Hanan, MSE student; Don Hillman. Computer Science
Professor at Lehigh and specialist in artificial intelligence; Joan Juzwiak, advertising
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MSE Student who stimulated our thinking on a join classification scheme; Paul J.
Nelson of the IBM Corporation; John Ochs, Director of Lehigh’s Computer-Aided
Design Laboratory; Jim Reid, on leave from Cincinnati Milacron, currently a Lehigh
MSE student; Chester A. Sadlow of Westinghouse (Unimation Inc.); Armand Small
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Fundamentals of Robotics

This first part of our book is intended to introduce the subject
of industrial robotics, both its social significance and its
technological importance. Robotics is a prominent component
of manufacturing automation which will affect human labor at
all levels, from unskilled workers to professional engineers and
managers of production. Future robots may find applications
outside of the factory in banks, restaurants, and even homes. It is
possible, perhaps, that robotics will become a field, like today’s
computer technology, which is pervasive throughout our society.
Our book undertakes the ambitious objective of providing
technical literacy in this fascinating field. Part 1 introduces the
fundamentals.

Part 1 contains two chapters. Chapter 1 defines the term robot
in the context of industrial automation. It also provides a short
history of the development of the technology, including a section
on how robotics has been perceived by the public in science
fiction stories.

Chapter 2 titled, Fundamentals of Robot Technology,
Programming, and Applications can almost be considered a sum-
mary of the entire book. We survey each of these three areas.
Each is interrelated to the other: robotics technology is controlled
by means of programming and the ability to program a robot is
dependent on its level of technology. Successful implementation
of robotics in useful applications is obviously a function of the
technology and programming. It is important for the reader to
have an appreciation of all three areas in order to understand the
technical details of each separate area. Chapter 2 attempts to gen-
erate this appreciation of the three areas.

mZQ =XP>






Introduction

/Introduction

The field of robotics has its origins in science fiction. The term ‘robot’ was derived
from the English translation of a fantasy play written in Czechoslovakia around
1920. It took another 40 years before the modern technology of industrial robotics
began. Early robots were confined to industrial applications, doing repetitive tasks
like loading-unloading machines, welding, spray painting, etc. In the last two
decades, robots have stepped out of industrial applications and ventured right into
our homes as pets, service robots, helpers, rehabilitation devises, etc. Today, we
have both hard (physical) robots like manipulator arms, mobile robots, etc., and
also soft (simulated) robots like virtual characters, virtual reality, etc., sometimes
simply called ‘bots’.

In this chapter, we will survey some of the science fiction stories about robots
and trace the historical development of robotics technology. Let us begin our
chapter by defining the term robotics and establishing its place in relation to other

types of industrial automation.
N J

1.1 AUTOMATION AND ROBOTICS

Automation and robotics are two closely related technologies. In an industrial
context, we can define automation as a technology that is concerned with the use of
mechanical, electronic and computer-based systems in the operation and control of
production. Examples of this technology include transfer lines, mechanized assembly
machines, feedback control systems (applied to industrial processes), numerically
controlled machine tools and robots. Accordingly, robotics is a form of industrial
automation.

There are three broad classes of industrial automation: fixed automation,
programmable automation and flexible automation. Fixed automation is used when
the volume of production is very high and it is, therefore, appropriate to design
specialized equipment to process the product (or a component of a product) very
efficiently and at high production rates. A good example of fixed automation can be
found in the automobile industry, where highly integrated transfer lines consisting



( 4 Industrial Robotics

of several dozen workstations are used to perform machining operations on engine
and transmission components. The economics of fixed automation are such that the
cost of the special equipment can be divided over a large number of units and the
resulting unit costs arc low relative to alternative methods of production. The risk
encountered with fixed automation is that since the initial investment cost is high, if
the volume of production turns out to be lower than anticipated, then the unit costs
become greater than anticipated. Another problem with fixed automation is that the
equipment is specially designed to produce the one product and after that product’s
life cycle is finished, the equipment is likely to become obsolete. For products with
short life cycles, the use of fixed automation represents a big gamble.

Programmable automation is used when the volume of production is relatively
low and there are a variety of products to be made. In this case, the production
equipment is designed to be adaptable to variations in product configuration. This
adaptability feature is accomplished by operating the equipment under the control of
a “program” of instructions which has been prepared especially for the given product.
The program is read into the production equipment, and the equipment performs the
particular sequence of processing’ (or assembly) operations to make that product.
In terms of economics, the cost of the programmable equipment can be spread over
a large number of products even though the products are different. Because of the
programming feature and the resulting adaptability of the equipment, many different
and unique products can be made economically in small batches.

The relationship of the first two types of automation, as a function of product
variety and production volume is illustrated in Fig. 1.1. There is a third category
between fixed automation and programmable automation, which is called “flexible
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>
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different
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Fig. 1.1  Relationship fixed automation, programmable automation and flexible automation
as a function of production volume and product variety.

automation.” Other terms used for flexible automation include “flexible manufacturing
systems,” (or FMS) and “computer-integrated manufacturing systems.” The concept
of flexible automation has only developed into practice within the past 15 or 20
years. Experience thus far with this type of automation suggests that it is most



Introduction 5 )

suitable for the midvolume production range as shown in Fig. 1.1. As indicated by its
position relative to the other two types, flexible systems possess some of the features
of both fixed automation and programmable automation. It must be programmed
for different product configurations, but the variety of configurations is usually
more limited than for programmable automation, which allows a certain amount of
integration to occur in the system. Flexible automated systems typically consist of
a series of workstations that are interconnected by a materials-handling and storage
system. A central computer is used to control the various activities that occur in
the system, routing the various parts to the appropriate stations and controlling the
programmed operations at the different stations.

One of the features that distinguishes programmable automation from flexible
automation is that with programmable automation, the products are made in batches.
When one batch is completed, the equipment is reprogrammed to process the next
batch. With flexible automation, different products can be made at the same time
on the same manufacturing system. This feature allows a level of versatility that is
not available in pure programmable automation, as we have defined it. This means
that products can be produced on a flexible system in batches if that is desirable,
or several different product styles can be mixed on the system. The computational
power of the control computer is what makes this versatility possible.

Of the three types of automation, robotics coincides most closely with programmable
automation. An industrial robot is a general-purpose, programmable machine which
possesses certain anthropomorphic or human-like characteristics. The most typical
human-like characteristic of present-day robots is their movable arms. The robot can
be programmed to move its arm through a sequence of motions in order to perform
some useful task. It will repeat that motion pattern over and over until reprogrammed
to perform some other task. Hence, the programming feature allows robots to be
used for a variety of different industrial operations, many of which involve the robot
working together with other pieces of automated or semi-automated equipment.
These, operations include machine loading and unloading, spot welding and spray
painting.

The “official” definition of an industrial robot is provided by the Robotics Industries
Association (RIA), formerly the Robotics Institute of America (RIA):

An industrial robot is a reprogrammable, multifunctional manipulator designed
to move materials, parts, tools, or special devices through variable programmed
motions for the performance of a variety of tasks.

This definition reinforces our conclusion that industrial robots should be classified as
a form of programmable automation.

While the robots themselves are examples of programmable automation, they
are, sometimes used in flexible automation and even fixed automation systems.
These systems consist of several machines and/or robots working together, and
are typically controlled by a computer or a programmable controller. A production
line that performs spot welds on automobile bodies is an example of this kind of
system. The welding line might consist of two dozen robots or more, and is capable
of accomplishing hundreds of separate spot welds on two or three different body
styles (e.g., sedans, coupes and station wagons). The robot programs are contained
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in the computer or programmable controller and are downloaded to each robot for the
particular automobile body that is to be welded at each station. Owing to this feature,
such a line might appropriately be considered a high-production flexible automation
system.

Today with the appearance of so many different types of robots ranging from
mobile robots, bipeds, humanoids, cyborgs, UAVs, etc., the old definition of a
robot as a “reprogrammable multifunctional manipulator” is no longer able to
accommodate all of them. On the other hand, there appears to be no consensus about
the exact definition of a robot! People in general agree that a robot should do some
or all of the following: move around, sense and manipulate the environment and
display intelligent behavior. Going by this definition, modern robots would include
intelligent wheelchairs, automatic vacuum cleaners, rehabilitation devises, virtual
characters, etc., apart from our good old industrial manipulator arm! Using this
general definition, it is usually possible to decide if a system should be called a robot
or not. For example, an intelligent wheel chair capable of autonomous navigation is
a robot while a CNC machine is not. In future, with an increased focus on emulating
biological design paradigms for sensing, control and actuation, it is expected that
certain robots will become more and more human like in appearance and behavior.
Several examples of biological inspired robot designs have already appeared in the
form of humanoid robots (ASIMO), pets (Sony Dog), toys (PARU), micro robots,
etc.

Another recent trend worth noticing is that robots tend to be further classified into
industrial robots and service robots. An industrial robot is essentially a manipulator
arm used mainly in the automobile industry for automation, while service robots
are those that operate autonomously to perform services useful to the well being
of humans and equipment. Service robots are further classified into robots used
for personal use in homes such as, vacuum cleaner, lawn mower, assist the old and
handicapped, etc., and those applied for professional use such as medical robots,
underwater robots, surveillance robots, etc. Over the last two decades, the number of
service robots is increasing rapidly and it is expected that in the future service robots
will be the everyday tool for mankind.

1.2 ROBOTICS IN SCIENCE FICTION

Notwithstanding the limitations of current-day robotic machines, the popular concept
of a robot is that it looks and acts like a human being. This humanoid concept has
been inspired and encouraged by a number of science fiction stories.

Certainly, one of the first works of relevance to our discussion of robotics in
science fiction was a novel by Mary Shelley, published in England in 1817. Titled
Frankenstein, the story deals with the efforts of a scientist, Dr. Frankenstein, to create
a humanoid monster which then proceeds to raise havoc in the local community. The
story has been popularized in several versions over the years through the medium of
motion pictures. The movie screen image of the Frankenstein monster gone astray
from the plans of its well-intentioned creator has made a lasting impression on the
minds of millions of people. This impression has carried over to robots where the
word conjures up similar images of science and technology in danger of running amuck.
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A Czechoslovakian play in the early 1920s by Karel Capek called Rossum s
Universal Robots, gave rise to the term robot. The Czech word “robota” means
servitude or forced worker, and when translated into English, the word became
robot. The story concerns a brilliant scientist named Rossum and his son who
develop a chemical substance that is similar to protoplasm. They use the substance
to manufacture robots. Their plan is that the robots will serve humankind obediently
and do all physical labor. Rossum continues to make improvements in the design
of the robots, eliminating unnecessary organs and other parts and finally develops a
“perfect” being. The plot takes a sour turn when the perfect robots begin to dislike
their subservient role and proceed to rebel against their masters, killing all human
life.

Among science fiction writers, Isaac Asimov has contributed a number of stories
about robot’, starting in 1939, and indeed is credited with coining the term “robotics.”
The picture of a robot that appears in his work is that of a well-designed, fail-safe
machine that performs according to three principles. These principles were called the
Three Laws of Robotics by Asimov and they are:

1. A robot may not injure a human being or through inaction, allow a human to
be harmed.

2. Arobot must obey orders given by humans except when that conflicts with the
First Law.

3. A robot must protect its own existence unless that conflicts with the First or
Second Laws.

It is interesting to note that in the real world, industrial robots obey laws that are
the opposite of the ones stated above! A robot may injure a human, it may not obey
humans and it also may not protect its own existence.

A number of movies and television shows have added to the fore of robotics,
some picturing robots as friendly servants and companions, others showing them in
different ways. The 1951 movie, The Day the Earth Stood Still, was about a mission
from a distant planet sent to Earth in a flying saucer to try to establish the basis for
peace among the world’s nations. The crew of the flying saucer consisted of only two
members, a human-like being and an omniscient, omnipotent, indestructible robot
named Gort. The robot was a “universal” (excuse the pun) peacekeeper, and when a
planet got out of line, punishment was swift and final. The mission to Earth was not
a complete success (obviously), but it demonstrated the terrible destructive power of
future weapons.

The 1968 movie, 2001: A Space Odyssey, contained not a mechanical robot but
a highly intelligent, talking computer named HAL. The job of the computer was
to monitor and control the systems on-board the spaceship on its way to the planet
Jupiter, and to be a friend and companion to the spaceship crew. During the voyage,
one of HAL’s circuits fails and its personality goes bad. It begins killing off the
members of the crew in order to protect itself and is only stopped in a final contest
between itself and the one remaining crew member.

The Star Wars series (Star Wars in 1977, The Empire Strikes Back in 1980, and
The Return of the Jedi in 1983) pictured robots as friendly, harmless machines. The
robots, R2D2 and C3PO (Fig. 1.2), are able to move around, they are intelligent,
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and they can communicate with their human masters. They do not play major roles
in these movies except mostly as comic relief. However, to movie audiences, they
stand as significant characters because they are so benevolent and represent the
opportunities offered by robotics and other advanced technologies to be helpful and
unthreatening to humans.

As robotics technology advanced so did the appearance of robots in movies:
as seen in The Terminator series, Matrix series, Transformer series, etc. In these
movies, robots seem to stretch our imagination about life, death, rebirth and reality.
Advancement in software technology has come to a stage that in movies it is now
difficult to distinguish a real person from a virtual character!

Fig. 1.2 The friendly robots R2D2 and from Star Wars. (Courtesy: LUCASFILM LTD., (C)
Lucasfilm Ltd. (LFL) 1977. All rights reserved.)

1.3 A BRIEF HISTORY OF ROBOTICS

Science fiction has no doubt contributed to the development of robotics, by planting
ideas in the minds of young people who might embark on careers in robotics and by
creating awareness among the public about this technology. We should also identify
certain technological developments over the years that have contributed to the
substance of robotics. Table 1.1 presents a chronological listing which summarizes
the main early historical developments in the technology of robotics.

Some of the early developments in the field of automata deserve mention although
not all of them deal directly with robotics. In the seventeenth and eighteenth centuries,
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there were a number of ingenious mechanical devices that had some of the features
of robots. Jacques de Vaucanson built several human-sized musicians in the mid-
1700s. Essentially, these were mechanical robots designed for a specific purpose:
entertainment. In 1805, Henri Maillardet constructed a mechanical doll which was
capable of drawing pictures. A series of cams were used as the “program” to guide the
device in the process of writing and drawing. Maillardet’s writing doll is on display
in the Franklin Institute in Philadelphia, Pennsylvania. These mechanical creations
of human form must be regarded as isolated inventions reflecting the genius of men
who were way ahead of their time. There were other mechanical inventions during
the industrial revolution, created by minds of equal genius, many of which were
directed at the business of textile production. These included Hargreaves’ spinning
jenny (1770), Crompton’s mule spinner (1779), Cartwright’s power loom (1785), the
Jacquard loom (1801), and others.

Table 1.1 Chronology of developments related to robotics technology, including significant
robot applications.

Date Development

mid-1700s | J.de Vaucanson built several human-sized mechanical dolls that played music.

1801 J. Jacquard invented the Jacquard loom, a programmable machine for weaving
threads or yarn into cloth.

1805 H. Maillardet constructed a mechanical doll capable of drawing pictures.

1946 American inventor G. C. Devol developed a controller device that could record

electrical signals magnetically and play them back to operate a mechanical
machine U.S. patent issued in 1952.

1951 Development work on teleoperators (remote-control manipulators) for handling
radioactive materials. Related U.S. patents issued to Goertz (1954) and Bergsland
(1958),

1952 Prototype Numerical Control machine demonstrated at the Massachusetts Institute

of Technology after several years of development. Pan programming language
called APT (Automatically Programmed Tooling) subsequently developed and
released in 1961,

1954 British inventor C. W. Kenward applied for patent tor robot design. British patent
issued in 1957.

1954 G. C. Devol develops designs for “programmed article transfer.” U.S. patent issued
tor design in 1961,

1959 First commercial robot introduced by Planet Corporation. It was controlled by limit
switches and cams.

Contd.
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1960 First “Unimate” robot introduced, based on Devol's “programmed ankle transfer.”
It used numerical control principles for manipulator control and was a hydraulic
drive robot.

1961 Unimate robot installed at Ford Motor Company for tending a die casting machine.

1966 Trallfa, a Norwegian firm, built and installed a spray painting robot.

1968 A mobile robot named “Shakey” developed at SRI (Stanford Research Institute).
It was equipped with a variety of sensors, including a vision camera and touch
sensors, and can move on the floor.

1971 The “Stanford Arm,” a small electrically powered robot arm, developed at Stanford
University.

1973 First computer-type robot programming language developed at SRI for research
called WAVE Followed by the language AL in 1974. The two languages were
subsequently developed into the commercial VAL. language for Unimation by
Victor Scheinman and Bruce Simano.

1974 ASEA introduced the all-electric drive IRb6 robot.

1974 Kawasaki, under Unimation license, installed arc-welding operation for motorcycle
frames.

1974 Cincinnati Milacron introduced the T3 robot with computer control.

1975 Olivetti “Sigma” robot used in assembly operation—one of the very first assembly
applications of robotics.

1976 Remote Center Compliance (RCC) device for part insertion in assembly developed
at Charles Stark Draper Labs in United States.

1978 PUMA (Programmable Universal Machine for Assembly) robot introduced for
assembly by Unimation, based on designs from a General Motors study.

1978 Cincinnati Milacron T3 robot adapted and programmed to perform drilling and
routing operations on aircraft components, under Air Force ICAM (Integrated
Computer-Aided Manufacturing) sponsorship.

1979 Development of SCARA type robot (Selective Compliance Arm for Robotic
Assembly) at Yamanashi University in Japan for assembly. Several commercial
SCARA robots introduced around 1981.

1980 Bin-picking robotic system demonstrated at University of Rhode Island. Using
machine vision, the system was capable of picking parts in random orientations
and positions out of a bin.

1981 A “direct-drive robot” developed at Carnegie-Mellon University. It used electric
motors located at the manipulator joints without the usual mechanical transmission
linkages used on most robots.

Contd.
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1982 IBM introduces the RS-1 robot for assembly, based on several years of in-house
development. It is a box-frame robot, using an arm consisting of three orthogonal
slides. The robot language AML, developed by IBM, also introduced to program
the RS-1.

1983 Report issued on research at Westinghouse Corp under National Science
Foundation sponsorship on “adaptable-programmable assembly system” (APAS),
a pilot project for a flexible automated assembly line using wools.

1984 Several off-line programming systems demonstrated at the Robots 8 show. Typical
operation of these systems allowed the robot program 10 he developed using
interactive graphics on a personal computer and then downloaded to the robot.

1990’s Robot development diversified into walking robots at MIT, Honda, etc., rehabilitation
robots for health care, as well as robots for defense and space applications.

2000’s Micro and nano robots using smart materials, Unmanned Ariel vehicles and underwater
robotics.

Until the early 1940s most of the automation devices mentioned above were not
really programmable, in the way we understand by the word ‘program’. Birth of
programmable automation or soft automation took place with the development of the
microprocessor in the late 1940. It was now possible to easily change the program
controlling an automation device. Robot development went through the following
phases from 1950 to 2010:

1950 late 1970: Simple pick and place robots controlled by a large computer with
limited interaction with the environment (confined to the manufacturing industry for
hazardous and repetitive jobs).

1980 — late 1990: Interaction with the environment using force, touch sensors,
vision, etc. (due to the development of cheaper electronics).

1990 — 2000: Intelligent robots (due to higher computing power, smaller and
lighter onboard processors, smart actuators, sensors).

2000 — present: micro, nano robots, bio-robots, humanoids, service robots, etc.
(Interest in emulating biological design paradigms and a gradual shift from only
industrial applications to humanitarian applications).

Future robots: personal robots, professional robots (newer application in drug
delivery, surgery, rehabilitation, caretaker, etc.).

Numerical control and telecherics are two important technologies in the development
of robotics. Numerical control (NC) was developed for machine tools in the late
1940s and early 1950s. As its name suggests, numerical control involves the control
of the actions of a machine tool by means of numbers. It is based on the original
work of John Parsons who conceived of using punched cards containing position
data to control the axes of a machine tool. He demonstrated his concept to the United
States Air Force, which proceeded to support a research and development project
at the Massachusetts institute of Technology. The MIT project used a three-axis
milling machine to demonstrate the prototype for NC in 1952. Subsequent work at
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MIT led to the development of APT (Automatically Programmed Tooling), a part
programming language to accomplish the programming of the NC machine tool. It
is interesting to note that the Jacquard loom and the player piano, developed around
1876, can be considered to be precursors of the modern NC machine tool. Both
operated using a form of punched paper tape as a program to control the actions of
the respective machines.

The field of telecherics deals with the use of a remote manipulator controlled
by a human being. Sometimes called a teleoperator, the remote manipulator is a
mechanical device which translates the motions of the human operator into
corresponding motions at a remote location. A common use of a teleoperator is in
the handling of dangerous substances, such as radioactive materials. The human
can remain in a safe location; yet by peering through a leaded glass window or by
viewing on closed-circuit television, the operator can guide the movements of the
remote arm. Early telecheric devices were entirely mechanical, but more modern
systems use a combination of mechanical systems and electronic feedback control.
Work on teleoperator designs for handling radioactive materials dates back to the
1940s. Telecheric devices were used by the Atomic Energy Commission starting
around the same time.

Itis the combination of numerical control and telecherics that forms the basis for the
modern robot. The robot is a mechanical manipulator whose motions are controlled
by programming techniques very similar to those used in numerical control. There
are two individuals who must be credited with recognizing the confluence of these
two technologies and the potential it might offer in industrial applications. The first
was a British inventor named Cyril Walter Kenward who applied for a British patent
for a robotic device in March 1954. This patent was issued in 1957, the sketch for
this device is shown in Fig. 1.3.

Fig. 1.3 Sketch of the robotic device for which Cyril Walter Kenward was issued a British
patent in 1957.

The second person who must be mentioned in this context is George C. Devol,
the American inventor, who must be credited with two inventions that led to the
development of modern day robots. The first was a device for recording electrical
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signals magnetically and playing them back to control a machine. The device is dated
around 1946 and the U.S. patent for it was issued in 1952. The second invention
was titled “Programmed Article Transfer” and the U.S. patent for this device was
issued in 1961. The description of the device in the June 13. 1961 edition of the
U.S. Patent Record is presented in Fig. 1.4, and the sketch based on the diagram
which accompanied the description is shown in Fig. 1.5. Although Devol’s patent
followed Kenward’s by several years, it was Devol’s work that established the
foundation for the modern industrial robot. What made Devol’s invention into an
industry in the United States rather than in the United Kingdom was the presence or
a catalyst in the person of Joseph Engelberger.

2,988,237
PROGRAMMED ARTICLE TRANSFER
George C. Devol, Jr., Brookside Drive, Greenwich, Conn.
Filed Dec. 10, 1954, Ser. No. 474,574
28 Claims. (Cl. 214—11)

1. Apparatus having automatic control means, including a mechanical output device
and power operating means therefor, position representing means coupled to said
mechanical output device for conjoint operation therewith, said position representing
means including an assembly of separate sensing units each having its own individual
output and combinational code means sensed by and relatively movable with respect
to said sensing units through a series of positions corresponding to position of said
device, said combinational code means including a uniquely identifying combination
of control portions of different kinds opposite the respective sensing units in each said
position such that the combination of control portions at each said position is different
from the combinations of control portions in all the others of said series of positions,
a program-controller havin, a series of recorded combinational code position symbols
duplicating selected combinations in said series of positions, said program-controller
having as many position-symbol sensing elements for sensing said combinational
code position symbob as there are sensing units in said position representing means,
a series of indidivual coincidence detectors each having its respective direct signal
coupling to a corresponding one of said sensing units and to a corresponding one or
said sensing eremente, said power operating means having control means responsive to
said coincidence detectors jointly.

Fig. 1.4 Description of George C. Devol’s “programmed Article Transfer” as it appeared in
the U.S. Patent Record dated June 13, 1961.

L

Fig. 1.5  Sketch of Devol's “Programmed Article Transfer” similar to the diagram that accompanied
the patent’ description.
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Joseph F. Engelberger graduated from Columbia University with a graduate degree
in physics in 1949. As a student, he had read with fascination several of Asimov’s
novels. By the mid-1950s, he was the chief engineer for an aerospace division of
a company located in Stamford, Connecticut. The division was in the business of
making controls for jet engines. Hence, by the time a chance meeting took place in
1956, Engelberger was predisposed by education, avocation, and occupation toward
the notion of robotics. As fate would have it, Joseph Engelberger met George Devol
at a cocktail party held in Fairfield, Connecticut. During the conversation, Devol told
Engelberger about his invention of the programmed article transfer device, and the
two subsequently began discussing the possibility of commercializing the invention.
Through the financial backing of the Consolidated Diesel Electric Company (now
Condec Corp.), Engelberger and Devol started to develop plans and prototypes for
the universal helper, or “Unimate.” In 1962, the Unimation Company was founded as
a joint venture between Consolidated Diesel Electric and the Pullman Corporation.
Engelberger became president of the company and has promoted the development
and the application of robotics ever since. Figure 1.6 shows Engelberger and Devol
being served by a Unimate.

Fig. 1.6 Joseph Engelberger (left) and George Devol being served drinks by a Unimate
robot. (Photo courtesy: Joseph F. Engelberger)

The first recorded installation of a Unmate robot was at the Ford Motor Company
for unloading a die-casting machine. (It is ironic to note that although Ford was one
of the very first companies to use a robot, it refused for many years to recognize the
word robot, preferring instead to use the term “universal transfer device” or UTD.)
More applications followed, slowly at first, using robots not only from Unimation,
but also from a number of other companies in the United States, Europe, and Japan.
Some of the more significant robot installations are included in Table 1.1.
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There were many other worthwhile contributions to the field of robotics, although
space, limits the inclusion of all of them. It is appropriate to note some of the pioneering
work at Stanford University and Stanford Research Institute on computer-oriented
robot languages. In 1973, the experimental language called WAVE was developed.
This was followed by the development of the AL language in 1974, another language
designed for research. The first commercial robot language was VAL, developed by
Victor Scheinman and Bruce Simano for Unimation, Inc. The language was first used
to program Unimation’s PUMA robot, a relatively small jointed-arm robot whose
design was based on studies of assembly automation that had been done by General
Motors. PUMA stands for Programmable Universal Machine for Assembly.

The Stanford work on robot languages, and much of the subsequent work that
has been done in robotics, is largely based on developments in computer technology.
Although computers were certainly available at the birth of the robotics industry,
‘it was not until the mid to late 1970s that the economics were right for the use of a
small computer as the robot controller. Today, nearly all robots introduced into the
market use computer controls. Indeed, the field of robotics is often considered to be
a combination of machine tool technology and computer science.

In the late 1980s, with the availability of cheap electronic devices like touch
sensors, vision cameras, etc., robots actually began interacting with the environment
and thus started the application of artificial intelligence in robotics. Smart material-
based sensors and actuators and an interest in emulating biological design paradigms
in the later 1990s led to development of robots that could emulate humans in both
form and function. Thus appeared ASIMO (Honda) that could walk and run like a
human (Fig. 1.7) or the Sony dog that could not only walk like a dog but also behave
like one! An ageing population in many developed countries has recently shifted
the focus of robotics to areas like rehabilitation, social welfare, etc. Robots have
appeared as helpers, assistance providers (exoskeletons such as HAL and Bleex),
caretakers for responding to emergencies like calling an ambulance or the police, or
even for therapeutic purpose (PARO) as shown in Fig. 1.8.

Fig. 1.7  The humanoid ASIMO developed by Honda (Advanced step in Innovative Mobility).
(Courtesy: http://world.honda.com/ASIMO/history/asimo.html)



‘ 16 Industrial Robotics

Fig. 1.8 A therapeutic robot that is supposed to reduce stress of the user.
(Courtesy: http://www.parorobots.com/)

1.4 THE ROBOTICS MARKET AND THE FUTURE
PROSPECTS

Annual sales of robots have been growing worldwide and the latest total robot
population worldwide is given in Fig. 1.9. Traditionally, it was the automotive
industries that led the drive to robotize, however, in the last decade, the growth of
non-automotive robots has been higher than automotive robots. There are several
reasons for the surge of robotics investments: one of which is the fall in robot prices
as compared to the increase in labor costs. At the same time, today’s robots have
better performance in terms of accuracy, speed, versatility and above all, computer
power as compared to earlier robots. Other factors that would force industries to
robotize is the shrinking of the work force in several developed countries and an
ageing population.
Estimated worldwide operational stock of
industrial robots
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In short, future robots will have many of the attributes of human beings. It is hard
to imagine that robots will ever replace humans in the sense of Karel Capek’s play,
“Rossum’s Universal Robots.” On the contrary, robotics is a technology that can be
harnessed solely for the benefit of humankind. However, like other technologies,
there are potential dangers involved, and safeguards must be instituted to prevent its
harmful use.

Getting from the present to the future will require much work in mechanical
engineering, electrical engineering, computer science, industrial engineering,
materials technology, manufacturing systems engineering, and the social sciences.
The purpose of this book is to explore and examine these areas which constitute the
technology, programming, and application of industrial robotics.

eview Questions

1.1 With the help of a figure explain the three broad classes into which industrial
automation is classified.

1.2 How would you define a robot? Explain the two classes of industrial robots
and service robots with suitable examples.

1.3 What are the three laws of robotics formulated by Issac Asimov?

1.4 Explain the different phases of development is robotics.

1.5 Why would you not classify a CNC machine as a robot although both these
systems can be reprogrammed?

1.6 The population of robots world wide is increasing. What are the factors
contributing to this growth?
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Fundamentals of Robot
Technology, Programming,
and Applications

(Introductwn ~

Robotics is an applied engineering science that has been referred to as a
combination of machine tool technology and computer science. It includes such
seemingly diverse fields as machine design, control theory, microelectronics,
computer programming, artificial intelligence, human factors, and production
theory. Robotics research and development are proceeding in all of these areas to
improve the way robots work and think. In the last 60 years, robots have evolved
from simple arm mechanisms that can pick and place objects to intelligent
robots that can interact with the environment using vision, sensors, Artificial
Intelligence (Al), etc.

Our problem in this chapter is to define the basic technology, programming,
and applications of current day industrial ‘robotics’. The technical fields listed
above are highly interdependent in the manner in which they are used in robotics.
In order to appreciate robotics technology and programming, one must be aware
of the way robots are applied in industry. In order to understand the use of
sensors in robotics, one must be familiar with the way robots are programmed. To
comprehend the use of an end effector, one must know that a fundamental function
of a robot is to handle parts and tools. In this chapter, therefore, we provide that
survey of the entire field of robotics to establish the necessary framework for the
reader to relate the various topics in the chapters that follow.

To describe the technology of a robot, we must define a variety of technical
features about the way the robot is constructed and the way it operates. Robots
work with sensors, tools, and grippers, and these terms must be defined. The
programming of robots is accomplished in several ways.

Although we discuss this subject in considerable detail later in the book, a
concise description is presented in this chapter. Finally, robots are used to perform
work in industry, and we provide a survey of these industrial applications. To
survey these various topics, this chapter is organized into the following sections:

Robot anatomy: joints, link structure and work volume
Drive systems and sensors
End effectors
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Precision of movement: accuracy, repeatability and precision.
Robot programming and communication with other systems
Applications

For many of these topics, it is appropriate to delve much deeper into the subject,

well beyond the basic introduction intended by this chapter. We will discuss these
\topics in greater depth in subsequent chapters of the book. )

2.1 ROBOT ANATOMY

Robot anatomy is concerned with the physical construction of the body, arm,
and wrist of the machine. Most robots used in plants today are mounted on a
base which is fastened to the floor. The body is attached to the base and the arm
assembly is attached to the body. At the end of the arm is the wrist. The wrist
consists of a number of components that allow it to be oriented in a variety of
positions. Relative movements between the various components of the body, arm,
and wrist are provided by a series of joints. These joint movements usually involve
either rotating or sliding motions, which we will describe later in this section. The
body, arm, and wrist assembly is sometimes called the manipulator. Attached to the
robot’s wrist is a hand or a tool called the “end effector”. The end effector is not
considered as part of the robot’s anatomy. The arm and body joints of the manipulator
are used to position the end effector, and the wrist joints of the manipulator are used
to orient the end effector.

2.1.1 Four Common Robot Configurations

Industrial robots are available in a wide variety of sizes, shapes and physical
configurations. The vast majority of today’s commercially available robots possess
one of four basic configurations:

1. Polar configuration

2. Cylindrical configuration

3. Cartesian coordinate configuration
4. Jointed-arm configuration

The four basic configurations are illustrated in the schematic diagrams of Fig. 2.1.

The polar configuration is pictured in part (a) of Fig. 2.1. It uses a telescoping
arm that can be raised or lowered about a horizontal pivot. The pivot is mounted on
a rotating base.
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Fig. 2.1 The four basic robot anatomies: (a) Polar, (b) Cylindrical, (c) Cartesian, (d) Jointed-
arm. (Reprinted from Reference [7])

These various joints provide the robot with the capability to move its arm within
a spherical space, and hence the name “spherical coordinate” robot is sometimes
applied to this type.

The cylindrical configuration as shown in Fig. 2.1(b), uses a vertical column and
a slide that can be moved up or down along the column. The robot arm is attached to
the slide so that it can be moved radially with respect to the column. By rotating the
column, the robot is capable of achieving a work space that approximates a cylinder.

The cartesian coordinate robot illustrated in Fig. 2.1(c), uses three perpendicular
slides to construct the x, y, and z axes. Other names are sometimes applied to this
configuration, including xyz robot and rectilinear robot. By moving the three slides
relative to one another, the robot is capable of operating within a rectangular work
envelope.

The jointed-arm robot as shown in Fig. 2.1(d) is made up of rotating joints. This
robot configuration is also sometimes called anthropomorphic as its anatomy is
similar to the human-arm.

There are relative advantages and disadvantages to the four basic robot anatomies
simply because of their geometries. In terms of repeatability of motion (the capability
to move to a taught point in space with minimum error), the box-frame cartesian
robot probably possesses the advantage because of its inherently rigid structure. In
terms of reach (the ability of the robot to extend its arm significantly beyond
its base), the polar and jointed arm configurations have the advantage. The
lift capacity of the robot is important in many applications. The cylindrical
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configuration and the gantry xyz robot can be designed for high rigidity and load-
carrying capacity. For machine-loading applications, the ability of the robot to reach
into a small opening without interference with the sides of the opening is important.
The polar configuration and the cylindrical configuration possess a natural geometric
advantage in terms of this capability.

2.1.2 Robot Motions

Industrial robots are designed to perform productive work such as pick and place,
welding, assembly, etc. The work is accomplished by enabling the robot to move
its body, arm, and wrist through a series of motions and positions. Attached to the
wrist is the end effector which is used by the robot to perform a specific work task.
The individual joint motions associated with the performance of a task are referred
to by the term degrees of freedom (DOF), and a typical industrial robot is equipped
with four to six degrees of freedom. The opening and closing of a gripper is not
considered as a degree of freedom.

The robot’s motions are accomplished by means of powered joints. Three joints
are normally associated with the action of the arm and body, and two or three joints
are generally used to actuate the wrist. Connecting the various manipulator joints
together are rigid members that are called /inks. The links can be connected to form a
serial chain or a parallel chain. Majority of industrial manipulators are serial chains.

The joints used in the design of industrial robots typically involve a relative
motion of the adjoining links that is either linear or rotational. Linear joints
involve a sliding or translational motion of the connecting links. This motion
can be achieved in a number of ways (e.g., by a piston cylinder mechanism,
a telescoping mechanism and relative motion along a rack and pinion). Our
concern here is not with the mechanical details of the joint, but rather with the
relative motion of the adjacent links. We shall refer to the linear joint or prismatic
joint as a type P joint (P stands for Prismatic). A prismatic joint is shown in
Fig. 2.2(a).

There are at least three types of rotating or revolute joints that can be distin-
guished in robot manipulators. The three types are illustrated in Fig. 2.2(b,c,d)
and in each case the difference is that rotation takes place about an axis per-
pendicular to the axis or parallel to the axis between the two adjacent links.
Sometimes the revolute joint is further classified as pure rotational (R), Twisting
(T) and Revolving (R). The revolute joint is mostly referred to as a type R joint
(R stands for revolute). Both the prismatic joint and the revolute joint have
one DOF each. Combining a revolute joint and a prismatic joint we can get a
Cylindrical joint, that has two DOF. This joint is shown in Fig. 2.2(e). Another
type of joint that is not very common in robots but very common in biological
systems is the ball and socket joint as shown in Fig. 2.2 (f). This joint has the
largest range of motion and has three DOF.
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(c) Revolving
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_______________________ Twisting T

(d) Twisting

(e) Cylindrical (both linear and Revolute)

(f) Spherical
Fig. 2.2 Different types of joints used in robots.
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The arm and body joints are designed to enable the robot to move its end
effector to a desired position within the limits of the robot’s size and joint
movements. For robots of polar, cylindrical, or jointed-arm configuration, the
three degrees of freedom associated with the arm and body motions are:

1. Vertical traverse: This is the capability to move the wrist up or down to
provide the desired vertical attitude.

2. Radial traverse: This involves the extension or retraction (in or out
movement) of the arm from the vertical center of the robot.

3. Rotational traverse: This is the rotation of the arm about the vertical axis.

The degrees of freedom associated with the arm and body of the robot are shown in
Fig. 2.3 for a polar configuration robot. Similar degrees of freedom are associated with
the cylindrical configuration and jointed-arm robot. For a cartesian coordinate robot, the
three degrees of freedom are vertical movement (z-axis motion), in-and-out movement
(y-axts motion), and right-of-left movement (x-axis motion), These are achieved by
corresponding movements of the three orthogonal slides of the robot arm.

Rotational
traverse  Radial Vertical
traverse traverse

Fig.2.3 Three degrees of freedom associated with arm and body of a polar coordinate
robot.

The wrist movement is designed to enable the robot to orient the end effector
properly with respect to the task being performed. For example, the hand must be
properly oriented to the work being performed such as welding, grasping, etc. To
solve this orientation problem, the wrist is normally provided with up to three
degrees of freedom (the following is a typical configuration):

1. Wrist roll:  Also called wrist swivel, this involves rotation of the wrist mech-
anism about the arm axis.

2. Wrist pitch:  Given that the wrist roll is in its center position, the pitch would
involve the up or down rotation of the wrist. Wrist pitch is also sometimes called
wrist bend.

3. Wrist yaw: Again, given that the wrist swivel is in the center position of its
range, wrist yaw would involve the right or left rotation of the wrist.
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These degrees of freedom for the wrist are illustrated in Fig. 2.4. The reason
for specifying that the wrist roll be in its center position in the definitions of
pitch and yaw is because rotation of the wrist about the arm axis will alter the
orientation of the pitch and yaw movements.

Robot arn

Face plate !
(to attach |
end effector)

o > Wrist pitch
(/D/ ! (bend)

Wrist roll C]/

(swivel)  Wrist yaw

Fig. 2.4 Three degrees of freedom associated with the robot wrist.

A few robots that are commonly used in industry are the PUMA (Programmable
Universal Machine for Assembly, or Programmable Universal Manipulation
Arm) developed by Unimation as shown in Fig. 2.5. Although this robot was
developed for assembly its structure consists of six revolute joints and can be
used as a general purpose robot. The acronym SCARA stands for Selective
Compliant Assembly Robot Arm or Selective Compliant Articulated Robot Arm
that was developed in 1981 mainly for assembly operation jointly by Sankyo
Seiki, Pentel and NEC in Japan as shown in Fig. 2.6. An articulated robot is
one which uses rotary joints to access its work space and usually the joints are
arranged in a “chain”, so that one joint supports another further in the chain.
Such robots are similar to the human hand and can be used to perform a variety
of tasks (Fig. 2.7).

UPPER ARM

SHOULDER (INNER LINK)

TRUNK

FOREARM
(OUTER LINK) ™

(Gripper not shown)

Fig. 2.5 PUMA robot having six degrees of freedom.



Fundamentals of Robot Technology, Programming, and Applications 27 ’

!:1

Fig. 2.6 4 SCARA Robot designed for assembly.

——

Fig. 2.7 Articulated robots used in machining, spray painting, welding etc.

2.1.3 Joint Notation Scheme

The physical configuration of the robot manipulator can be described by means
of a joint notation scheme, using the joint types defined earlier in this section
(L, R, T, and V). Considering the arm and body joints first, the letters can be used to
designate the particular robot configuration starting with the joint closest to the base
and proceeding to the joint that connects to the wrist. Accordingly, a jointed-arm
robot (excluding the wrist assembly) would have three rotational joints and would be
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designated as either TRR or VVR. Typical notations for the four basic configurations
are summarized in Table 2.1.

The joint notation scheme permits the designation of more or less than the three
joints typical of the basic configurations indicated in the table. It can also be used to
explore other possibilities for configuring robots, beyond the four basic types.

Table 2.1 Notation scheme for designating robot configurations.

Robot configuration (arm and body) Symbol
Polar configuration TRL
Cylindrical configuration TLL,LTL,LVL
Cartesian coordinate robot LLL

Jointed arm configuration TRR, VVR
Robot configuration (wrist) Symbol
Two-axis wrist (typical) RT
Three-axis wrist (typical) TRT

The notation system can be expanded to include wrist motions by designating the
two or three (or more) types of wrist joint. The notation starts with the joint closest to
the arm interface, and proceeds to the mounting plate for the end effector. Wrist joints
are predominantly rotating joints of type R and 7. Hence, a typical wrist mechanism
with three rotational joints would be indicated by TRR (Fig. 2). This notation is
simply added to the notation for the arm and body configuration. For example, a
polar coordinate robot with a three-axis wrist might be designated as TRL: TRT.

The scheme can also provide for the possibility of robots that move on a track in
the floor or along an overhead rail system in the factory. As an illustration, a TRL:
TRT robot fastened to a platform on wheels that can be driven along a track between
several machine tools would be designated by the following notation: L- TRL: TRT.
In this case, even though the wheels of the platform rotate, the motion of the robot
is linear.

2.2 WORK VOLUME

Work volume is the term that refers to the space within which the robot can
manipulate its wrist end. The convention of using the wrist end to define the robot’s
work volume is adopted to avoid the complication of different sizes of end effectors
that might be attached to the robot’s wrist. The end effector is an addition to the basic
robot and should not be counted as part of the robot’s working space. Also, the end
effector attached to the wrist might not be capable of reaching certain points within
the robot’s normal work volume because of the particular combination of joint limits
of the arm.

The work volume is determined by the following physical characteristics of the
robot:

» The robot’s physical configuration (type of joints, structure of links)
* The sizes of the body, arm, and wrist components
* The limits of the robot’s joint movements
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The influence of the physical configuration on the shape of the work volume is
illustrated in Fig. 2.8. A polar robot has a work volume that is a partial sphere, a
cylindrical robot has a cylindrical work volume. A Cartesian robot has a work volume
that is made of a rectangular shaped space. An anthropomorphic robot has a work
volume made up of two or more spheres on the inside and one sphere on the outside.

Fig. 2.8 Work volumes for different types of robots: (a) Polar, (b) Cylindrical, (c) Cartesian.
(Reprinted from Reference [7])

2.3 ROBOT DRIVE SYSTEMS

The robot’s capacity to move its body, arm, and wrist is provided by the drive system
used to power the robot. The drive system determines its speed of operation, load
carrying capacity, and its dynamic performance. To some extent, the drive system
determines the kinds of applications that the robot can accomplish. In this and the
following sections, we will discuss some of these technical features.

2.3.1 Types of Drive Systems

Commercially available industrial robots are powered by one of three types of drive
systems. These three systems are:

Hydraulic drive

Electric drive

Pneumatic drive

B » =

Advanced actuators

Hydraulic drive and electric drive are the two main types of drives used on more
sophisticated robots, while pneumatic drive is used for low load carrying capacity
robots and in cases where oil and electricity cannot be used (fire hazard).

Hydraulic drive is generally associated with larger robots. The usual advantages
of the hydraulic drive system are that it provides the robot with greater speed and
strength. The disadvantages of the hydraulic drive system are that it typically adds to
the floor space required by the robot, and that a hydraulic system is inclined to leak
oil which is a nuisance. Hydraulic drive systems can be designed to actuate either
rotational joints or linear joints. Rotary vane actuators can be utilized to provide
rotary motion, and hydraulic pistons can be used to accomplish linear motion.
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Electric drive systems do not generally provide as much speed or power as
hydraulic systems. However, the accuracy and repeatability of electric drive robots
are usually better. Consequently, electric robots tend to be smaller, requiring less
floor space, and their applications tend toward more precise work such as assembly.
Electric drive robots are actuated by dc stepping motors or dc servomotors. These
motors are ideally suited to the actuation of rotational joints through appropriate
drive train and gear systems. Electric motors can also be used to actuate linear joints
(e.g., telescoping arms) by means of pulley systems or other translational mechanisms.

The economics of the two types of drive systems are also a factor in the decision
to utilize hydraulic drive on large robots and electric drive on smaller robots. It turns
out that the cost of an electric motor is much more proportional to its size, whereas
the cost of a hydraulic drive system is somewhat less dependent on its size. It should
be noted that there is a trend in the design of industrial robots toward all electric
drives, and away from hydraulic robots because of the disadvantages discussed above.

Pneumatic drive is generally reserved for smaller robots that possess fewer
degrees of freedom (two- to four-joint motions). These robots are often limited to
simple pick-and-place operations with fast cycles. These drives have the added
advantage of having compliance or ability to absorb some shock during contact with
the environment. Pneumatic power can be readily adapted to the actuation of piston
devices to provide translational movement of sliding joints. It can also be used to
operate rotary actuators for rotational joints.

2.3.2 Speed of Motion and Load Carrying Capacity

The speed capabilities of current industrial robots range up to a maximum of about
500 degrees per second for certain joints. Current day industrial robots can have
cycle times as low as 0.8 sec (e.g., Adept Viper). The highest end effector speeds can
be obtained by large robots with the arm extended to its maximum distance from the
vertical axis of the robot. As mentioned previously, hydraulic robots tend to be faster
than electric drive robots.

The speed, of course, determines how quickly the robot can accomplish a given
work cycle. It is generally desirable in production to minimize the cycle time of a
given task. Nearly all robots have some means by which adjustments in the speed can
be made. Determination of the most desirable speed, in addition to merely attempting
to minimize the production cycle time, would also depend on other factors, such as

* The accuracy with which the wrist (end effector) must be positioned
» The weight of the object being manipulated
» The distances to be moved

There is generally an inverse relationship between the accuracy and the speed of
robot motions. As the required accuracy is increased, the robot needs more time to
reduce the location errors in its various joints to achieve the desired final position.
The weight of the object moved also influences the operational speed. Heavier objects
mean greater inertia and momentum, and the robot must be operated more slowly to
safely deal with these factors. The influence of the distance to be moved by the
robot manipulator is illustrated in Fig. 2.9. Because of acceleration and deceleration
problems, a robot is capable of traveling long distances in less time than a sequence
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of short distances whose sum is equal to the long distance. The short distances may
not permit the robot to ever reach the programmed operating speed.

o
] g e g
o Maximum speed
= capability
; of robot
§ Short Long

move
= move

Time/distance

Fig. 2.9 Influence of distance versus speed.

2.3.3 Load-Carrying Capacity

The size, configuration, construction, and drive system determine the load-carrying
capacity of the robot. This load capacity should be specified under the condition that
the robot’s arm is in its weakest position. In the case of a polar, cylindrical, or jointed-
arm configuration, this would mean that the robot arm is at maximum extension. Just as
in the case of a human, it is more difficult to lift a heavy load with arms fully extended
than when the arms are held in close to the body.

The rated weight-carrying capacities of industrial robots ranges from less than a
kilogram for some of the small robots up to several hundred kilograms for very large
robots which has a rated load capacity of 2000 Ib. An example is the Adept viper
that can carry 20 kg. The small assembly robots, such as the MAKER 110, have
weight-carrying capabilities of approximately a few kilograms. The manufacturer’s
specification of this feature is the gross weight capacity. To use this specification,
the user must consider the weight of the end effector. For example, if the rated load
capacity of a given robot were 5 kgs, and the end effector weighed 2 kg, then the net
weight-carrying capacity of the robot would be only 3 kg.

2.4 CONTROL SYSTEMS

In order to operate, a robot must have a means of controlling its drive system to
properly regulate its motions. In this section, we will briefly describe the various
types of control systems and the associated performance characteristics which are
determined by the control system. A more thorough treatment of these topics is
provided in Chs. 3 and 4.

2.4.1 Four Types of Robot Controls

Commercially available industrial robots can be classified into four categories ac-
cording to their control systems. The four categories are:

1. Limited-sequence robots

2. Playback robots with point-to-point control
3. Playback robots with continuous path control
4. Intelligent robots
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Of the four categories, the limited-sequence robots represent the lowest level of
control and intelligent robots are the most sophisticated.

Limited-sequence robots do not use servo-control to indicate relative positions of
the joints. Instead, they are controlled by setting limit switches and/or mechanical
stops to establish the endpoints of travel for each of their joints. Establishing the
positions and sequence of these stops involves a mechanical set-up of the manipulator
rather than robot programming in the usual sense of the term. With this method of
control, the individual joints can only be moved to their extreme limits of travel. This
has the effect of severely limiting the number of distinct points that can be specified
in a program for these robots. The sequence in which the motion cycle is played
out is defined by a pegboard or stepping switch or other sequencing device. This
device, which constitutes the robot controller, signals each of the particular actuators
to operate in the proper succession. There is generally no feedback associated with a
limited-sequence robot to indicate that the desired position has been achieved. Any
of the three drive systems can be used with this type of control system; however,
pneumatic drive seems to be the type most commonly employed. Applications for this
type of robot generally involve simple motions, such as pick-and-place operations.

Playback robots use a more sophisticated control unit in which a series of positions
or motions are “taught” to the robot, recorded into memory, and then repeated by the
robot under its own control. The term “playback™ is descriptive of this general mode
of operation. The procedure of teaching and recording into memory is referred to as
programming the robot. Playback robots usually have some form of servo-control
(e.g., closed loop feedback system) to ensure that the positions achieved by the robot
are the positions that have been taught.

Playback robots can be classified into two categories: point-to-point (PTP)
robots and continuous-path (CP) robots. Point-to-point robots are capable of
performing motion cycles that consist of a series of desired point locations and
related actions. The robot is taught each point, and these points are recorded into
the robot’s control unit. During playback, the robot is controlled to move from
one point to another in the proper sequence. Point-to-point robots do not control
the path taken by the robot to get from one point to the next. If the programmer
wants to exercise a limited amount of control over the path followed, this must
be done by programming a series of points along the desired path. Control of the
sequence of positions is quite adequate for many kinds of applications, including
loading and unloading machines and spot welding.

Continuous-path robots are capable of performing motion cycles in which the
path followed by the robot is controlled. This is usually accomplished by making
the robot move through a series of closely spaced points which describe the
desired path. The individual points are defined by the control unit rather than the
programmer. Straight line motion is a common form of continuous-path control for
industrial robots. The programmer specifies the starting point and the end point of the
path, and the control unit calculates the sequence of individual points that permit the
robot to follow a straight line trajectory. Some robots have the capability to follow a
smooth, curved path that has been defined by a programmer who manually moves the
arm through the desired motion cycle. To achieve continuous-path control to more
than a limited extent requires that the controller unit be capable of storing a large
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number of individual point locations that define the compound curved path. Today
this usually involves the use of a digital computer (a microprocessor is typically used
as the central processing unit for the computer) as the robot controller. CP control
is required for certain types of industrial applications such as spray coating and arc
welding.

Intelligent robots constitute a growing class of industrial robot that possesses the
capability not only to play back a programmed motion cycle but also to interact with
its environment in a way that seems intelligent. Invariably, the controller unit consists
of a digital computer or similar device (e.g., programmable controller). Intelligent
robots can alter their programmed cycle in response to conditions that occur in the
workplace. They can make logical decisions based on sensor data received from
the operation. The robots in this class have the capacity to communicate during
the work cycle with humans or computer-based systems. Intelligent robots are
usually programmed using an English-like symbolic language, unlike a computer
programming language. Indeed, the kinds of applications that are performed by
intelligent robots rely on the use of a high-level language to accomplish the complex
and sophisticated activities that can be accomplished by these robots. Typical
applications for intelligent robots are assembly tasks, space applications, under sea,
nuclear applications, defense applications, etc. Intelligent robots have been made
possible by the availability of cheap electronics, smaller and faster processors and
smart materials-based actuators and sensors.

2.5 PRECISION OF MOVEMENT

Arobot is expected to perform repeated tasks in a real world and hence its performance
is ultimately measured by its ability to position and orient the end effector at the
desired location a large number of times. We will define precision as a function of
three features:

1. Spatial resolution
2. Accuracy
3. Repeatability

These terms will be defined with the following assumptions. First, the definitions will
apply at the robot’s wrist end with no hand attached to the wrist. Second, the terms
apply to the worst case conditions, the conditions under which the robot’s precision
will be at its worst. This generally means that the robot’s arm is fully extended in the
case of a jointed arm or polar configuration. Third, our definitions will be developed
in the context of a point-to-point robot, That is, we will be concerned with the robot’s
capability to achieve a given position within its work volume. It is easier to define
the various precision features in a static context rather than a dynamic context. It is
considerably more difficult to define, and measure, the robot’s capacity to achieve a
defined motion path in space because it would be complicated to measure position and
orientation in 3D space at all points the end effector moves through.

1. Spatial Resolution The spatial resolution of a robot is the smallest increment
of movement into which the robot can divide its work volume. Spatial resolution
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depends on two factors: the system’s control resolution and the robot’s mechanical
inaccuracies. It is easiest to conceptualize these factors in terms of a robot with one
degree of freedom.

The control resolution is determined by the robot’s position control system and its
feedback measurement system. It is the controller’s ability to divide the total range of
movement for the particular joint into individual increments that can be addressed in
the controller. The increments are sometimes referred to as “addressable points.” The
ability to divide the joint range into increments depends on the bit storage capacity
in the control memory. The number of separate, identifiable increments (addressable
points) for a particular axis is given by

Number of increments =2"
where n = the number of bits in the control memory.

For example, a robot with eight bits of storage can divide the range into 256
discrete positions. The control resolution would be defined as the total motion range

divided by the number of increments. We assume that the system designer will
make all of the increments equal.

Using our robot with one degree of freedom as an illustration,
we will assume it has one sliding joint with a full range of
1.0 m. The robot’s control memory has a 12-bit storage capacity. The problem is to
determine the control resolution for this axis of motion.

[ Example12.1

The number of control increments can be determined as follows:
Number of increments = 2! = 4096

The total range of 1 m is divided into 4096 increments. Each position will be
separated by

1 m/4096 = 0.000244 m or 0.244 mm
The control resolution is 0.244 mm.

This example deals with only one joint. A robot with several degrees of freedom
would have a control resolution for each joint of motion. To obtain the control
resolution for the entire robot, component resolutions for each joint would have to be
summed vectorially. The total control resolution would depend on the wrist motions
as well as the arm and body motions. Since some of the joints are likely to be rotary
while others are sliding, the robot’s control resolution can be a complicated quantity
to determine.

Mechanical inaccuracies in the robot’s links and joint components and its
feedback measurement system (if it is a servo-controlled robot) constitute the other
factor that contributes to spatial resolution. Mechanical inaccuracies come from
elastic deflection in the structural members, gear backlash, stretching of pulley
cords, leakage of hydraulic fluids, and other imperfections in the mechanical system.
These inaccuracies tend to be worse for larger robots simply because the errors are
magnified by the larger components. The inaccuracies would also be influenced by
such factors as the load being handled, the speed with which the arm is moving, the
condition of maintenance of the robot, and other similar factors.

The spatial resolution of the robot is the control resolution degraded by these
mechanical inaccuracies. Spatial resolution can be improved by increasing the bit
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capacity of the control memory. However, a point is reached where it provides
little additional benefit to increase the bit capacity further because the mechanical
inaccuracies of the system become the dominant component in the spatial resolution.

2.Accuracy Accuracy refers to a robot’s ability to position its wrist end at a desired
target point within the work volume. The accuracy of a robot can be defined in terms
of spatial resolution because the ability to achieve a given target point depends on
how closely the robot can define the control increments for each of its joint motions.
In the worst case, the desired point would be in the middle between two adjacent
control increments. Ignoring for the moment the mechanical inaccuracies which
would reduce the robot’s accuracy, we could initially define accuracy under this worst
case assumption as one-half of the control resolution. This relationship is illustrated
in Fig. 2.10. In fact, the mechanical inaccuracies would affect the ability to reach
the target position. Accordingly, we define the robot’s accuracy to be one-half of its
spatial resolution as portrayed in Fig. 2.11.

Our definition of accuracy applies to the worst case, where the target point is
directly between two control points. Our definition also implies that the accuracy is
the same anywhere in the robot’s work volume. In fact, the accuracy of a robot is
affected by several factors.

Target Robot wrist
point end (shown
v '/ as point)

|
/ Accuracy \One axis
Addressable

Addressable| ¢ontrol resolution
point ' point

Fig.2.10 [llustration of accuracy and control resolution when mechanical inaccuracies
are assumed to be zero.

Distribution

! of mechanical

:
Target inaccuracies
| point |
| I I
Accuracy __I One axis
Spatial resolution

Fig. 2.11  [llustration of accuracy and spatial resolution in which mechanical inaccuracies
are represented by a statistical distribution.

First, the accuracy varies within the work volume, tending to be worse when the arm
is in the outer range of its work volume and better when the arm is closer to its base.
The reason for this is that the mechanical inaccuracies are magnified with the robot’s
arm fully extended. The term ‘error map’ is used to characterize the level of accuracy
possessed by the robot as a function of location in the work volume. Second, the
accuracy is improved if the, motion cycle is restricted to a limited work range.
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The mechanical errors will be reduced when the robot is exercised through a restricted
range of motions. The robot’s ability to reach a particular reference point within the
limited work space is sometimes called its local accuracy. When the accuracy is
assessed within the robot’s full work volume, the term global accuracy is used. A
third factor influencing accuracy is the load being carried by the robot. Heavier
workloads cause greater deflection of the mechanical links of the robot, resulting in
lower accuracy.

3. Repeatability Repeatability is concerned with the robot’s ability to position its
wrist or an end effector attached to its wrist at a point in space that had previously
been taught to the robot. Repeatability and accuracy refer to two different aspects of
the robot’s precision. Accuracy relates to the robot’s capacity to be programmed to
achieve a given target point. The actual programmed point will probably be different
from the target point due to limitations of control resolution. Repeatability refers
to the robot’s ability to return to the programmed point when commanded to do so.

These concepts are illustrated in Fig. 2.12. The desired target point is denoted
by the letter 7. During the teach procedure, the robot is commanded to move to
point 7, but because of the limitations on its accuracy, the programmed position
becomes point P. The distance between points 7 and P is a manifestation of the
robot’s accuracy in this case. Subsequently, the robot is instructed to return to the
programmed point P; however, it does not return to the exact same position. Instead,
it returns to position R. The difference between P and R is a result of limitations on
the robot’s repeatability. The robot will not always return to the same position R on
subsequent repetitions of the motion cycle. Instead, it will form a cluster of points on
both sides of the position P as shown in Fig. 2.12.

Return ' Programmed
position /| '\ point Target

! point
|

R \P, Accuracly error |7 One
Repeatability ax1S
. error g

—7

Repeatability
=xr

Fig. 2.12  [llustration of repeatability and accuracy.

Repeatability errors form a random variable and constitute a statistical
distribution as shown in the figure. It would be convenient if the repeatability errors
formed a nice bell-shaped curve, suggesting a normally distributed random variable.
What is closer to reality is that for each joint, the mechanical inaccuracies that are
principally responsible for repeatability errors do not form the nice symmetric bell-
shaped distribution shown in the figure. However, when the errors from several
axes of motion are combined together, the resulting aggregate error is influenced by
the central limit theorem in probability. This theorem states that the sums of random
variables tend to form a normally distributed variable, even though the individuals
come from a distribution other than the normal. Accordingly, we can infer that the
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repeatability error of a robot with five or six axes is approximately normal, even if
the error due to each individual axis is not normal.

In three-dimensional space, the repeatability errors will surround the programmed
point P, forming a distribution whose outer boundary can be conceptualized as a
sphere. A robot manufacturer typically quotes the repeatability of its manipulator
as the radius of the idealized sphere, usually expressing the specification as plus or
minus a particular value. The size of the sphere tend to be larger in the regions of the
work volume that are further away from the center of the robot. It is likely that the
shape of the sphere is not perfectly round, but instead it is oblong in certain directions
due to compliance of the robot arm.

4. Compliance A feature of the robot that is related to our preceding discussion is
compliance. The compliance of the robot manipulator refers to the displacement of
the wrist end in response to a force or torque exerted against it. A high compliance
means that the wrist is displaced a large amount by a relatively small force. The
term springy is sometimes used to describe a robot with high compliance. A low
compliance means that the manipulator is relatively stiff and is not displaced by a
significant amount.

Robot manipulator compliance is a directional feature. That is, the compliance of
the robot arm will be greater in certain directions than in other directions because of
the mechanical construction of the arm.

Compliance is important because it reduces the robot’s precision of movement
under load. If the robot is handling a heavy load, the weight of the load will cause
the robot arm to deflect. If the robot is pressing a tool against a workpart, the reaction
force of the part may cause deflection of the manipulator. If the robot has been
programmed under no-load conditions to position its end effector, and accuracy of
position is important in the application, the robot’s performance will be degraded
because of compliance when it operates under loaded conditions.

2.6 END EFFECTORS

For industrial applications, the capabilities of the basic robot must be augmented
by means of additional devices. We might refer to these devices as the robot’s
peripherals. They include the tooling which attaches to the robot’s wrist and the
sensor systems which allow the robot to interact with its environment. We provide a
more comprehensive treatment of these robot technology areas in Chaps. 5, 6, and 7.

In robotics, the term ‘end effector’ is used to describe the hand or tool that is
attached to the wrist. The end effector represents the special tooling that permits the
general-purpose robot to perform a particular application. This special tooling must
usually be designed specifically for the application.

End effectors can be divided into two categories: grippers and tools. Grippers
would be utilized to grasp an object, usually the workpart, and hold it during the robot
work cycle. There are a variety of holding methods that can be used in addition to the
obvious mechanical means of grasping the part between two or more fingers. These
additional methods include the use of suction cups, magnets, hooks, and scoops. A
tool would be used as an end effector in applications where the robot is required to
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perform some operation on the workpart. These applications include spot welding,
arc welding, spray painting, and drilling. In each case, the particular tool is attached
to the robot’s wrist to accomplish the application. With the recent need for holding
micro and nano size parts for assembly, several new devices have been developed
using smart actuators, PZT and ionic polymers, etc.

2.7 ROBOTIC SENSORS

Sensors used in robotics can be divided into external sensors and internal
sensors. External sensors are used for interacting with the environment, while
internal sensors are required to close the loop for feedback control. A robot
working in closed loop control cannot work without internal sensors. A few
examples of sensors are as follows:

(a) External sensors: vision, force, torque, touch, proximity, etc.
(b) Internal sensors: position, velocity, acceleration.

Sensors are not only required for working of the robot and interacting with
the environment, but also for safety and work cell control and monitoring. In the
last decade with the drop of prices of vision systems and with the availability of
fast processors, several industries are actively using vision systems along with
industrial robots. Among all the external sensors vision is the most versatile and
can be used for several applications. Vision systems can be used to locate objects
for manipulation, measure their dimensions, detect intrusions in the work cell,
etc. A robot has to communicate with other machines and devises and this also
depends on several sensor information. Simple sensors are used to detect the
presence of a part on a conveyor, completion of a task, forces or torques being
applied in an assembly task, etc.

2.8 ROBOT PROGRAMMING AND WORK
CELL CONTROL

In its most basic form, a robot program can be defined as a path in space through
which the manipulator is directed to move. This path also includes other actions such
as controlling the end effector and receiving signals from sensors. The purpose of
robot programming is to teach these actions to the robot.

There are various methods used for programming robots. The two basic categories
of greatest commercial importance today are leadthrough programming and textual
language programming.

Leadthrough programming consists of forcing the robot arm to move through the
required motion sequence and recording the motions into the controller memory.
Leadthrough methods are used to program playback robots. In the case of point-
to-point playback robots, the usual procedure is to use a control box (called a teach
pendant) to drive the robot joints to each of the desired points in the workspace,
and record the points into memory for subsequent playback. The teach pendant
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is equipped with a series of switches and dials to control the robot’s movements
during the teach procedure. Owing to its ease and convenience and the wide range of
applications suited to it, this leadthrough method is the most common programming
method for playback-type robots.

Continuous-path playback robots also use lead through programming. A teach
pendant can be employed to teach the locations of the two points; and the robot
controller then computes the trajectory to be followed in order to execute the
complex motions. For more complex motions (e.g., those encountered in spray-
painting operations), it is usually more convenient for the programmer to physically
move the robot arm and end effector through the desired motion path and record
the positions at closely spaced sampling intervals. Certain parameters of the motion
cycle, such as the robot’s speed, would be controlled independently when the job is
set up to operate, Accordingly, the programmer does not need to be concerned with
these aspects of the program. The programmer’s principal concern is to make sure that the
motion sequence is correct.

Textual programming methods use an English-like language to establish
the logic and sequence of the work cycle. A computer terminal is used to
input the program instructions into the controller but a teach pendant is also
used to define the locations of the various points in the workspace. The robot
programming language names the points as symbols in the program and these
symbols are subsequently defined by showing the robot their locations. In
addition to identifying points in the workspace, the robot languages permit the
use of calculations, more detailed logic flow, and subroutines in the programs, and greater
use of sensors and communications. Accordingly, the use of the textual languages
corresponds largely to the so-called intelligent robots.

Some examples of the kinds of programming statements that would be found
in the textual robot languages include the following sequence:

SPEED 35 IPS
MOVE P1
CLOSE 40 MM
WAIT 1 SEC
DEPART 60 MM

The series of commands tells the robot that its velocity at the wrist should
be 35 in./sec. in the motions which follow. The MOVE statement indicates that
the robot is to move its gripper to point P1 and close to an opening of 40 mm.
It is directed to wait 1.0 sec. before departing from P1 by a distance of 60 mm
above the point.

A future enhancement of textual language programming will be to enter the
program completely off-line, without the need for a teach pendant to define
point locations in the program. The potential advantage of this method is that the
programming can be accomplished without taking the robot out of production. All
of the current methods of programming require the participation of the robot in
order to perform the programming function. With off-line programming, the entire
program can be entered into a computer for later downloading to the robot. Off-line
programming would hasten the changeover from one robot work cycle to a new
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work cycle without a major time delay for reprogramming. Unfortunately, there are
certain technical problems associated with off-line programming. These problems
are mainly concerned with defining the spatial locations of the positions to be used
in the work cycle, and that is why the teach pendant is required in today’s textual
robot languages.

In addition to the leadthrough and textual language programming methods, there
is another form of programming for the low-technology-limited sequence robots.
These robots are programmed by setting limit switches, mechanical stops, and other
similar means to establish the endpoints of travel for each of the joints. This is
sometimes called mechanical programming; it really involves more of a manual set-
up procedure rather than a programming method. The work cycles for these kinds of
robots generally consist of a limited number of simple motions (e.g., pick-and-place
applications), for which this manual programming method is adequate.

Work cell control deals with the problem of coordinating the robot to operate with
other equipment in the work cell. A robot cell usually consists of not only the robot,
but also conveyors, machine tools, inspection devices, and possibly human operators.
Some of the activities in the robot work cell occur sequentially, while other activities
occur simultaneously. A method of controlling and synchronizing these various
activities is required, and that is the purpose of the work cell controller. Work cell
control is accomplished either by the robot controller or a separate small computer
or programmable controller. During operation, the controller communicates signals
to the equipment in the cell and receives signals from the equipment. These signals
are sometimes called interlocks. By communicating back and forth with the different
components of the work cell, the various activities in the cell are accomplished in the
proper sequence.

2.9 ROBOT APPLICATIONS

Robots are employed in a wide assortment of applications in industry. Today, most of
the applications are in manufacturing to move materials, parts, and tools of various
types. Nonmanufacturing tasks include exploration of space, defense, and medical
care. At some time in the near future, a household robot may become a mass produced
item, perhaps as commonplace as the automobile is today. Simple toy robot that can
perform simple reprogrammable functions are already commonplace.

For the present, most industrial applications of robots can be divided into the
following categories:

1. Material-handling and machine-loading and -unloading applications In
these applications, the robot’s function is to move materials or parts from one location
in the work cell to some other location.

2. Processing applications This category includes spot welding, arc welding, spray
painting, and other operations in which the function of the robot is to manipulate
a tool to accomplish some manufacturing process in the work cell. Spot welding
represents a particularly important application in the processing category.
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3. Assembly and inspection These are two separate operations which we
include together in this category. Robotic assembly is a field in which the industry
is showing great interest because of its economic potential.

4. Advanced applications Rehabilitation, outer space, defense, pets, security,

etc.

We examine these applications of robots, as well as the general problems
associated with their installation, in more detail in later chapters of the book.

Droblems

2.1

2.2
2.3

24

2.5

2.6

2.7

The notation scheme described in Sec. 2.1 provides a shorthand method of
identifying robot configurations. For the following arm and body designations,
describe the particular robot system, using sketches where possible to illustrate
the robot.

(a) LLR

(b) RLR

(¢) LRR

(d) LVR

(e) LL-TRL

Sketch the two configurations for the jointed arm robot given in Table 2.1.
For the following robot wrist notations, describe the particular wrist
configuration, using sketches similar to Fig. 2.11 to illustrate the wrist.

(a) TR

(b) :RT

(¢) :TRT
Analyze the differences in the capability of the three wrist configurations to
position and orient an end effector.
If your school or company operates a robotics laboratory, prepare a catalog of
all of the robots in the lab in terms of their respective anatomy notations. That
is, write the notation scheme codes for all the robots in the lab.
One of the axes of robot is a telescoping arm with a total range of 0.50 m
(slightly less than 20 in.). The robot’s control memory has an 8-bit storage
capacity for this axis. Determine the control resolution for the axis.
Solve Prob. 2.5 except that the robot has the following bit storage capacity
in its control memory:

(a) A 10-bit storage memory.

(b) A 12-bit storage memory.
A large cartesian coordinate robot has one orthogonal slide with a total range
of 30 in. One of the specifications on the robot is that it have a maximum
control resolution of 0.010 in. On this particular axis, Determine the number
of bits of storage capacity which the robot’s control memory must possess to
provide this level of precision.
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2.8

29

2.10

2.11

2.12

2.13

2.14

One of the axes of a RRL robot is a Sliding mechanism with a total of 0.70 m
(about 27.5 in.). The robot’s control memory has a 10-bit capacity. In addition,
it has been observed that the mechanical inaccuracies associated with moving
the arm to any given programmed point form a normally distributed random
variable with the mean at the taught point and the standard deviation equal to
0.10 mm (about 0.004 in.)()4. Assume that the standard deviation is isotropic
(it is equal in all directions). By definition, three standard deviations include
“all” of the mechanical errors in the arm movement. With these definitions
and assumptions, determine the following:
(a) The control resolution for this axis.
(b) The spatial resolution for this axis.
(c) The defined accuracy of the robot for this axis.
(d) The repeatability of the robot.
The telescoping arm of a certain industrial robot obtains its vertical motion
by rotating (type R joint) about a horizontal axis. The total range of rotation
is 90°. The robot possesses a 10-bit storage capacity for this axis. When fully
extended, the robot’s telescoping arm measures 50 in. from the pivot point.
When fully retracted the arm measures 30 in. from the pivot point.
(a) Determine the robot’s control resolution for this axis in degrees of
rotation.
(b) Determine the robot’s control resolution on a linear scale in both the
fully extended and fully retracted position.
(c) Sketch the side view of the robot’s work volume as determined by this
pivoting axis.
The mechanism connecting the wrist assembly is a type T (twisting joint
which can be rotated through eight full revolutions from one extreme position
to the other. It is desired to have a control resolution of plus or minus 0.2
degrees of rotation (or better). What is the required bit storage capacity in
order to achieve this resolution?
You are required to design a robot that can pick up an object of arbitrary shape
from a table and place it inside a box.
(a) What is the minimum number of degrees of freedom it should have?
(b) List all the possible arm configurations.
(¢) Draw their corresponding work volumes.
Explain the relative merits and demerits of hydraulic, pneumatic and electrical
drive systems.
In most assembly applications in which a part in inserted into another, the
robots used has at least one prismatic (linear) axis. How does a linear axis help
in assembly?
Compare the size of the work volumes of the robots having polar, cylindrical
and cartesian anatomy configuration. Assume that the robots have equal link
lengths. Which configuration has the largest work volume?
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Robot Technology: The Robot

and Its Peripherals

Part Two of the book is focused on the mechanical and electronic
technology of industrial robots. This includes the technology of
both the manipulator itself and the peripheral devices and systems
that work with the robot.

The design of the robot manipulator represents a significant
challenge to mechanical and electrical engineers. As suggested
by our discussion in Chapter 2, the problem is to configure a
physical system that is capable of positioning its end effector to
within several thousandths of an inch of a desired target location,
is relatively lightweight, possesses high-lift capacity, and moves
at high speeds between positions in the workspace. Chapters
3 and 4 consider this design problem. Chapter 3 examines the
various components of the individual joints that make up the
manipulator. Chapter 4 treats the mathematical analysis of the
arm position and motion. These mathematical methods are
utilized to aid engineers in the design of robots, and by the robot
control computer to calculate motion trajectories and frame
transformations during the work cycle.

Chapter 5 considers one of the important peripheral devices
used with robots in industrial applications—their end effectors.
The different types of end effector are discussed, along with the
engineering considerations for their design. We will concentrate
in this chapter on the grippers used to handle workparts. Chapters
6 and 7 examine another type of peripheral used in industrial
robotics—sensors. Chapter 6 discusses the variety of sensors
commonly found in robot applications, with emphasis on touch
and force sensors. Chapter 7 surveys the technology of machine
vision. Sensors, combined with a sufficiently powerful computer
brain to use them, provide robots with significant capabilities to
perform useful work.
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Control Systems and
Components

/Introduction ~

A robot manipulator consists of several mechanical links connected in series or
parallel by joints. Actuators at each joint supply the necessary energy to move
the links, while sensors measure the position of each link. Software controls the
position and orientation of the end effector by regulating each joint motion, to
move the robot to a desired goal point. In this chapter, we will study the modeling
of a robot manipulator using a simple spring mass damper system for each joint.
First, we will review some of the basic concepts of mathematical modeling
techniques to analyze control systems. Then we will show how to develop control
methods to move a joint to a desired location or to follow a desired trajectory.
Finally, modeling and control of a single joint manipulator consisting of a joint,
\[notor with gear and a link will be studied. )

3.1 BASIC CONTROL SYSTEMS CONCEPTS
AND MODELS

This and the following two sections will review some of the basic concepts and
mathematical modeling techniques used to analyze control systems. The emphasis
will be on mechanical systems since a robot manipulator falls within this class.
Readers already familiar with linear feedback systems may want to skim quickly
over these sections and go to Sec. 3.4.

When studying a mechanical system, we are concerned with the response of
the system to certain inputs. These inputs include commands to ‘drive the system
and disturbances from the environment. We can divide a system into five major
components:

The input (or inputs) to the system

The controller and actuating devices

The plant (the mechanism or process being controlled)
The output (the controlled variable)

Feedback elements (sensors)

Al
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By analyzing the effects that the controller and the plant have on the inputs,
we can predict what the outputs will be under certain conditions. In order to do this
analysis, we must be able to model the system mathematically.

3.1.1 Mathematical Models

Mathematical models are simply mathematical representations of real world systems.
They are developed by applying the known rules of behavior for the elements in a
system. Hook’s law for the operation of a spring is an example:

F=Kx (3.1)

where F is the force applied to the spring, x is the displacement due to the
application of the force, and K is the ‘spring constant.” Using physical relationships
of this sort we can develop models of more complex systems than just a spring. As
an example, let us formulate the model for a familiar mechanical system: the spring—
mass—damper system.

The system is illustrated in Fig. 3.1 and consists of a block with a certain mass
suspended from a fixed wall by a dashpot. The mass is connected to a spring, the
other end of which is given some displacement from its equilibrium position. We will
use the following symbols to represent the various parameters of system behavior:

y = the displacement of the mass
M = the mass of the block
K, = the spring constant
K ; =the damping coefficient of the dashpot
x = the displacement of the end of the spring

The operation of the system can be described as a sum of the forces on the mass.
The force due to acceleration of the mass is

&y
dr?
The force due to the dashpot is
@
*dt
Ka K,
I M AN\N—O

Fig. 3.1 Schematic diagram of a spring-mass damper system.
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The force due to the spring is

K,y—Kx
Summing all of the forces, we get
Mﬂ+Kﬂ+Ky=Kx 3.2)
dl‘2 d dt s. K .

In this system, the input is x, representing the displacement of the end of the
spring, and the system output is y, representing the displacement of the block.
The system has been described by a second-order linear differential equation
which relates the input and the output. This mathematical description of the
system allows us to analyze its behavior. Before beginning the analysis, however,
we will develop other useful tools for building the models.

3.1.2 Transfer Functions

Linear differential equations can be rewritten using the differential operator, s. The
variable, s, is used to represent the mathematical operation of taking the derivative of
a time-dependent variable with respect to time. Thus, functions which are variables
of time [e.g., x(¢) and y(¢)] become functions of the variable s[e.g., X(s) and Y(s)]’
By using s with Laplace transforms, linear differential equations can be converted
to equivalent expressions which are functions of s. (It is assumed that the reader is
familiar with the Laplace transform and its s operator for linear systems analysis.)
Using s, Eq. (3.2) can be written as

Ms*Y(s) + KsY(s) + K, Y(s) = K. X(s) (3.3)

The transfer function relates the output of the system to an input. The spring—mass—
damper transfer function can be derived by rewriting Eq. (3.3) as

Y(s) _ K
X(s)  Ms*+Kys +K,

(3.4)

3.1.3 Block Diagrams

It is often useful to provide a schematic representation of the system in addition to the
mathematical model. A common means of graphically representing the relationships
among the components of the system is the block diagram. Block diagrams are
constructed from four basic elements:

1. Function blocks
2. Signal arrows
3. Summing junctions
4. Takeoff points
The four components are illustrated in Fig. 3.2.

A function block, shown in Fig. 3.2(a), represents one of the components of the
system and contains the transfer function for the component. The signal arrows,
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illustrated in Fig. 3.2(), indicate the Output (s)

direction of the signals and variables Tnput (s) —_—
in the diagram and are used to connect

function blocks and other system (@ (®)
components. Summing junctions (also

called summing points) permit two or + .
more signals to be added (algebraically) 1

as shown in Fig. 3.2(c). Takeoff points -

are pictured in part (d) of the figure © )

and permit signals and variables to be
shared among than a single component.
By assembling these components, it
is possible to describe any linear system
in the form of a block diagram. By convention, block diagrams are usually read
from left to right, with inputs coming in from the left and outputs going to the right.
Summing junctions may have any number of arrows entering, but only one leaving.
Feedback loops generally run from right (the output side) to left (the input side).

Fig. 3.2  Block diagram elements: (a) Function
block, (b) Signal arrow, (c) Summing
Junction, (d) Takeoff point.

Draw the block diagram that corresponds to the spring—mass—

Example 3.1 damper system represented by Egs. (3.2) and (3.3) in the text.

The resulting block diagram is displayed in Fig. 3.3.

x(s) 1 1 y(s)
; Sl Ms
Ky
Fig. 3.3 Block diagram for Example 3.1.
E le 3.2 For the set of equations below, develop the block diagram
xampie 3. which uses X(s) as the system input and Y(s) as the system
output:

W(s) =X(s)—Y(s)
V(s) =W(s)=Z(s)
Z($)(s+5) =V(s)(s+2)
Y(s) (s> + 55 + 6) = Z(s)
The resulting block diagram is shown in Fig. 3.4.

x(s) Ww(s) o(s)
+ +
y(s)‘ 20

Fig. 3.4  Block diagram for Example 3.2.

z(s) 1 ¥(s)
(32 + 55+ 6)

[
+
o

1=
+
W
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Complicated block diagrams may be simplified by using reduction techniques
called block diagram algebra. For example, two function blocks in series may be
combined into a single block. Figure 3.5 illustrates these reduction techniques.
The usual procedure is to first combine all series blocks in the diagram into the
corresponding single block; then any parallel blocks are combined; next the basic
feedback loops are reduced to equivalent single blocks and finally, the summing
points are shifted to the left and the takeoff points to the right. For very complex
block diagrams, the above procedures may have to be repeated in order to simplify
the diagram to a single block representing the system transfer function.

X y = Xy

(@)

= x+y

(b)

1+xy

(©)

—_

=

()

==

(e

Fig. 3.5 Block diagram algebra: (a) Blocks in series, (b) Blocks in parallel, (c) Elimination
of a feedback loop, (d) Shifting a summing junction, (e) Shifting a takeoff point.
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Using block diagram algebra, reduce the block diagram of

Example 3.3 Fig. 3.3 (Example 3.1) to a single block.

Starting with Fig. 3.3, we reduce the diagram in two steps as shown in Fig. 3.6. The
system transfer function is in the resulting block.

x(s) K, ] y(s)
+ s Ms+ Ky
x(s) 1 y(s)
Ms? + Kgs + K,

Fig. 3.6  Block diagram reduction for Example 3.3.

3.1.4 The Characteristic Equation
The characteristic equation for the spring—mass—damper system can be written as
Ms*+ Kys + K, =0 (3.5)
and the roots of the characterstic equation, Eq. (3.5), are given by
=,
Sl,zz—f—ﬁj KdTAtMKS (3.6)

The performance of the system is dependent on the values of M, K, and K. One
aspect of the system performance that can he determined by analyzing the roots of
the characteristic equation is the ‘damping’ of the system. Depending on the values
of the parameters in the characteristic equation, the system may respond in one of
four ways. The four responses classify the system into one of the following types:

1. Undamped system

2. Underdamped system

3. Critically damped system
4. Overdamped system

We will now briefly describe these four types of system response.

1. Undamped system In order for the system to be undamped, the damping
coefficient, K, must be equal to zero. In this case the roots of the characteristic
equation are given by

K

: 3.7
M 3.7)
These are imaginary roots. Assuming a step input X to the system, the response

can be decribed as

Sl,zzi

y =Cysin(w,?) + C, cos (w,f) + X (3.9)
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where @, = K,/M and is called the natural frequency of the system. The
response represented by Eq. 3.8 is shown is Fig. 3.7(a) where it can be seen that the
undamped response is oscillatory.

2. Underdamped system When there is a small amount of damping in the system,
that is, where

K3<4 MK,
the roots may be rewritten as

Sz = _2K—A”; +j JaMK, - K3 (3.9)

2M

Substituting a@ = kd/2M and w,; = |(4MK,— K§) + /2M. Equation (3.9) may be
writen as

aip :—ai'jwd (310)
{t— t—
(@) (%)
SA 1.0 S:>\1.0
t— t—
(c) )

Fig. 3.7 Response curves for the four possible cases in a second order linear system: (a)
Undamped, (b) Underdarnped, (c) Critically damped, (d) Overdamped.

The response of the system is described by
y =e [ C sin(wyt) + C, cos(wf)] + X (3.11)

which is similar to the previous response except that @, represents the damped natural
frequency and the term e “ results in a decaying amplitude envelope for the
oscillations as represented in Fig. 3.7(b).

3. Critically damped system This situation occurs in the special case where

K3 =4 MK,
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which results in the roots of the characteristic equation being

In this case, the response of the system is given by
y=Cie " +Cyte "+ X (3.12)

and is represented in Fig. 3.7(c). The critically damped response provides the fastest
response without overshoot to the input of the four types.

4. Overdamped system In the case of an overdamped system

K3 >4MKs
and the roots are
sjp=—atbh (3.13)

where b = \/K‘% —4MK, /2M. The response of the system is
y =Cem - Gt x (3.14)

This is illustrated in Fig. 3.7(d). As with the critically damped system this response
does not oscillate, but the time to reach the desired steady-state response is longer.

Although a robot manipulator is mechanically far more complex than the spring—
mass—damper system we have analyzed here, it exhibits many of the same operating
features. It has mass, it has stiffness that can be likened to the spring constant, and the
joints possess damping. The resulting motions of the robot arm behave in a manner
similar to the performance of a system described by a second-order linear differential
equation with constant coefficients. The complications of the robot manipulator are:
(1) it represents a higher-order equation than second order; (ii) its degrees of freedom
are greater than the single degree of freedom of the spring—mass—damper example,
and these degrees of freedom interact to some extent; and (iii) its behavior includes
features that are non-linear.

Notwithstanding the complications listed above, the design of a robot must
address the same kinds of performance characteristics discussed in our example.
For instance, the robot stability problem discussed in Chapter 2 (Secs. 2—4) takes on
additional meaning in the light of the discussion in this section. There are trade-offs
that must be made between the response of the system and the stability of the system.
In some cases, it would be undesirable for the system to overshoot the target point
and, therefore, it might be necessary to overdamp with the result that the speed of
response would be slower.

Figure 3.8 illustrates a general block diagram of the control system components
for one joint of a robot manipulator. The input command is the defined position
(and possibly speed) to which the joint is directed to move. The output variable is
the actual position (and speed) of the joint. In nearly all robots today, most of the
computational functions of the joint controller are carried out by a microprocessor as
portrayed in Fig. 3.8.



Control Systems and Components 55 )

1
Input | : Position
command ! + Controller ! quot (speed)
. and t joint-
actuators (plant)

I
I
|
. I
(microprocessor controlled)

Feedback
elements

Fig. 3.8 TDypical block diagram configuration of a control system for a robot joint.

Up to this point, we have focused on the modeling of physical systems and the
ways in which a system may respond. Let us turn our attention to the methods of
controlling the response of a system.

3.2 CONTROLLERS

As indicated in Fig. 3.8, the components of a control system include the controller
and actuator. The purpose of the controller is to compare the actual output of the
plant with the input command and to provide a control signal which will reduce
the error to zero or as close to zero as possible. In this section, we will present the
theoretical operation of these controllers and in the next section, we will discuss the
physical devices which are used to implement this control in a robot joint.

The controller generally consists of a summing junction where the input and
output signals are compared, a control device which determines the control action,
and the necessary power amplifiers and associated hardware devices to accomplish
the control action in the plant. The actuator is used in robotics to convert the control
action into physical movement of the manipulator. The controller and actuator may be
operated by pneumatic, hydraulic, mechanical, or electronic means, or combinations
of these.

There are four basic control actions which are used singly or in combination
to provide six common types of controller: on-off control, proportional control,
derivative control and integral control. The six controller types are:

1. On-off

Proportional

Integral

Proportional-plus-integral (P-I)
Proportional-plus-derivative (P-D)

AN

Proportional-plus-integral-plus-derivative (P-I-D)

Each one of these controller types is best suited to certain applications. The
following subsections describe the operation of each type of controller.

1. On-Off Control In the on—off controller, the control element provides only two
levels of control, full-on or full-off. An example of a common implementation of
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this type of controller is the household thermostat. If the error which is present at the
controller is e(f) and the control signal which is produced by the controller is m(?),
then the on—off controller is represented by

m(t) =M, fore(t)>0
=M, fore(®)<0 (3.15)

In most on—off controllers either M, or M, is zero. The practical use of an on—
off controller usually requires that the error must move through some range before
switching actually takes place. This prevents the controller from oscillating at too
high a frequency. This range is referred to as the differential gap.

2. Proportional Control In cases where a smoother control action is required a
proportional controller may be used. Proportional control provides a control signal
that is proportional to the error. Essentially, it acts as an amplifier with a gain K,. Its
action is represented by

m(f) = K, e(?) (3.16)
Using the differential operator notation introduced earlier the transfer function would
be

M(s) _

E(s)
3. Integral Control In a controller employing an integral control action the control
signal is changed at a rate proportional to the error signal. That is, if the error signal

is large, the control signal increases rapidly, ifit is small, the control signal increases
slowly. This may be represented by

K, (3.17)

m(1) = K, J e(f) dt (3.18)
where K; is the integrator gain. The corresponding transfer function is
M) _ g s (3.19)
E(s)

using 1/s as the operator for integration. If the error were to go to zero, the output of
the controller would remain constant. This feature allows integral controllers to be
used when there is some type of constant load on the system. Even if there is no error
the controller would still maintain an output signal to counteract the load.

4. Proportional-plus-Integral Control Sometimes it is necessary to combine
control actions. A proportional controller is incapable of counteracting a load on the
system without an error. An integral controller can provide zero error but usually
provides slow response.

One way to overcome this is with the P-I controller. This is represented by

K
m(t) =K ye (1) + T:’J-e(t)dt (3.20)

where T; adjusts the integrator gain and K, adjusts both the integrator and the
proportional gain. The transfer function is
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M(s) _ 1
) K, (1 + Esj (3.21)

5. Proportional-plus-Derivative Control Derivative control action provides a
control signal proportional to the rate of change of the error signal. Since this would
generate no output unless the error is changing, it is rarely used alone. The P-D
controller is represented by

m(t) = K,e(H) +K, T, d‘;(” (3.22)
and the transfer function is
M(s)
=K (1+T 3.23
E(S) p( dS) ( )

The effect of derivative control action is to anticipate changes in the error and provide
a faster response to changes.

6. Proportional-plus-Integral-plus-Derivative Control Three of the control
actions can be combined to form the P-I-D controller. The P-I-D controller can be
represented by

K
m(t) = K,e(r) + =2 f e(dr+ K, T, 940 (3.24)
T; dt
and the transfer function is
M(s) =K, LI (3.25)
E(s) N

P-I-D control is the most general control type and probably the most commonly
used type of controller. It provides quick response, good control of system stability
and low steady-state error. As indicated previously, the computations associated with
any of the above controllers are typically performed by microcomputers in a modern
robot controller.

3.3 CONTROL SYSTEM ANALYSIS

Analysis of a control system may be divided into two parts: transient response and
steady-state response. The transient response of a system is the behavior of the
system during the transition from some initial state to the final state. The steady-state
response is the behavior of the system as time approaches infinity.

3.3.1 Transient Response of Second-Order Systems

Second-order linear systems are frequently used in control systems analysis, even
when it is known that the particular system of interest may be of higher order. Second-
order systems can often approximate complex physical systems with reasonable
fidelity. Let us return to our transfer function for the secondorder system derived in
Sec. 3.1.
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Y(s) _ K
X(s) Ms*+Kys+K,

(3.26)

The natural frequency of the system was represented by

Ky
0, = .,|—
M
The damping ratio of a second-order system can he defined as
L Kdi2M
a)l’l

If the damping ratio is equal to zero then the system will oscillate continuously,
if z < 1 but greater than zero then the system is underdamped, If z =1 then the
system is critically damped and if z > 1 the system is overdamped. Fig. 3.9 illustrates
the transient response of a second-order system with different damping ratios to a
unit step input. There are other parameters of interest in the transient response of a
system. These are:

2.0
z=0
z=04
S0
z=2.0
z=1.0
0.0
{—

Fig. 3.9 Transient responses for different damping ratios.

1. Delay time, 7; Delay time is the time that it takes the system to reach one-half
of the final value for the first time.

2. Rise time, 7. Rise time is the time that it takes the system to go from 10 to 90 per
cent, 5 to 95 per cent, or 0 to 100 per cent of the final value.

3. Peak time, 7, Peak time is the time that it takes the system to reach the maximum
overshoot for the first time.

4. Maximum overshoot, }/, Maximum overshoot is the maximum peak value
measured from the steady state value in Fig. 3.10.

5. Settling time, 7, Settling time is the time required for the system to stay within a
range about the final value. This is usually within 2 and 5 per cent.

Figure 3.10 illustrates these system parameters. In some cases, certain of the
parameters are not relevant. In the case of a critically damped system there is no
overshoot and hence M, and 1, do not apply. In robotics, it is sometimes critical
that the system not be allowed to overshoot, while in other applications it may be
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necessary for the sake of speed, to allow overshoot. The balancing of these parameters
when designing the system is the responsibility of the controls engineer.

Included within the scope of the transient response is the question of whether the
system will be stable for all inputs. System stability is interpreted to mean that the
system output will not be driven toward a value of infinity in response to non-infinite
input. Stability is assured if the transients gradually go toward zero as time increases.
System instability occurs when the transient response increases with time.

The stability of any linear system can be determined if the characteristic equation
of the system is known and if it is possible to factor the equation. Referring back
to our example of a second-order linear system, let us relate our discussion of
stability to the four system responses described in Section 3.1. In the case of the
underdamped, critically damped, and overdamped systems, the transient responses
gradually decrease with time as the output assumes some steady-state value. These
systems are all stable. The common feature which makes each of these systems stable
is the fact that their characteristic equations have roots that are negative real numbers
or complex numbers with negative real parts. This is the requirement for stability. If
the roots are negative real numbers or complex numbers with negative real parts, the
transient response will always approach zero with time.

yol
L .02-.05
Lo Y
0.5
—| 17 |- t—
e ). >
<—tp—>
I

Fig. 3.10 Transient response parameters.

3.3.2 Steady-State Response

The steady-state analysis of a control system is concerned with determining the
response of the system after the transient response has disappeared. It is assumed
that the system of interest is one which is stable. In steady-state analysis, the system
designer wants to know whether the system will achieve the desired final value as
time of operation increases. One approach to the problem would be to solve the
differential equation of the system as it is subjected to some appropriate input.
Depending on the degree of difficulty of the differential equation, this could prove
to be a difficult approach. A more direct method is to make use of the final value
theorem from control theory which uses the Laplace transform of the system output.
The final value theorem states that the final value of the function is given by
lim r) = im sp(s) (3.27)

t—o0
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where F(s) is the Laplace transform of the function f(#). Implicit in the above
statement of the final value theorem is that the limit of f{¢) exists as time approaches
infinity.

Suppose that in Eq. (3.2) the values of the constants are M =2,
K, =6, and K; = 5. Further suppose that the input, x, to the
system is a unit step function. Determine the steady-state response of the system
according to the final value theorem.

Example 3.4

The unit step response has a Laplace transform = 1/s. The transfer function for the
system represented by Eq. (3.2) for the values given is

Y(s) _ 5
X(s) 25%+6s+5

Substituting the unit step input, 1/s, for X(s) gives us the Laplace transform of the
system response, y(f). Expressed in the s domain, we have

1 5
Y()=——F——
S (2s°+ 65 +5)

Substituting Y (s) into Eq. (3.27), we get

lim _ lim 5s —1
e 520 s(2s2 + 65 +5)

3.4 ROBOT SENSORS AND ACTUATORS

A robot moves in space to perform tasks and hence it needs actuators to move the
links and sensors to know where each joint is. Sensors inform the controller by how
much each joint has moved and thus enables the controller to enforce a particular
velocity or position during motion. As we have seen in the previous section each
joint has an independent control structure in which there is an actuator, reduction
gear mechanism and a sensor at each joint.

Sensors can be divided into two parts:

1. Internal sensors These are responsible for the internal working of the robot
and are mainly used for closing the loop in feedback control e.g., position sensors.
A robot cannot function properly without these if it is using a closed loop feedback
control system. The main internal sensors are position and velocity sensors.

2. External sensors These are responsible for interaction with the environment. A
robot can use external sensors like touch sensor for interaction with the environment.
In case any of these sensors fail the robot can still function but its ability to interact
with the external world is reduced. External sensors are of many different types
depending on the kind of interaction with the environment. The main external sensors
are force/torque sensors, vision, touch, pressure sensors, etc.

We will discuss about internal sensors like potentiometers, resolvers and encoders
in this chapter. External sensors will be discussed in later chapters.
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3.4.1 Position and velocity sensors

Potentiometers Potentiometers are analog devices whose output voltage is
proportional to the position of a wiper. Fig. 3.11 illustrates a typical pot. A voltage
is applied across the resistive element. The voltage between the wiper and ground
is proportional to the ratio of the resistance on one side of the wiper to the total
resistance of the resistive element. Essentially the pot acts as a voltage divider
network. That is, the voltage across the resistive element is divided into two parts by
a wiper. Measuring this voltage gives the position of the wiper. The function of the
potentiometer can be represented by the following function:

V() = K,0(1) (3.28)

where V,(7) is the output voltage, K, is the voltage constant of the pot in volts per
radian (or volts per inch in the case of a linear pot) and 6(¢) is the position of the pot
in radians (or inches). Since a pot requires an excitation voltage, in order to calculate
V,, we can use

(3.29)

where V,, is the excitation voltage, 6, is the total travel available of the wiper,
and 6, is the actual position of the wiper.

Potentiometers can be single turn in which the rotating wiper can move only by
360° or they can also be multi turn in which the rotating wiper can move by several
360° turns. Potentiometers suffer from disadvantages like non-linearity and low life
due to the continuous friction between the wiper and the variations in the resistive
element. In addition, the variation in wiper contact between the coil and the wiper
can lead to noise in position measurement.

Rotating
wiper

Resistive
element

Vout

Fig. 3.11 Potentiometer.

Find the output voltage of a potentiometer with the following
characteristics. Also determine the K, The excitation voltage =
12 V; total wiper travel = 320°; wiper position = 64°.

Solution The K, =V /0, which is 12 V/320° = 0.0375 V/deg. The output
voltage is

Example 3.5

(64°)(0.0375 V/deg) = 2.4 V.
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Resolvers Aresolver is another type of analog device whose output is proportional
to the angle of a rotating element with respect to a fixed element. In its simplest form,
a resolver has a single winding on its rotor and a pair of windings on its stator. The
stator windings are 90° apart as shown in Fig. 3.12. If the rotor is excited with a signal
of the type 4 sin(wt) the voltage across the two pairs of stator terminals will be

V() = A sin(wt) sin (3.30)
and
Vio(f) = A sin (¢) sin 0 (3.31)

where 6 is the angle of the rotor with respect to the stator. This signal may be used
directly, or it may be converted into a digital representation using a device known as
a ‘resolver-to-digital”’ converter. Since a resolver is essentially a rotating transformer,
it is important to remember that an ac signal must be used for excitation. If a dc signal
were used there would be no output signal

Iﬁ3 6 At time 7 the excitation voltage to a resolver is 24 V. The shaft
2R angle is 90°. What is the output signal from the resolver?

Fig. 3.12 Resolver. (Courtesy: Litton Systems, Incorporated, Clifton Precision Division)

Solution
Vi =(24V)(sin90°) =24V
Vs =(24 V) (cos 90°) =0 V.

ms ~ At time ¢ the excitation voltage to a resolver is 24 V and
PI€ 3.7\ =17Vand Vy, = - 17 V. What is the angle?

Solution

arcsin (H) =45°or 135°
24

arccos (—ﬂ) =135° or 225°
24

The shaft angle must be 135°.
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Encoders As microprocessors have become cheaper and with a move towards
digital electronics, the encoder is virtually used everywhere for position measurement.
Almost all industrial robots, NC machines, etc., use encoders to measure the position
and velocity of motion. Encoders are available as two basic types: incremental and
absolute. There are various categories of encoding devices, but we will limit our
discussion to those that are most commonly used in robots, i.e., optical encoders. A
simple incremental encoder is illustrated in Fig. 3.13.

Fig. 3.13 Incremental encoder.

An incremental encoder consists of a disk marked with alternating transparent and
opaque stripes aligned radially. A phototransmitter (a light source) is located on one
side of the disk and a photo receiver is on the other Fig. 3.14. As the disk rotates, the
light beam is alternately completed and broken. The output from the photoreceiver is
a pulse train whose frequency is proportional to the speed of rotation of the disk. In
a typical encoder, there are two sets of phototransmitters and receivers aligned 90°
out of phase. This phasing provides direction information, that is, if signal A4 leads
to signal B by 90° the encoder disk is rotating in one direction, if B leads 4 then it
is going in the other direction. By counting the pulses and by adding or subtracting
based on the sign, it is possible to use the encoder to provide position information
with respect to a known starting location. Normally, two incremental encoders are
used in parallel so that the resolution of measurement is increased. These two signals
are passed through an XOR gate. It can be seen that the resolution of the resulting

Photo emitter

Encoder

Receiver

Fig. 3.14  Photo transmitter and receiver place on a incremental encoder.
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signal is now increased two times, as we now have two pulses in place of only one
pulse from each encoder. Most modern position control systems have two or more
encoders in parallel to increase the resolution of the systems. The rate at which the
pulses are generated by the encoder can also be counted to get an estimate of the
velocity of the rotating shaft. Hence, an encoder can also be used as a velocity sensor.
In some cases, it is desirable to know the, position of an object in absolute terms,
that is, not with respect to a starting position. For this an absolute encoder could
be used. Absolute encoders employ the same basic construction as incremental
encoders except that there are more tracks of stripes and a corresponding number
of receivers and transmitters. Usually the stripes are arranged to provide a binary
number proportional to the shaft angle. The first track might have two stripes, the
second four, the third eight and so on. In this way the angle can be read directly from
the encoder without any counting being necessary. Figure 3.15 illustrates an absolute
encoder. The resolution of an absolute encoder is dependent on the number of tracks
and is given by

Fig. 3.15 Absolute optical encoder:

resolution = 2" (3.32)
where 7 is the number of tracks on the disk.

What is the resolution, in degrees, of an encoder with 10 tracks?
The number of increments per revolution is 210
= 1024 increments/rev
The angular width of each control increment is therefore
360°  360°
210 1024
The output of an absolute encoder or of an incremental encoder and counter
combination is represented by

out(f) = K,6(f) (3.33)

Example 3.8

=0.3515°
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where out (7) is a number, K, is the number of pulses per radian and 6 is the shaft
angle, expressed in radians.

FB 9 What is the output value of an absolute encoder if the shaft
2EIL]PE o angle is 1 rad. and the encoder has 8 tracks?

The resolution is 256 parts/rev. There are 277 rad/rev. Therefore, the output is

20_4

2

3.6 VELOCITY SENSORS

Velocity information is required for closed loop feedback control using a PD or PID
controller. One of the most commonly used devices for the feedback of velocity in-
formation is the dc tachometer. A tachometer is essentially a dc generator providing
an output voltage proportionat to the angular velocity of the armature.Velocity
information can also be obtained from an incremental encoder in which the rate
at which the dark and transparent slots cross the emitter receiver pair indicate the
velocity of the rotating shaft. Figure 3.16 illustrates a typical dc tachometer. A
tachometer can be described by the relation,

Fig. 3.16  Tachometer mounted on a motor armature. (Courtesy: Litton Systems, Incorporated,
Clifion Precision Division)

Vo) = K, (Do (3.34)

where V,(¢) is the output voltage of the tachometer in volts, K, () is the tachometer
constant, usually in V/rad/s and @ is the angular velocity in radians per second.

Tachometers are generally used to provide velocity information to the controller.
This can be used for performing velocity control of a device or, in many cases, to
increase the value of K, in a system, thereby improving the stability of the system
and its response to disturbances.

Direct current tachometers provide a voltage output proportional to the armature
rotational velocity, hence they are analog devices. There is a digital equivalent of the
dc tachometer which provides a pulse train output of a frequency proportional to the
angular velocity. They are in effect, encoders which were described in the previous
section.
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3.7 ACTUATORS

Actuators are the devices which provide the actual motive force for the robot
joints. They commonly get their power from one of three sources: compressed air,
pressurized fluid, or electricity. They are called pneumatic, hydraulic, or electric
actuators respectively. We will discuss all three types in this section.

3.7.1 Pneumatic and Hydraulic Actuators

Pneumatic and hydraulic actuators are both powered by moving fluids. In the
first case, the fluid is compressed air and in the second case, the fluid is usually
pressurized oil. The operation of these actuators is generally similar except in their
ability to contain the pressure of the fluid. Pneumatic systems typically operate at
about 100 1b/in.? and hydraulic systems at 1000 to 3000 Ib/in.> We discussed the
relative advantages and disadvantages of these types of drive systems in Chap. Two.

The simplest fluid power device is the cylinder as illustrated in Fig. 3.17, which
could be used to actuate a linear joint by means of a moving piston. This example is
called a single-ended cylinder as the piston rod only comes out of the cylinder at one
end. Other types of cylinders include double-ended cylinders and rodless cylinders.
There are two relationships of particular interest when discussing actuators: the
velocity of the actuator with respect to the input power and the force of the actuator
with respect to the input power. For the cylinder type actuator these relationships are
given by

- /O
V() v (3.35)
F(t) =P(®A (3.36)

Piston rod

Fig. 3.17 Cylinder and piston.

where V(f) is the velocity of the piston, f(¢) is the fluid flow rate (volumetric),
F(?) is the force, P(?) is the pressure of the fluid, and 4 is the area of the piston. Since
the requirements of a robot are to carry a payload at a given speed, we can use the
relations described for choosing the appropriate actuator.
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3.7.2 Electric Motors

As their capabilities improve, electric motors are becoming more and more the
actuator of choice in the design of robots. They provide excellent controllability with
a minimum of maintenance required. There are a variety of types of motors in use in
robots; the most common are dc servomotors, stepper motors, and ac servomotors.

DC motors that are used in closed loop position control are called servo motors.
As servo motors are required to have very large acceleration or deceleration in order
to have faster response, the armatures of these motors are specially designed to have
low inertia. DC servo motors can be either brushed motors or brushless motors. The
basic construction difference between a brushed and brushless motor is that in a
brushless motor, the armature winding are in the stator and the permanent magnets
are in the rotor. While in a brushed motor, the armature windings are in the rotor and
the permanent magnets are in the stator.

Figure 3.18 shows a typical dc servomotors with a permanent magnet stator and
winding on rotor. The main components of the dc servomotor are the rotor and the
stator. Usually, the rotor includes the armature and the commutator assembly and
the stator includes the permanent magnet and brush assemblies. When current flows
through the windings of the armature it sets up a magnetic field opposing the field
set up by the magnets. This produces a torque on the rotor. As the rotor rotates, the
brush and commutator assemblies switch the current to the armature so that the field
remains opposed to the one set up by the magnets. In this way, the torque produced
by the rotor is constant throughout the rotation. Since the field strength of
the rotor is a function of the current through it, it can be shown that for a dc
servomotor

T,(1) = K, 1(2) (3.37)

Permanent

magnet (stator)

Armature

winding (rotor)

Fig. 3.18 Brushed DC motor showing the armature (rotor) and permanent magnet (stator).

where 7, is the torque of the motor, /, is the current flowing through the
armature, and K,,, is the motor’s torque constant.
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Another effect associated with a dc motor is the back-emf. A dc motor is similar
to a dc generator or tachometer. Spinning the armature in the presence of a magnetic
field produces a voltage across the armature terminals. This voltage is proportional
to the angular velocity of the rotor:

e(1) = Kpo(?) (3.38)

where ¢, is the back-emf (voltage), K, is called the voltage constant of the motor,
and o is the angular velocity. The effect of the back-emf is to act as viscous damping
for the motor: as the velocity increases the damping increases proportionately. If
we were to supply a voltage across the motor terminals of Vj,, and the resistance
of the armature were R,, then the current through the armature would be V;,/R,.
This current produces a torque on the rotor and causes the motor to spin. As the
armature spins it generates a back-emf equal to K, @(?), or e;(f). This voltage must be
subtracted from V;, in order to calculate the armature current. The actual armature
current is therefore

1, = B0 =4® (3.39)

R,

As the motor velocity increases, and the back-emf voltage increases accordingly,
the current available to the armature decreases. The decreasing current reduces the
torque generated by the rotor. As the torque decreases the acceleration of the rotor
decreases as well. At the point at which ¢, = V;, the motor maintains a steady-state
velocity (assuming there are no external disturbances on the motor). The block
diagram in Fig. 3.19 illustrates the effects of the torque constant and back-emf on the
model of a motor. Note that this simplified model discounts such effects as friction or
inductance of the armature windings.

Input Armature
voltage voltage [ K, | Torque [ 1 [Acceleration[ 1 | Velocity Qutput
+ R J S velocity
N Inertia Time
Back EMF K,

Voltage constant
Fig. 3.19 DC motor block diagram.

A motor has a torque constant, K,, = 10 oz-in./A and a voltage
constant of 12 V/Kr/min (1 Kr/min = 1000 r/min). The
armature resistance is 2 Q. If 24 V were applied to the terminals what would be: (a)
the torque at stall (0 r/min), () the speed at 0 load (torque = 0), and (c) the torque at
100 r/min? Plot the results on a speed versus torque graph.

Example 3.10

Solutions

(a) At 0 r/min the value of e, = 0. Therefore, the armature current is
=24V2Q=12A
and the torque is
=(12 A) (10 oz-in./A) = 120 oz-in.
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(b) Atno load the output voltage is equal to the input voltage so that
24V = (12 V/Kr/min) w(?)
w(f) =2 Kr/min = 2000 r/min
(¢) At 1000 r/min the output voltage is 12 V. Therefore the current through the
armature is
24V -12V _
20

6A

and the torque is

We can see that the relationship between speed and torque in Fig. 3.20 is a straight
line. The feature is one of the desirable feature of dc servomotors.

150+
~ 120
= DC motor
\5 100 Speed vs. torque
(]
=
=)
g 60f-"--------- '
5 50 1
‘5 1
= :
I
0 | ! |
0 500 1000 1500 2000

Motor speed (RPM)

Fig. 3.20 Plot for Example 3.11.

3.7.3 Stepper Motors

Stepper motors (also called stepping motors) are a unique type of actuator and have
been used mostly in computer peripherals. A stepper motor provides output in the
form of discrete angular motion increments. It is actuated by a series of discrete
electrical pulses. For every electrical impulse there is a single-step rotation of the
motor shaft. In robotics, stepper motors are used for relatively light duty applications.
Also, stepper motors are typically used in open-loop systems rather than the closed-
loop systems on which we have been concentrating in this chapter.

Figure 3.21 provides a schematic representation of one type of stepper motor. The
stator is made up of four electromagnetic poles and the rotor is a two-pole permanent
magnet. If the electromagnetic stator poles are activated in such a way that pole 3
is N (magnetic North) and pole I is S then the rotor is aligned as illustrated. If the
stator is excited so that pole 4 is N and pole 2 is S, the rotor makes a 90° turn in the
clockwise direction. By rapidly switching the current to the stator electronically, it is
possible to make the motion of the rotor appear continuous.
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Pole 1

Pole 4 Pole 2

N
AN

+
<

S

Fig. 3.21 Stepper motor schematic.

Fig.3.22 Toothed stepper motor. (Courtesy: Litton System, Incorporated, Clifton Precision
Division)

The resolution (number of steps per revolution) of a stepper is determined by the
number of poles in the stator and rotor. Figure 3.22 show a commercially available
stepper motor which has a notched stator and rotor. This effectively increses the
number of poles and hence the resolution of the device. The relation between a
stepper motor’s resolution and its step angle is given by

n = A/360° (3.42)

where # is the resolution and 4 is the step angle.

Unlike the dc servomotor, the relation between a stepper motor’s speed and torque
is not necessarily a straight line. Because of the discrete nature of the stepper motor’s
construction the torque is also a function of the angle between the stator and rotor
poles. The torque is greatest when the poles are aligned. This maximum torque is
known as the holding torque of the motor. It is possible to increase the resolution of a
stepper by using a technique known as half-stepping or microstepping. By applying
current to more than one set of field windings, it is possible to make the rotor seek
out an ‘average’ position. Of course, when using this technique the holding torque
is reduced.
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The control of a stepper motor is dependent on the ability of the switching
electronics to switch the windings at precisely the right moment. If the windings
are switched too quickly, for example, it is possible that the motor will not be able
to ‘keep up’ with the command signals and will perform erratically, in some cases
oscillating. With some steppers, the speed-torque relation degrades badly at certain
frequencies of operation, and operation of the motors at these frequencies must be
avoided.

3.7.4 AC Servomotors and Other Types

There are numerous other aspects of electric motors which may be investigated.
Recent advances in control electronics are producing ac servomotors. These motors
have the advantages of being cheaper to manufacture than dec motors; they have no
brushes, and they possess a high power output. With proper electronics package,
however, their performance can be made to look very much like the performance of
a dc motor.

Another type of electric motor is the brushless dc motor. It is constructed like an
‘inside-out’ dc motor. It has a permanent magnet rotor and an electromagnetic stator.
Instead of using brushes, however, commutation is performed electronically using an
encoder to inform the electronics of the relative positions of the stator and rotor. Also
available are linear electric motors. Their construction is similar to a dc servomotor
that has been cut open and flattened out.

In almost all cases of electric motors the limiting factor on power output is heat
dissipation. Some of the current used in the motor must be dissipated as heat. Two
ways to increase the performance of a motor is to remove heat more quickly or to
reduce the current requirements. The latter may be done by increasing the magnetic
flux of the permanent magnets. Recent advances in magnetic materials are allowing
for performance improvements of almost 10 times with the same power requirements.

3.8 POWER TRANSMISSIONS SYSTEMS

In many cases, it is not possible to find an actuator with the exact speed-force
or speed-torque characteristics to perform the desired tasks. In other cases it is
necessary to locate the actuator away from the intended joint of the manipulator. For
these reasons it becomes necessary to use some type of power transmission. Power
transmissions perform two functions: transmit power at a distance and act as a power
transformer. There are a number of ways to perform mechanical power transmission.
These include belts and pulleys, chains and sprockets, gears, transmission shafts, and
screws. In this section, we will discuss a number of power transmission devices that
are used for industrial robots.

3.8.1 Gears

The use of gears for power transmission in robots is very common. Gears are used
to transmit rotary motion from one shaft to another. This transfer may be between
parallel shafts, intersecting shafts, or skewed shafts. The simplest types of gears are
for transmission between parallel shafts and are known as spur gears.
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Figure 3.23 illustrates a simple two-gear spur gear train. The driving gear, in this
case the smaller one, is known as the pinion and the other gear is the driven gear.
For example, if the pinion is one-fourth the size of the gear, for every revolution
made by the pinion the driven gear turns only one-fourth of a revolution. This gear
train is referred to as a speed reducer. The torque applied by the pinion however is
multiplied by four times at the gear shaft. Since the speed is quartered and the torque
is quadrupled the power out of the gear train equals the power into it.

N = Number fo teeth \
N, = Number fo teeth

Fig. 3.23  Spur gear train.
The number of teeth in a gear is proportional to its diameter. If we let the number

of teeth in a pinion be N; and the teeth in the gear equal N, then the gear ratio is
given by

n = M (3.43)
N,
and the speed of the output with respect to the input is
W, = nWi, (3.44)
where @, is the output speed and wj,, is the input speed. The output torque is
=T
’ n

3.8.2 Power Screws

In robotics and many other applications, power screws are often used to convert
rotary motion to linear motion. The parameter of a screw which is analogous to a
gear ratio is the screw pitch, p, often called the /ead. The pitch defines the distance
that the screw travels in a single rotation. The conversion for the screw’s angular
rotation to linear motion is given by

v(t) = pw(?) (3.45)
where v(¢) is the linear velocity in inches per minute, @(f) is the angular velocity
in rotations per minute, and p is the screw pitch expressed in inches per rotation. In
most cases, the screw is rotating and a nut is moving along the length of the screw.
The conversion from torque, 7, applied to the screw to force, F, on the nut is obtained
by the following Eq. (3.46):

_ 2T rd,,— upsecf
d, p+ und,secf

F (3.46)
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where 1 = the coefficient of friction between the screw threads
B = the thread angle on an Acme or Unified thread
d,, = the mean diameter of the screw

This equation applies for Acme and Unified threads, in which there is a thread
angle, . For square threads, the value of § is 0, and the secant terms = 1.0 in
Eq. (3.46).

A power screw mechanism is used to actuate a linear (type L)
joint in a new robot design. Determine the maximum force
that can be transmitted to the nut moving along the power screw if the torque available
to turn the screw is 2.0 in.-Ib. The screw has square threads (8 = 0) whose pitch is
0.1 in., the diameter of the screw is 0.50 in., and the coefficient of friction between
threads is 0.25.

| Example 3.11

#_ 2(2.0) 7(0.5) - 0.25(0.1)
0.5 0.1+0.257(0.5)

Solution =2511b

Because of the relatively high friction in a typical screw thread, ball bearing screws
are often used to actuate the linear joints of a robot manipulator. In a ball bearing
screw, the nut rides on ball bearings as the screw rotates, rather than directly on the
screw itself. This significantly reduces the friction of the device. The conversion
from screw torque 7 to force F resulting at the nut is given by

_ 2rTE
P
where E = efficiency factor (typically around 90%) resulting from friction losses.

F

(3.47)

Let us compare the force resulting from a ball bearing screw
with the force in the conventional screw mechanism of
Example 3.12. The same values apply: Torque = 2.0 in-1b, pitch = 0.1 in., and we
will assume an efficiency factor of 0.90.

F_ 2120)(09)

Example 3.12

Solution =113.11b

It is clear that the ball bearing screw has a significant mechanical advantage
because of the lower friction.

3.8.3 Other Transmission Systems

Other power transmission devices include pulley systems, chain drives, and harmonic
drives. Pulley systems are usually used to transmit power from actuators located in
the robot’s base. In some cases, the rope or cord may be made out of steel fibers or
from synthetic materials such as nylon. The rotational joints may be connected to a
pulley which is driven by a rope attached to a rotary actuator (e.g., electric motor).
Similarly, ropes may be used to activate linear joints. In either application, the rope
undergoes continuous flexing during operation. If the rope is incorrectly sized for
the application then this may result in stretching or even failure. If the rope stretches
this results in degrading the accuracy of the robot. To maintain desired performance
ropes must be maintained according to the manutacturer’s instructions.
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Chain drives operate with a constant ratio. Due to the positive interaction between
the chain and sprockets there is no slipping. The pitch of a chain is the distance between
adjacent roller centers. The driving sprocket and the driven sprocket each have a
number of teeth designed to match the size and pitch of the chain. The transmission
of rotational speed and power between the sprockets follows relationships similar to
those developed for gears which we discussed earlier. Lubrication is an important
factor in chain drive maintenance. A properly lubricated chain can last 100 times
longer than an identical, improperly lubricated chain.

Harmonic drives are proprietary products of USM, Inc. They can be used as speed
reducers or increasers. The input and output shafts lie along the same axis, so that
a harmonic drive could be mounted to the face of a motor with the output shaft
coming out the same end. Harmonic drives can provide any reduction ratio from
1 : 1 to infinity: 1, although they are typically used in the range of 100 : 1. Harmonic
drives require little maintenance and can operate with no noticeable wear over their
lifetime. They are, however, less efficient than well-designed gear trains.

3.8.4 Some General Comments

With any power transmission one is liable to introduce two unwanted effects to the
performance of the control system. These are compliance and backlash. We used the
term compliance in Chapter 2 to mean the deflection of the robot arm in response to
a force or torque applied against it. In our present context, compliance is defined as
the deflection under load of the power transmission device, essentially the spring rate
of the transmission. For example, in a gear train, this might be due to the bending
of the individual teeth, or due to the deflections of the bearing supporting the gears.
The compliance of a robot is largely a result of the transmission system compliance.

Backlash represents the hysteresis in the transmission. In gears, this is normally
due to spaces between the gear teeth mesh. The result of backlash is that the output
of the system does not correspond directly to the input of the system. This clearly
causes difficulty when a robot manipulator consisting of five or six joints must be
moved to a desired location with a precision of only a few thousandths of an inch.

Compliance, backlash, slippage of pulley systems, deflection of the manipulator
links, and other imperfections inherent in the mechanical system are the principal
contributors to the mechanical inaccuracies that degrade a robot’s ability to position
its end effector.

3.9 MODELING AND CONTROL OF A SINGLE
JOINT ROBOT

Most industrial manipulators are independent joint controlled and each joint has an
actuator, sensor and gear box as a single unit. Here we will develop a simplified
model of actuation of a rotary joint of a manipulator. A DC motor connected to a
gear box is assumed to actuate the joint. A DC motor consists of a stator that does
not rotate and a rotor that provided the rotation motion. The physical principle that
causes a motor to rotate is the force experienced by a charge moving in a coil through
a magnetic field. The magnetic field is set up by the stator magnets while the charge
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is those of the electrons moving through the coil. The torque produced in a motor is
proportional to the current passing through the coils. The relation may be written as

T = ki (3.48)
where 7, is the torque developed by the motor, £, is the motor torque constant and
iis the current. A moving conductor in a magnetic field develops a voltage across it
and this is called the back emf. The back emf is proportional to the motor rotational
velocity and the relation between the three are given by

v =k,0 (3.49)
where ‘v’ is the voltage generated due to back emf, ‘Ky,” is the back emf constant and
0 is the rotational velocity of the motor. The electrical circuit of the motor armature
can be represented by a voltage source V, inductance 1, resistance of the winding as
r and back emf as v. The arrangement of these elements are as shown in Fig. 3.24

r /
NN

Fig. 3.24  Circuit of a DC motor armature.

The circuit is described by the first order equation given by
/ 1 +ri=V-— kbe

This equation shows that one way of controlling the torque developed by a motor
is to control the current by changing the voltage applied. Hence, generally, drive
circuits measure the current flowing through the armature and continuously adjust
the voltage source V so that the current passing through the armature is a constant.
After determining the electrical model of the armature we will now develop the
mechanical model of torque required by a motor to drive a load. We can then equate
the electrical model with the mechanical model to study the control of the complete
system.

Figure 3.25 shows the mechanical model of a DC motor connected to a link
through a gear reduction. The torque generated by the motor was earlier shown to be
proportional to the current in the armature coil. A gear reduction is used to increase
the torque and reduce the speed at the output link. Hence, the output torque at the
load side and link speed are given by
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T =NT, (3.51)
6, =(1/n)6,, (3.52)

by

i

71

Tin

Fig. 3.25 Mechanical model of a DC motor driving a robot link via. a gear reduction.

where 6,,0,, are the rotational angles at the motor and load sides, respectively.
Further writing a torque balance for the system in terms of the torque at the motor
end, we have:

7, =1,6,,+ B,,0,,+ (1/n)1, 6,+ B,6) (3.53)

where /,, and /; are the inertias at the motor and load (link), while B,, and B, are the
viscous damping coefficients at the motor and load ends. Using relation (3.53), we
can write

T =L, + 1,/ 1), + (B, + B)/n") 6, (3.54)

This equation clearly shows that the load inertia and viscous damping coefficient
reflected to the motor side is reduced by 1n°. In terms of the load variable we can
write this as

7 =+ 1,18+ (B, + B8, (3.55)

The term (; + I, nz) is also known as the effective inertia at the output side. In a
highly geared motor, the inertial of the motor rotor can contribute significantly to
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the effective inertia, as seen from the equation above. This allows us to make the
assumption that the effective inertia is a constant. This means that the variation of the
load inertia due to change in configuration or due to change in grasping load forms a
small fraction as compared to the variation in the case of direct drive robots for which
the gear reduction is 1.

A single link robot has link parameter: /,, = 0.02 and
I; = 1.5 and gear ratio n = 100. Where /,, and /; are the
motor and link inertia in kg.m2 respectively. Find the effective inertia’s at the
output and input side.

Example 3.13

Solution
The effective inertia at the output side
=+ 1, M) =(1.5+0.02 (100)%)
=201.5 kg.m?

The effective inertia at the input side

1.5
=/n*+1,)= (—+o.ozj
(l n ) 1002
=0.02 kg.m?

A single link robot arm has link parameters of Moment
of Inertia 0.01 and moment of intertia 2.0 kg.mz. The
robot arm lifts a weight and the link inertia changes to 5.50 kg.mz. Find the
percentage change in effective inertia at the output side due to the object lifted
by the robot. (gear reduction 11 = 100)

Example 3.14

Solution
Effective inertia of robot at output side without weight

=+ 1, m)

= (2.0 +0.01(100)%) = 102 kg.m?
Effective inertia of robot after lifting the weight

=+ 1, 1) = (5.50 + 0.01(100)?)

=105.5 kg.m?
The difference in the two inertias

=(105.5 — 102.0) = 3.5 kg.m?
Hence change in effective inertia as percentage

=33 100 =3.43%
102

This example illustrates that even when a robot lifts a very heavy object, its
effective inertia changes by a very small amount. This is one of the reason
why robot controllers function properly even when there is change in effective
inertia due to grasping and releasing of an object by the gripper.
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3.2

Using block diagram reduction techniques, simplify the block diagram of Fig.
3.19 in order to determine the transfer function for the dc motor.

A certain rotational joint design (including feedback controller) to be used on
a new robot model has been studied to determine its response characteristics.
It is known that the joint behaves very much like a second-order system. In
one part of the study, measurements were taken on the position of the joint
output link in response to a defined position input command. The table below
presents the response data.

Table P3.2  Joint response data.

Time, ms Input position command Output position
0 45° 0°

50 45° 24.9°
100 45° 39.2°
150 45° 45.4°
200 45° 46.9°
250 45° 46.6°
300 45° 45.9°
400 45° 45.1°
500 45° 44.9°
1000 45° 45.0°

(a) Plot the output data on a piece of graph paper.

(b) Make your best estimate as to which of the following types of system the
response data come from: (1) undamped. (2) underdamped, (3) critically
damped, or (4) overcemped.

(c) What additional data would be needed to determine the second order
differential equation of the form of Eq. (3-2)?

3.3 A mechanical joint design for a certain robot manipulator has the following

difterential equation which describes the position of the output link as a
function of time:

2
3.26d°y N 17.5dy 442y =
dr’ dt
where X equals the forcing function and y represents the position response of
the joint.

X

(a) Write the characteristic equation for the differential equation above.

(b) Determine the roots of the characteristic equation.

(c) Based on the roots of the characteristic equation, will the response be (1)
undamped, (2) underdamped, (3) critically damped, or (4) cverdamped?
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34
3.5

3.6

3.7

3.8

3.9

3.10

3.11

Write the transfer function of the differential equation from Prob. 3.3 above.
For the following set of equations, rewrite each equation using the s-operator
notation. Then, construct the block diagram that relates the equations, using x
as the input and y as the output.

dz

—+32z=w
dt

D150y =26z
di

w=x-15y
Using the block diagram reduction techniques of Fig. 3.5 in the text, reduce
the block diagram developed in Prob. 3.5 to a single block thus yielding the
transfer function for the system.
For the differential equation of Prob. 3.3, calculate the natural frequency and
the damping ratio of the system.
For a step input X = 5.0, solve the differential equation of Prob. 3.3. Plot
your solution on a piece of graph paper, and determine the following transient
response parameters, as we have defined them in the text of Sec. 3.3.
(a) Delay time.
(b) Rise time using the definition that rise time is the time required to go
from 10 to 90 per cent of the final value.
(¢) Peak time.
(d) Maximum overshoot.
(e) Settling time,
Using the response data tor the rotational joint design of Prob. 3.2, determine
the following transient response parameters, as we have defined them in the
text of Sec. 3.3.
(a) Delay time.
(b) Rise time using the definition that rise time is the time required to go
from 10 to 90 per cent of the final value.
(¢) Peak time.
(d) Maximum overshoot.
(e) Settling time.
Using the final value theorem and your answer to Prob. 3.4 for the mechanical
joint design of Prob. 3.3, determine the steady-state response of the system to
a step input of X = 5.0. (Hint: Recall that a step input of value X = 5.0 would
have a Laplace transform = 5/s.)
A certain potentiometer is to be used as the feedback device to indicate
position of the output link of a rotational robot joint. The excitation voltage of
the potentiometer equals 5.0 V, and the total wiper travel of the potentiometer
is 300°. the wiper arm is directly connected to the rotational joint so that a
given rotation of the joint corresponds to an equal rotation of the wiper arm.
(a) Determine the voltage constant of the potentiometer, K.
(b) The robot joint is actuated to a certain angle, causing the wiper position
to be 38°. Determine the resulting output voltage of the potentiometer.
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3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

(¢) In another actuation of the joint, the resulting output voltage of the
potentiometer is 3.75 V. Determine the corresponding angular position
of the wiper and the output link.

A resolver is used to indicate angular position of a rotational wrist joint. The
excitation voltage to the resolver is 24 V. The resolver is connected to the wrist
joint so that a given rotation of the output link corresponds to an equal rotation
of the resolver. At a certain moment in time, the movement of the wrist joint
results in voltages across the two pairs of stator terminals to be V; = 10.0 V
and V, =-21.82 V. Determine the angle of the rotational joint.

What is the resolution of an absolute optical encoder that has six tracks? Nine
tracks? Twelve tracks?

For an absolute optical encoder with 10 tracks, determine the value of K, the
encoder constant. If the shaft angle of the encoder were 0.73 rad, determine its
output value.

A dc tachometer is to be used as the velocity feedback device on a certain
twisting joint. The joint actuator is capable of driving the joint at a maximum
velocity of 0.75 rad/s, and the tachometer constant is 8.0 V/rad/s. What is the
maximum output voltage that can be generated by the device, if the tachometer
is geared with the joint so that it rotates with twice the angular velocity of the
joint? If the joint rotates at a speed of 25°/s, determine the output voltage of
the dc tachometer.

A hydraulic single-ended piston cylinder is to be used to actuate the linear arm
joint for a polar configuration robot. The size of the cylinder is 10.0 in.% on the
forward stroke (piston extension), and 9.0 in. on the reverse stroke (piston
retraction). The hydraulic power source can generate up to 1000 Ib/in.% of
pressure for delivery to the cylinder at a rate of 100 in.%/min.

(a) Determine the force that can be applied by the piston on the forward
stroke and the reverse stroke.

(b) Determine the maximum velocity at which the piston can operate in the
forward and reverse strokes.

A hydraulic rotary vane actuator is to be used for a twist joint with the same
hydraulic power source used for Prob. 3.16. The outer and inner radii (R and 7)
of the vane are 2.5 in. and 0.75 in., respectively. The thickness of each vane (%) is
0.20 in. Determine the angular velocity and the torque that can be generated by the
actuator.

A dc servomotor is used to actuate a robot joint. It has a torque constant of 10
in.-Ib/A, and a voltage constant of 12 V/Kr/min (1 Kr/min = 1000 r/min), The
armature resistance = 2.5 . At a particular moment during the robot cycle,
the joint is not moving and a voltage of 25 V is applied to the motor.

(a) Determine the torque of the motor immediately after the voltage is
applied.

(b) As the motor accelerates, the effect of the beck-emt is to reduce the
torque. Determine the back-emf and the corresponding torque of the
motor at 250 and 500 r/min.

A certain dc servomotor used to actuate a robot joint has a torque constant of
25 in.-1b/A, and a voltage constant of 15 V/Kr/min. The armature resistance =
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3.0 Q. At a particular moment during the robot cycle, the joint is not moving
and a voltage of 30 V is applied to the motor.

(a) Determine the torque of the motor immediately after the voltage is
applied.

(b) Determine the back-emf and the corresponding torque of the motor at
500 and 1000 r/min.

(c) If there were no resisting torques and no inductance of the armature
windings operating to reduce the speed of the motor, determine the
maximum theoretical speed of the motor when the input voltage is 30 V.

(d) If the resisting torques due to friction and the payload being carried by
the robot total 72 in.-Ib, determine the maximum theoretical speed of the
motor when the input voltage is 30 V. Assume no eftect of inductance
from the armature windings.

3.20 A stepping motor is to be used to actuate one joint of a robot arm in a light duty
pick-end-place application. The step angle of the motor is 10°. For each pulse
received from the pulse train source, and motor rotates through a distance of
one step angle.

(a) What is the resolution of the stepping motor?

(b) Relate this value to the definitions of control resolution, spatial resolution,
and accuracy, as these terms were defined in Chap. 2.

3.21 For the stepping motor described in Prob. 3.20, a pulse train is to be generated
by the robot controller.

(a) How many pulses are required to rotate the motor through a total of three
complete revolutions?

(b) Ifitis desired to rotate the motor at a speed of 25 r/min, what pulse rate
must be generated by the robot controller?

3.22 A power screw mechanism is used to convert rotational motion into linear
motion for a robot joint The screw has 12 threads/in. and the thread angle
is 10°. The diameter of the screw is 0.375 in., and the coefficient of friction
between threads on the screw and the moving nut is 0.30. If the torque applied
to the screw is 10 in.-1b. determine the force that will be transmitted to the nut
moving along the screw.

3.23 Solve Problem 3.22 except that a ball bearing screw will be used instead of a
conventional screw thread. The applied torque is 10 in-1b, there are 12 threads/
in., and the efficiency factor is assumed 10 be 90%.

3.24 A stepping motor is to be used to drive each of the three linear axes of a
cartesian coordinate robot. The motor output shaft will be connected to a screw
thread with a screw pitch of 0.125 in. It is desired that the control resolution of
each of the axes be 0.025 in.

(a) To achieve this control resolution, how many step angles are required on
the stepping motor?

(b) What is be corresponding step angle?

(¢) Determine the pulse rate that will be required to drive a given joint at a
velocity of 3.0 in./sec.

3.25 List the different internal and external sensors that can be used in designing a
robot arm?
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3.26 A single link robot is driven by a DC motor via a gear reducer. The robot

parameters are given as /,, = 0.01, /;= 1.0, and 11 = 80.
(a) Find the effective inertias at the output and input sides.
(b) Ifthe robot now picks up a mass and its link inertia increases to 6.50, find
the percentage variation in the effective inertias at the output side.
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Robot Motion Analysis
and Control

/Introduction

In the preceding chapter we discussed the control of a single robot joint. In order
for a robot to perform useful work it is necessary for the arm to consist of a
number of joints so that it is able to move the end effect around in space. Each
joint of a robot accounts for one degree of freedom and the total number of joints
make up the degrees of freedom of the robot. The task that a robot is expected to
do determine how many degrees of freedom it should have. As an object in space
can have six degrees of freedom (3 for translation and 3 for rotation) a general
purpose robot has six degrees of freedom. However for certain tasks like welding
only five degrees of freedom are adequate as the roll motion of the wrist is not
required to perform welding. It is also necessary to control the path which the
end of the arm follows, as opposed to merely controlling the final positions of the
joints. In this chapter, we will discuss the problems of robot motion control and
the mathematical techniques used to analyze manipulator positions and motions.
Robot arm kinematics or simply kinematics is defined as the study of motion
without involvement of forces. Later in the chapter we will explore the dynamics
of robot manipulators that involve forces without acceleration (statics) and force
and acceleration (dynamics). )

-

4.1 INTRODUCTION TO MANIPULATOR
KINEMATICS

In order to develop a scheme for controlling the motion of a manipulator it is
necessary to develop techniques for representing the position of the arm at points
in time. We will define the robot manipulator using the two basic elements, joints
and links. Each joint represents 1 degree of freedom. As discussed in Chap. 2, the
joints may involve either linear motion or rotational motion between the adjacent
links. According to our definitions in Chap. 2, the links are assumed to be the rigid
structures that connect the joints.

Joints are labeled starting from 1 and moving towards the end effector with the
base being joint 1. Figure 4.1 illustrates the labeling system for two different robot
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arms, each possessing 2 degrees of freedom. By the joint notation scheme described
in Chap. Two, the manipulator in Fig. 4.1(a) has an RR notation and the manipulator
in Fig. 4.1(b) has LL rotation.

J2

J
Ll LZ : L2

Ji
e

(@) (b)

Fig. 4.1 Two different two-jointed manipulators: (a) two-rotational joints (RR), (b) two-
linear joints (LL).

We will also use the symbol L, to indicate the length of the link in some of our
equation derivations early in the chapter. Later in the chapter, we define a term used
for computing joint-link transformations. This notation system uses the symbol a,, to
denote the length of a manipulator link.

4.1.1 Position Representation

The kinematics of the RR robot are more difficult to analyze than the LL robot, and
we will make frequent use of this configuration (and extensions of it) throughout
the chapter. Figure 4.2 illustrates the geometric form of the RR manipulator. For the
present discussion, our analysis will be limited to the two-dimensional case. The
position of the end of the arm may be represented in a number of ways. One way is
to utilize the two joint angles 8; and 6,. This is known as the representation in ‘joint’
space and we may define it as

P;=(6,, 6)

Another way to define the arm position is in “world” space. This involves the
use of a cartesian coordinate system that is external to the robot. The origin of the
cartesian axis system is often located in the robot’s base.

P(x, )

Fig. 4.2 A two-dimensional 2-degree of freedom manipulator (type RR).
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The end-of-arm position would be defined in world space as
Py =(x,y)

This concept of a point definition in world space can readily be extended to
three dimensions, that is, P,, = (x, y, z). Representing an arm’s position in world
space is useful when the robot must communicate with other machines. These other
machines may not have a detailed understanding of the robot’s kinematics and so a
‘neutral’ representation such as the world space must be used. In order to use both
representations, we must be able to transform from one to the other. Going from
joint space to world space is called the forward transformation or forward kinematics
while going from world space to joint space is called the reverse transformation or
inverse kinematics.

4.1.2 Forward Transformation of a 2-Degree

of Freedom Arm
We can determine the position of the end of the arm in world space by defining a
vector for link 1 and another for link 2.

r; =[L; cos 6, L, sin 6] 4.1
r, =[L,cos (6, + 6,), L, sin(6;, + 6,)] 4.2)

Vector addition of (4.1) and (4.2) yields the coordinates x and y of the end of the
arm (point P,) in world space

x =L, cos 0 + L, cos (6, + 6,) 4.3)
y :Ll sin 9| +L2 sin(@l + 92) (44)

4.1.3 Reverse Transformation of the 2-Degree
of Freedom Arm

In many cases it is more important to be able to derive the joint angles given the end-
of-arm position in world space. The typical situation is where the robot’s controller
must compute the joint angles required to move its end-of-arm to a point in space
defined by the point’s coordinates. For the two-link manipulator we have developed,
there are two possible configurations for reaching the point (x, y), as shown in Fig.
4.3. This is so because the relation between the joint angles and the end effector
coordinates involve ‘sine’ and ‘cosine’ terms. Hence we can get two solutions when
we solve the two equations as given in the section above. Some strategy must be
developed to select the appropriate configuration. One approach is that employed in
the control system of the Unimate PUMA robot. In the PUMA’s control language,
VAL, there is a set of commands called ABOVE and BELOW that determines
whether the elbow is to make an angle 6, that is greater than or less than zero, as
illustrated in Fig. 4.3. For our example, let us assume the 6, is positive as shown in
Fig. 4.2. Using the trigonometric identities,

cos (A + B) =cos A cos B—sin 4 sin R

sin (4 + B) =sin 4 cos B+ sin B cos 4
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Fig. 4.3 The arm at point P (x, y), indicating two possible configurations to achieve the

position.

we can rewrite Egs. (4.3) and (4.4) as
x =L;cos 8, + L, cos 8; cos 6, — L, sin 0, sin 6,
y =Ly sin 6 + L, sin 6, cos 6, + L, cos 6, sin 6,
Squaring both sides and adding the two equations yields
cos 6, = %

Defining o and B as in Fig. 4.4 we get

L2 sin 92

tanog = ———=—
L2 Ccos 02 + L]

tan 8 =

=<

Using the trigonometric identity

tan A — tan B

tan(4—-B)= ———
1+ tanAtan B

Fig. 4.4  Solving for the joint angles.

(4.5)

(4.6)
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we get

tan 91 _ [y(Ll + L2 COos 92) - XL2 sin 92] (47)
[X(Ll + LZ COS 92) + yL2 sin 92]

Knowing the link lengths L; and L, we are now able to calculate the required joint
angles to place the arm at a position (x, y) in world space.

4.1.4 Adding Orientation: A 3-Degree of Freedom
Arm in Two Dimensions

The arm we have been modeling is very simple; a two-jointed robot arm has little
practical value except for very simple tasks. Let us add to the manipulator a modest
capability for orienting as well as positioning a part or tool. Accordingly, we will
incorporate a third degree of freedom into the previous configuration to develop the
RR:R manipulator shown in Fig. 4.5. This third degree of freedom will represent a
wrist joint. The world space coordinates for the wrist end would be

x =Lycos B, + Lycos(0, + 6,) + Lycos(0, + 6, + 65)
y = L] sin 91 + L2 sin(@l + 02) + L3 Sin(91 + 02 + 03) (48)
v =(6,+6,+06;)
We can use the results that we have already obtained for the 2-degree of freedom
manipulator to do the reverse transformation for the 3-degree of freedom arm. When
defining the position of the end of the arm we will use x, y, and . The angle y is the

orientation angle for the wrist. Given these three values, we can solve for the joint
angles (6, 6,, and 65) using

X3 =x—Ljcos y
y3=y-—Lysiny

Having determined the position of joint 3, the problem of determining 8, and

)\ (x,»)

(3, y3)

Fig. 4.5 The two-dimensional 3-degree of freedom manipulator with orientation (type RR:R).

0, reduces to the case of the 2-degree of freedom manipulator previously analyzed.
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4.1.5 A 4-Degree of Freedom Manipulator in Three
Dimensions

Figure 4.6 illustrates the configuration of a manipulator in three dimensions. The
manipulator has 4 degrees of freedom: joint 1 (type 7 joint) allows rotation about the
z axis; joint 2 (type R) allows rotation about an axis that is perpendicular to the z axis;
joint 3 is a linear joint which is capable of sliding over a certain range; and joint 4 is
a type R joint which allows rotation about an axis that is parallel to the joint 2 axis.
Thus, we have a TRL: R manipulator.

Let us define the angle of rotation of joint 1 to be the base rotation 6; the angle
of rotation of joint 2 will be called the elevation angle ¢; the length of linear joint 3
will be called the extension L (L represents a combination of links 2 and 3); and the
angle that joint 4 makes with the x — y plane will be called the pitch angle w. These
features are shown in Fig. 4.6.

The position of the end of the wrist, P, defined in the world coordinate system for
the robot, is given by

x =cos B(L cos ¢+ Ly cos ) 4.9
y =sin O(L cos ¢ + L4 cos ) (4.10)
z=Li+Lsin ¢+ Lysin y (4.11)

Given the specification of point P (x, y, z) and pitch angle y, we can find any

Py (x4, y4, 24)
P(x, ,2)

Fig. 4.6 A three-dimensional 4 degree-of-freedom manipulator (type TRL:R).

of the joint positions relative to the world coordinate (x4, y4, z4), which is the position
of joint 4, as an example,

x =x—rcos 6(L4 cos V) (4.12)
y4 =y —sin O(L4 cos ) (4.13)
Z4 :Z*L4 Sinl// (414)
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The values of L, ¢, and 6 can next be computed:

L=[x;+yi+(z— L))" (4.15)
. _ Z4—L1
sin ¢ = —— 4.16
(4 T (4.16)
_ )4
cos 0 = — 4.17
7 (4.17)

The example we have just done is simple but not unrealistic. In order for a
robot controller to be able to perform the calculations necessary quickly enough to
maintain good performance they must be kept as simple as possible. The manipulator
kinematics described in this example are very similar to those of the MAKER robot,
by U.S. Robots. The only real difference is that the MAKER’s wrist mechanism has
more than a single joint.

One facet of our approach in the preceding analysis which should be noted by the
reader is that we separated the orientation problem from the positioning problem.
This approach of separating the two problems greatly simplifies the task of arriving
at a solution.

4.2 HOMOGENEOUS TRANSFORMATIONS
AND ROBOT KINEMATICS

The approach used in the previous section becomes quite cumbersome when a
manipulator with many joints must be analyzed. Another, more general method
for solving the kinematic equations of a robot arm makes use of homogeneous
transformations. We describe this technique in this section, assuming the reader has
at least some familiarity with the mathematics of vectors and matrices. Let us begin
by defining the notation to be used.

A point vector, v = ai + bj + ck can be represented in three-dimensional space by
the column matrix

N < X

w

where a = x/w, b = y/w, ¢ = z/w, and w is a scaling factor. For example, any of the
following matrices can be used to represent the vector v = 25i + 10j + 20k.
25 50 12.5
10 20 5.0
or or
20 40 10.0
1 2 0.5

Vectors of the above form can be used to define the end-of-arm position for a
robot manipulator. (If w = 0, then the vector represents direction only.) It is important
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to notice that homogenous transformation is not unique as the coordinates of a point
can be scaled simply by changing the scaling parameter. The three vectors given
above all refer to the same point with different ‘w’!

A vector can be translated or rotated in space by means of a transformation. The
transformation is accomplished by a 4 X 4 matrix H. For instance the vector v is
transformed into the vector u by the following matrix operation:

u = Hv (4.18)

The transformation to accomplish a translation of a vector in space by a distance a
in the x direction, b in the y direction, and c in the z direction is given by

0

H = Trans(a, b, ¢) (4.19)

o = O O
— 0O o Q

1
0
0
0

(=

For the vector v = 25i + 10j + 20Kk, perform a translation by a
distance of 8 in the x direction, 5 in the y direction, and 0 in the
z direction. The translation transformation would be

H Examplef4.1

1 0 0 8
0 0 5

H = Trans(a, b, ¢)
0 010
0 0 01

The translated vector would be

1 0 0 8|25 33
Hy — 01 0 5|]|10 _|15
0 0 1 0/(20 20
00 01 1 1

Rotations of a vector about each of the three axes by an angle 8 can be accomplished
by rotation transformations. About the x axis, the rotation transformation is

10 0 0]
0 6 —-sinf 0
Rot(x, §) =| Y ~51 (4.20)
0 sin® cos6® O
0 0 0 1]
About the y axis,
[(cos® 0 sin@ O]
0 1 0 0
Rot(y, 0) = 421
¢, 9 —sin@® 0 cosf® O ( )
| 0 0 0 1]
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About the z axis,
cosf —sinf 0
sinf@ cosO O
0 1
0 0 0

Rot(z, 6) = (4.22)

- o o O

In concept it is possible to develop the rotation transformation about any vector K,
where K is not one of the major axes x, y, or z of the coordinate system. This rotation
transformation is defined as Rot(K, 6). We present the concept here but leave the
derivation of the transformation itself to books such as R. P. Paul’s [9].

Rotate the vector v = 5i + 3j + 8k by an angle of 90° about the

“ Example 4.2 x axis. The rotation transformation is given by
1 0 0 0
H = Rot(x, 90) = 0 cos90 —sin90 O
0 sin90 cos90 O
0 0 0 1
1 0 0 0|5 5
Hy = 00 -1 0] |3_|-8
01 0 0f]8 3
00 0 1|1 1

In both of the examples, matrix multiplication was carried out to determine the results
of the transformations. In subsequent discussions, we will be performing a series of
matrix multiplications in order to accomplish more complex transformations. It is
important to note that performing two or more transformations in a row will only
yield the same result if the transformations are carried out in the same sequence. In
general,

AB does not equal BA

One final concept important in our discussion of robotics is the concept of the inverse
transformation. Given a transformation of the form,

ny Oy 4y Px

T=|" % Y P (4.23)
nZ OZ aZ pZ
0 0 0 1

The inverse transformation of T, denoted by T, is defined as follows:

ne n, n, —p-n

T ' =|% 9 0z —P0 (4.24)
a, a, a, —p-a
0 0 0 1
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where p - n, p - 0 and p - a represent the dot products of the column vectors n, o, a,
and p. The dot product p - n is the scalar Pyn, + p,n, + p_n.. Similar interpretations
apply to p - 0 and p - a. As the reader might anticipate, the effect of an inverse
transformation T~' is to undo the operation accomplished by the transformation
itself.

A vector v = 3i + 2j + 7k is rotated by 60° about the z-axes of
the reference frame. It is then rotate by 30° about the x-axes of
the reference frame. Find the rotation transformation.

I Example 4.3

cos60 —sin60 0 O]
in 60 60 0 0
H, = R(z 60°) = sin cos
0 0 1 0
0 0 0 1]
1 0 0 0]
0 30 —sin30 0
H, = R(x, 30°) = Cf)S Sin
0 sin30 cos30 O
0 0 0 1
(1 o 0 0][o5 -08 0 0
HH, — 0 05 -08 0//08 05 0 0
0 08 05 0/l0 0 10
K 0 1o o0 o1
(05 -08 0 0]3
H - 04 025 —-0.8 0|2
064 04 05 0]7
0 0 0 11
[-0.1
=[-3.9
| 6.22

(Note: the second rotation is performed about the reference hence the two matrices
are reversed during multiplication (premultiplication)).

A vector v = 3i + 2j + Tk is rotated by 60° about the z-axes of
the reference frame. It is then again rotated by 30° about the
x-axes of the rotated frame. Find the rotation transformation.

[ Example ,4.4

(Note: As the second rotation is about the rotated frame the multiplication order does

not reverse).
c0s60° —sin60

sin60  cos60
0
0 0

H, = R(z, 60°) =

S = O O
- o O O
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1 0 0 0
H, = R(x, 30°) = 0 09530 —sin30 0
0 sin30 cos30 O
0 0 0 1
[05 =08 0 01 0 0 O
HH, - 0.8 05 0 0//0 05 -08 0
0 0 1 0flo0 08 05 0
(0 0 0 1[0 0 0 1
(0.5 -04 +0.6 0
_108 025 0 0
0 08 05 0
[0 0 0 1
[0.5 0.4 06 0][3
H— 08 025 0 0f[2(_[49
0 08 05 07 2.9
L0 0 0 1]t 5.1

A vector v=2i+ 5j + 3k is rotated by 60° about the z-axes and
translated by 3, 4 and 5 units in the x, y and z directions
respectively. Find the vector with reference to the reference frame.

Example 4.5

The homogeneous transformation matrix is given by
cos60 —sin60 0 3

H = sin60 cos60 0 4

0 0 1 5

0 0 0 1

The vector is given as

05 -08 0 3|2 0
108 05 0 4|5 8.1
1o o0 1 5|3 |80
0 0 0 1|1 -1

4.2.1 Kinematic Equations Using Homogeneous
Transformations
The transformation T in the previous subsection is of the form
nx 0}( ax pX
T=|" 9% Py
nZ OZ aZ pZ
0 0 0 1

o a

<
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We can consider T to consist of four column vectors. These four vectors can be
used to define the position and orientation of the end of a robot manipulator. This
definition is illustrated in Fig. 4.7 for a hand or end effector attached to the robot arm.
The vector p represents the position of the end of the arm with respect to the base
frame. The three vectors, n, o, and a, specify the orientation of the end effector. The
a vector is called the approach vector, and it points in the direction of the wrist. The
o vector is called the orientation vector. It specifies the orientation of the hand from
one finger to the other. The third vector, n, is the normal vector to o and a. Together
the three vectors form a coordinate frame relative to the base frame. Respectively, the
n,o, and a vectors constitute the x, y, and z axis of the end effector frame.

Fig. 4.7 The vectors o, a, n, and p for a robot manipulator.

The position and orientation of the end of a manipulator can be described as
the product of » homogeneous transformations, one for each of the » joints of the
manipulator. Similarly, the position of each and any joint in the robot arm can be
considered as the product of transformations describing the rotations and translations
of the preceding joint-link combinations.

A commonly used convention for systematically assigning frames for robots is the
Denavit-Hartenberg or D-H convention. It consists of four parameters to define the
relation between one frame and the next. The four parameters or variables are the link
length, twist angle, angle and offset distance. Figure 4.8 illustrates the four variables
affected by the joint-link combination. The length of the link, a,, is defined as the
distance along the line that is mutually perpendicular to the axes of two adjacent
joints. The twist between the axes of the joints in a plane perpendicular to a,, is the
angle ¢,. The distance d, is the distance between the normal a, and a,_; of the two
links. This is sometimes referred to as the joint offset. In the case of a linear joint,
this is the joint variable. The angle 6, is the angle between the links measured as the
angle between the normals a, and a,,_; in the plane normal to the axis of the joint. The
position and orientation of joint » is completely defined with respect to joint n — 1 by
the four parameters a,, ,, 8, and d,,.

We can assign a coordinate frame to each link and establish the relationships
between succeeding links using transformations for each of the four variables. The
origin of the coordinate frame for link » is imbedded at the intersection of the axis, z,,,
for the joint » — 1 and the common normal, a,, from joint » to joint » + 1. That is, the
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frame is imbedded at the end of the link in the successive joint. This is accomplished
using:

A rotation of angle 6, about the z,,_; axis

A translation of distance d, along z,,_,

A translation along x,, by a length a,,

A rotation about x,, by a twist angle 7,

Using the transformations defined previously for rotation and translation, we can
develop the transformation which relates the coordinate frame of link »

Zn—1

Fig. 4.8 The variables in a link using the notation of Paul [9]. The rules used to define the
notation are: l. Axis z,_; defines the position of the axis of rotation for joint J,, z,, for
Jjoint J,,.;, and so forth. 2. Axis x,,_; is selected to be an extension for the common
perpendicular line of length a,_; between consecutive joints z,,_, and z,_;. 3. The
axis y,_; is selected to provide a right-hand coordinate system with the other axes.
4. Axis x,, is an extension of the common perpendicular line of length a,,.

with link #» — 1. For example, the homogeneous transformation A, describing the
position and orientation of the coordinate frame of the second link with respect to the
coordinate frame of the first link is written

A, =Rot(z; 6,)t Trans(0, 0, d,) Trans(a,, 0, 0) Rot(x,, )

In general, this transformation is referred to as the A matrix. In practice, the
subscripts in the preceding equation are usually suppressed and the equation for the
A matrix is written

A, =Rot( z;, 6,) Trans(0, 0, d») Trans(a,, 0, 01 Rot(x,, t,)

For a rotational joint, this transformation reduces to the following:

cos® —sinfcost sinfsint acosb
sin@ cosOcost —cosfsint asinf
An = . (4.25)
0 sin ¢ cos ¢ d

0 0 0 1
For a linear joint, the value of a = 0 in Eq. (4.25).
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The description of the end of a link with respect to the robot reference frame

(world space) can be described as the link coordinate frame T, where
Tn = A]A2 An

(4.26)

In order to calculate the T matrix we must first find the » A matrices. This is
accomplished by substituting for the values of a, 6, d, and 7 in Eq. (4.25). Let us do
this for the three-jointed arm shown in Fig. 4.9. First, the parameters for each link

must be defined. These values are presented in Table 4.1.The A matrices are

cosf 0 —-sing O
A = sin6p 0 cos6 O 4.27)
0 -1 0 0
0 0 0 1
20
22
6y /
(0,0, 0)
Base frame
6
Ji
Fig. 4.9 A three-dimensional 3-degree of freedom manipulator (type TRL).
Table 4.1 Link parameters
Link variable t a d
1 0, —90° 0 0
2 6, 90 0 0
3 6, 0 0 ]
[cos® 0 sinB, 0
A, = sin@, 0 —cos6, O (4.28)
0 1 0 0
. 0 0 0 1
1 00 O
01 0 O
Aj; = (4.29)
0 0 1 ds
10 0 0 1
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In a similar way, we can define the frame of any link » with respect to any other
preceding link m.

", = Ay .. AyA, (4.30)

To illustrate, we can write the following for the manipulator in our example:

1 00 O
010 O
2Ty = (4.31)
0 0 1 d;
0 0 0 1
Since
T, = AT, (4.32)
we get
cosf, 0 sin6, d;sin 6,
I, = sin@, 0 —cosB, —djcos6, 4.33)
0 1 0 0
0 0 0 1
and
cos Bcos B, —sinf; cosOsinf, dscosb;sinb,
0T3 _ |sin 91. cosf, cosB sin6;sinf, d;sinHsinb, (4.34)
—sin 6, 0 cos 0, djcos 6,
0 0 0 1

In the preceding example the position and orientation of the end-of-arm were
determined with respect to the base frame. It is possible to determine the location
of the end of the arm with respect to other coordinate frames by “premultiplying”
Eq. (4.34) by the transformation relating the arm’s base frame to the new base
frame. Additionally, we can develop a more complicated arm by ‘postmultiplying’
Eq. (4.34) with the transformations describing the additional links that might be
contained in the wrist. In some cases, we may wish to define the specific tool at the
end of the arm. This can also be described by a transformation. Figure 4.10 illustrates
a robot workcell including a manipulator, a camera, and a set of tools. The camera is
positioned in one, coordinate frame and the arm is positioned in another. The arm’s
base frame is related to the camera’s by the transformation C. The arm is described
by the transformation A and the tools by G,,. The position of the end of a tool with
respect to the camera’s base frame would be given by

T = CAG,, (4.35)
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et le] k.

Fig. 4.10 A4 simple robot workcell.

4.2.2 Solving the Kinematic Equations

It is desirable to be able to determine the joint positions required by the manipulator
to reach a desired endpoint. Before explaining the procedure for doing this, let us
introduce an analysis technique known as the transform graph.

Figure 4.11 illustrates the transform graph for the manipulator shown in Fig. 4.9
and described in the previous subsection. The transform graph shows the two ways
of getting from the base frame 0 to the end-of-arm frame. One way is along the path
represented by T; and the other is along the path A;A,A5. We always travel along the
direction of the arrows in a transform graph. If we wish to travel against the arrows,
we must use the inverse of the transform. That is, in our example, we could travel
along the path AT} to get to the end of the arm.

If we begin at one point on the graph and end at a second point there are always
two paths that we can follow. The transform products represented by these two paths
are equivalent. That is

ATy =Ty (4.36)

A]IA21A3IT3
I l [

Fig. 4.11  Transform graph for manipulator of Fig. 4.9

or
ATTATIT, =T (4.37)

and so forth.
We can make use of these equivalents to solve for the joint positions given the
end-of-arm position in the form of T in Eq. (4.23). Substituting Eq. (4.27)
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cosf sin6 0 0
-1
Al = . 0 0 0
—sin@ cosf 0 0O
0 0 0 1

Substituting Eqgs. (4.38), (4.23), and (4.33) into (4.36) we get
ql g2 g3 g4 cosf, 0 sinb, d3sin 0,

-n, -0, —a, -p,| |sinB, 0 —cosB, -—dscosb,
q5 g6 g7 g8 0 1 0 0
0 0 0 1 0 0 0 1
where gl =n, cos 6, +n,sin 6,

g2 =o,cos 6; +o,sin 6,
g3 =ay cos 6; +a,sin 6

g4 = p, cos 6, +p, sin 6,

g5 =—n,sin 6 +n, cos 6,
g6 =—o,sin 6, + 0, cos 6,
q7 =—a,sin 6, + a, cos 6,

g8 =—p,sin 6, +p, cos 6,
we can use this to solve for 8, 6,, and d. From Eq. (4.39) we see that

g2 =0, co0s 6; +o,sin 6, =0

so that
o
tan 6, = ——=
Oy
we can also see that
sin 6, =—n,
and
—cos 6, =—a,
so that
n
tan 6, = ——=
aZ
and finally,
d3 — Pz
cos 0,

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

The solution was obtained in a relatively straightforward manner because of the
simple configuration of our 3-degree of freedom arm. In cases where the manipulator
is more complex kinematically it may be necessary to use more of the equivalents

obtained using the transform graph.
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4.2.3 A Discussion on Orientation

The use of the o, a, and n terms as direction vectors to describe the orientation of
the wrist is sometimes difficult. Another technique for describing the orientation of
the robot end effector involves the use of roll, pitch, and yaw. These are the same
terms defined in Chap. 2 as the three possible degrees of freedom associated with
the wrist motion. They were illustrated in Fig. 2.11. In our present discussion we
can define these terms more precisely as the angles that are associated with these
degrees of freedom. Specifically, roll, pitch, and yaw are, respectively, the angles of
rotation of the wrist assembly about the z, y, and x axes of the end-of-arm connection
to the wrist. The definitions are illustrated in Fig. 4.12. The end-of-arm connection
constitutes a coordinate reference frame.

Given a, 0, and n, we can find the roll, pitch, and yaw for the wrist mechanism
using the following equations:

Roll = arctan -2 (4.46)
nx

z

-))

Robot arm at
connection to wrist

Fig. 4.12  Roll, pitch, and yaw for a manipulator wrist mechanism (Refer to Fig. 2.11 in
Chap. 2).
. -n
Pitch = arctan = (4.47)
nycos(roll) + n,,sin(roll)

a,sin(roll) — a, cos(roll)

Yaw = arctan (4.48)

0, cos(roll) — o,sin(roll)

A derivation and explanation of these results is presented in Paul [9].

4.3 MANIPULATOR PATH CONTROL

In controlling the manipulator, we are not only interested in the endpoints reached by
the robot joints, but also in the path followed by the arm in traveling from one point
to another in the workspace.

4.3.1 Motion Types

There are three common types of motion that a robot manipulator can make in
traveling from point to point. These are slew motion, joint-interpolated motion, and
straight line motion.
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Slew motions represent the simplest type of motion. As the robot is commanded
to travel from point 4 to point B, each axis of the manipulator travels as quickly as
possible from its respective initial position to its required final position. Therefore, all
axes begin moving at the same time, but each axis ends its motion in an elapsed time
that is proportional to the product of its distance moved and its top speed (allowing
for acceleration and deceleration). Slew motion generally results in unnecessary
wear on the joints and often leads to unanticipated results in terms of the path taken
by the manipulator.

4.3.2 Joint Space Schemes

In this scheme the path shapes in space and time are written as functions of joint
angles. This has the added advantage that there is no continuous correspondence
between joint space and cartesian space. Hence there is no problem of singularity
avoidance etc.

Assuming that we need to move the tool end effector from the present position to
the final position, it is required to find a smooth function of the joint angles. From
Inverse kinematics the joint angles at the initial 6; and final position 6,can be found.
As shown in Fig. 4.13 the initial and final angle can be connected by many different
functions.

li ly
Fig. 4.13  Curves connecting initial and final point.

A cubic polynomial has the form

0(1) = ay + art + ast* + azt° (4.49)
The velocity and acceleration can be expressed by
6(t)) = ay + 2ast + 3ay’’ (4.50)

6(1) = 2as + 6at
When a link moves it starts from rest and stops at rest, hence the initial and final
velocities have to be zero at initial time ¢ and final time 7,

6(0) =0
(1) =0
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Hence, combining the two velocity constraints and two position constraints (start
position and end position) and using equation (1) we get following equations:

6; =a
O, = ay + ayty+ asty + aty
0=a,
0 =ay+2azt;+3ay tjzr
Solving the four equation, we have
ay =6;

Cl2=0

3
a3 =— (6, - 6)
tf

2
0y =— = (6, - 6)
Iy
ﬁ One link of a manipulator is expected to move from 6; = 20° to
Example 4.6 0 =90° in 5 seconds.
Find the coefficients of a cubic polynomial that brings the manipulator to rest at the
end point (6).

I‘ﬁ 4.7 A robot arm having one degree of freedom (revolute joint)
Xample <. is stationary at 8= 0°. It is required to more it to 8= 60° in

5 seconds. Find the coefficients of a cubic that accomplishes this motion and
brings the manipulator to rest at the goal point.

As given:
Initial angle 6; = 0°
Final angle 6, = 60°
Time ¢ =5 secs.
Let the cubic polynomial be:
0() =agtat+a, 2+ ag,l‘3
Solving we have
apg = 0
a) = 0

3 3
4y = > (8- 6,) = = (60— 0) = 7.2
2 tz(f ) 25( )

2 2
a3 =— = (8,— 8)=— —— (60— 0) =—0.96
5= 5 (6= 0) == 2(60-0)

The required cubic polynomial is given by
(1) = 7.2t — 0.96¢°

Straight line interpolation motion requires the end of the manipulator (or end
effector) to travel along a straight path defined in cartesian coordinates. This is the
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most demanding type of motion for the controller to execute, except for a cartesian
coordinate (LLL) robot. For manipulators with rotational joints, most straight line
motions are unnatural and the controller must compute the sequence of incremental
joint rotations required for the end-of-arm to move in a linear fashion. The
transformation developed in the last section are useful in determining the joint angles
required to follow the straight line path. To command the arm to travel from point
A to point B along a linear path, the series of intermediate transformations along the
path must be computed. These transformations would be a certain distance apart,
the distance determined to allow enough time for the robot controller to calculate
the transformations and to solve the arm kinematics. The time between calculations
has several implications regarding the dynamics of the arm. Since each calculation
results in a new command position for the end-of-the-arm, these calculations must
be carried out quickly enough so that the new commands do not set up impulses
that could result in oscillation of the arm. Generally, this means that the calculations
should be performed at a rate of about 10 times the natural frequency of the arm
(typically, at about 50 Hz). In addition, since the arm will be joint-interpolating the
moves between calculations, the accuracy with which the end-of-arm will follow the
desired straight line trajectory is a function of how frequently the points along the
straight line path are computed relative to the arm velocity.

Straight line interpolation is very useful in applications such as arc welding,
laying adhesives along a straight path, and inserting a peg into a hole in an assembly
operation. We shall return to the issue of motion interpolation in Chap. 8 on robot
programming.

4.4 ROBOT DYNAMICS

Accurate control of the manipulator requires precise control of each joint. The
control of the joint depends on knowledge of the forces that will be acting on the
joint and the inertias reflected at the joint (the masses of the joints and links of the
manipulator). While these forces and masses are relatively easy to determine for a
single joint, it becomes more difficult to determine them as the complexity of the
manipulator increases. We will explore these issues using the two-axis manipulator
developed earlier. Our purpose is to introduce this problem area to the reader rather
than to analyze its complexities in detail.

4.4.1 Static Analysis

Let us begin by considering the torques required by the joints to produce a force F at
the tip of the robot arm as shown in Fig. 4.14. By balancing the forces on each link
we get

Fi-F,=0 4.51)
and

F,-F =0 (4.52)

That is,

F =F,=F (4.53)
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Fig. 4.14 Two-link arm forces and torques.

The torques are the vector cross-products of the forces and the link vectors r as
developed earlier in Egs. (4.1) and (4.2) so that
Tl = T2 + I X F (454)
and
Tz =r, X F (455)
Therefore we can state
T] = (l'l + rz) X F (456)
If F =(F,,F,), then Eq. (4.57) can be written as
Tl = [L] Ccos 91 +L2 COS(@] + 02), [Ll sin 91 +L2 Sil’l(el + 92)] X (FX, Fy) (457)
Since the vector cross-product (a, b) X (¢, d) is ad — bc we get
T, =[Ljcos 6, + L, cos(6, + 6,)] X F,—[L; sin 6, + L, sin(6;, + 6,)] X F,
(4.58)
and
T2 = Lz COS(Q], + 62) X Fx —L2 sin(91 + 92) X Fy (459)
Therefore, given a force vector F = (F, F}), the torques required by each joint to
generate that force at the tip can be computed using the preceding analysis.
In order to calculate the force generated by the end of the arm given the joint
torques we must solve the equations for F, and F,. The solution is obtained by first
subtracting Eq. (4.59) from Eq. (4.58). We can then substitute for F), using the value in

Eq. (4.59). This results in an expression for F', T}, T, 6, and 6,. After simplification
using trigonometric identities as outlined earlier we get

_ TiLycos(6; + 6,) — T(L cos 6, + Ly cos (6, + 6,))
L1L2 sin 92

F, (4.60)
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Similarly, F, is determined as

Fy _ TiLz Sin(Ol + 92) — T2(L1 sin 01 + L2 sin(@l + 62))
LL,sin 6,

The technique previously described for kinematic analysis of torque can be
extended to more joints. The ability to determine the joint torques and the components
of forces applied at the wrist or tool are useful for controlling the arm when it must
contact the environment. In Chap. 6 we consider various sensors that can be used to
measure forces and torques in robotic applications.

4.61)

4.4.2 Compensating for Gravity

Gravity was ignored in the previous analysis. It can be included by adding the forces
exerted by gravity on each link to the force balance equations in the previous section.
Figure 4.15 shows the manipulator with the force vectors F,; and Fy, acting at the
center of each link, where the links have masses m; and m,. Balancing the forces due
to gravity only we get

Fig. 4.15  Gravity forces and torques.

F, =m,g (4.62)
Fl =F2+m1g (463)

As we did before, the cross-products of the link vectors r and the forces give us the
torque due to gravity on each joint so that

—mn Xg

T = 2278 (4.64)
_ glmyLycos(6, + 6,)]
2
L
and T, =g [(% + mszl cos O, + %@4—62)} (4.65)

If the manipulator is acting under gravity loads then these torques must be added
to the joint torques to provide a desired output force. The obvious point of this is that
if the arm can be constructed with as lowa mass as possible more of the motor torque
will be used to provide forces at the end of the arm for doing useful work, rather than
just supporting the mass of the links.
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4.4.3 Robot Arm Dynamics

The topic of robot dynamics is concerned with the analysis of the torques and
forces due to acceleration and deceleration. Torques experienced by the joints due
to acceleration of the links, as well as forces experienced by the links due to torques
applied by the joints, are included within the scope of dynamic analysis. Solving
for the accelerations of the links is difficult due to a number of factors. For one, the
acceleration is dependent on the inertia of the arm. However, the inertia is dependent
on the configuration of the arm, and this is continually changing as the joints are
moved. An additional factor that influences the inertia is the mass of the payload and
its position with respect to the joints. This also changes as the joints are moved. Figure
4.16 shows the two-link arm in the maximum and minimum inertia configurations.

J2

Ji

7 7

(a) (b)

Fig. 4.16 Arm inertias: (a) Minimum inertia about J;, (b) Maximum inertia about J,.

The torques required to drive the robot arm are not only determined by the static
and dynamic forces described above; each joint must also react to the torques of
other joints in the manipulator, and the effects of these reactions must be included in
the analysis. Also, if the arm moves at a relatively high speed, the centrifugal effects
may be significant enough to consider. The various torques applied to the two-jointed
manipulator are illustrated in Figure 4.17. The picture becomes substantially more
complicated as the number of joints is increased.

J3

T| =J; torque
T, = J, torque
T3 = J; torque
T, = Centrifugal effect of J; on J;
T3, = Reaction of T3 by J,

: T3 = Centrifugal effect of J; on J3
\4—/ T53 = Effect of J, on J3

Fig. 4.17 Dynamic forces and torques for a TRR robot.
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Dynamics There are many different approaches to computing the dynamics of a
robot arm. In this section we will briefly discuss about the Newton—Euler method and
the Euler-Lagrangian formulation. The newton—Euler method is a ‘force balance’
approach while the Euler—Lagrangian approach is an ‘energy-based’ approach. In the
Newton—Euler formulation we are required to first compute the linear and angular
accelerations of the mass centres of each link. Then the inertia forces and torques
acting at the centre of each link is calculated as:

Fi =m \.71'

Ni ZIWI'JFWZ‘XIW,'
where F; is the force and N, is the torque (moment) acting at the mass centre of each
link ‘#°, v; and w; are the linear velocity and angular velocity of each link centre ‘I’
is the inertia tensor of each link. After computing all the forces and moments the
torques acting at each joint is found by taking the Z component of the torque ‘7’
applied by one link on the other.

T, = NiZi

In the Lagrangian formulation we derive the equation of motion using a scalar

function called the Lagrangian, which is the difference between the kinetic and
potential energies of each link. The scalar Lagrangian function is written as

L =KE-PE
where KE and PF are the kinetic and potential energies of the link. The kinetic energy
of a link is given as

KE; = l m,-v,-2 + l w,-TIw,-
2 2

While the potential energy of the link is given by
PE =—mg P;
where ‘g’ is the gravity vector that normally points downwards hence the negative

sign, and P; is the position of the centre of the link.
The equation of motion of the manipulator is then derived from by

d (8_Lj _oL
dt\06) 00
where ‘7’ is the vector of joint torques. Using the Lagrangian formulation the final
equation of motion takes the form.
D(6) 6 +H(6,0)+(0) + F =Z
where D(6) 6 = inertia forces
H(6, é) = corioles and centrifugal forces
C(6) = gravity forces
F = joint friction or external forces.

Normally a computer program is required to find the dynamic torques of a large
manipulator.
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4.5 CONFIGURATION OF A ROBOT
CONTROLLER

If the control requirements outlined in Chap. 3 and the present chapter are combined,
we can develop a general configuration for a robot controller. The elements needed
in the controller include: joint servocontrollers, joint power amplifiers, mathematical
processor, executive processor, program memory, and input device. The number of
joint servocontrollers and joint power amplifiers would correspond to the number of
joints in the manipulator. These elements might be organized in the robot controller

as shown in Fig. 4.18.
( I/O device )

Program Executive Mathematical
memory processor processor
J Jo J3 Jy
Servo- Servo- Servo- Servi
controller controller controller cont
Power Power Power Additional
amplifier amplifier amplifier joints
Joints Joints Joints
actuator actuator actuator

Fig. 4.18 General robot controller element.

Motion commands are executed by the controller from two possible sources:
operator input or program memory. Either an operator inputs commands to the
system using an input device such as a teach pendant or a CRT terminal, or the
commands are downloaded to the system from program memory under control
of the executive processor. In the second case, the set of commands have been
previously programmed into memory using the operator input device(s). For each
motion command, the executive processor informs the mathematical processor of the
coordinate transformation calculations that must be made. When the transformation
computations are completed, the executive processor downloads the results to
the joint controllers as position commands. Each joint controller then drives its
corresponding joint actuator by means of the power amplifier.
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Microprocessors are typically utilized in several of the components of a modern
robot controller. These components include the mathematical processor, the execu-
tive processor, the servocontrollers, and the input device. Each of the control boards
makes use of a common data buss and address buss. The microprocessors communi-
cate with each other by sending messages into common areas in the system memory.
This architecture provides several advantages in the design of the controller. These
advantages include commonality of components, expansion of the system to more
joints, and information flow between joint control elements. For example, the control
configuration would permit the sharing of feedback information among the various
joints, thus providing the opportunity to develop algorithms for improving the indi-
vidual joint dynamics.

roblems

Problems 4.1 through 4.12 deal with the issues discussed in Sec. 4.1 related to
determining the positions in space of a manipulator with multiple joints.

4.1 Consider the forward transformation of the two-joint manipulator shown in
Fig. 4.2 in the text. Given that the length of joint 1, L; = 12 in., the length of
joint 2, L, = 10 in., the angle 6; = 30°, and the angle 6, = 45°, compute the
coordinate position (x and y coordinates) for the end-of-the-arm P,,.

4.2 Tt is desired to determine the values to which the angles 6; and 6, must be set
in order to achieve a certain point in space for the manipulator shown in Fig.
4.2. The length of joint 1, L; = 12 in., the length of joint 2, L, = 10 in. The
point P,, which the robot must achieve is defined by the coordinates x = 15.7
and y = 12.6. Using the reverse transformation methods described in Sec. 4.1,
determine the angles. 8, and 6, required to achieve the point in the ABOVE
configuration as pictured in Fig. 4.3.

4.3 Solve Prob. 4.2 except the manipulator is to be in the BELOW configuration
as pictured in Fig. 4.3.

4.4 Tt is desired to determine the values to which the angles 6, and 6, must be set
in order to achieve a certain point in space for the manipulator shown in Fig.
4.2. The length of joint 1, L, = 12 in., the length of joint 2, L, = 10 in. The
point P,, which the robot must achieve is defined by the coordinates x = 6.0
and y = 12.0. Using the reverse transformation methods described in Sec. 4.1,
determine the angles 0, and 6, required to achieve the point in the ABOVE
configuration as pictured in Fig. 4.3.

4.5 Solve Prob. 4.4 except the manipulator is to be in the BELOW configuration
as pictured in Fig. 4.3.

4.6 Consider the manipulator shown in Fig. 4.6. Suppose the links and joints of
the manipulator had the following settings:

Length of link L, = 10.0 in.
Length of the extension link L = 15.0 in.
Length of link 4, L, = 3.0 in.
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4.7
4.8

4.9

4.10

4.11

4.12

4.13

4.14

Base angle 6= 0°
Elevation angle ¢ = 20°
Pitch angle w = 34°
Determine the coordinates of the resulting point P at which the end-of-arm
would be located.
In Prob. 4.6, determine the x, y, and z coordinates of joint 4.
In the manipulator shown in Fig. 4.6, the end-of-the-arm is positioned at
the point defined by x = 18.0 in., y = 0, and z = 21.0 in. If the pitch angle
y=45°, and link 4 is 2.0 in. long the length of link 1 is 12.0 in., determine the
position of joint 4, defined as point P,. Also, determine the values of the other
manipulator parameters, length L, and angles 6 and ¢.
For the manipulator shown in Fig. 4.6, the end-of-the-arm is positioned at
a point defined by x = 16.0 in., y = 5.0, and z = 21.0 in. If the pitch angle
v = 45°, and link 4 is 2.0 in. long, the length of link 1 is 12.0 in., determine
the position of joint 4, defined as point P,. Also, determine the values of the
other manipulator parameters, length L, and angles 8 and ¢.
Write a computer program that will calculate and print out the x, y, and z
coordinates for the manipulator illustrated in Fig. 4.6, given the specification
of the following parameters: the length of link L, the length of the extension
link Z, the length of link 4, L,, the base angle 0, the elevation angle ¢, and the
pitch angle, .
Write a computer program that will calculate and print out the values of the
manipulator parameters L, 6, and ¢, given the specification of the end-of-arm
position (x, y, and z coordinates) and the pitch angle y. The length of the link
1, L; = 12.0 in., and the length of link 4, L4 =4.0 in.
Do Prob. 4.11 except that it is known that the range of values which the length
L(links 2 and 3) can assume is from 12.0 to 20 in. Include in the program a
calculation routine that will determine whether the input values of x, y, and
z constitute a point that is outside the work volume of the manipulator. It the
input values are outside of the work volume, the program should print out an
appropriate error message.
Problems 4.13 through 4.24 are concerned with the homogeneous

transformations discussed in Sec. 4.2.
For the point 3i + 7; + 5k perform the following operations:

(a) Rotate 30° about the X axis.

(b) Rotate 45° about the Y axis.

(c) Rotate 90° about the Z axis.

(d) Translate 8 units along the Y axis.

(e) Rotate 30° about X, then translate 6 along Y.

(f) Translate 6 along Y, then rotate 30° about X.
Perform the same operations as in Prob. 4.13 for the point — 3i + 7/ — 5k.
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4.15 Find the inverse of the matrices given below:

0 10 5 3
1 5 32

a
@ 0 1 51
0 0 01
2 3 45
1 2 3 4

b
® 1 3 57
0 0 01

4.16 Multiply the matrices in Prob. 4.15 with the solutions. The result should be the

identity matrix.

4.17 Develop the A matrices for Prob. 4.13(e) and 4.13(f).

4.18 Find the inverse matrices for the solutions to Prob. 4.17.

4.19 Find the A matrices for the manipulator in Fig. P4.19 using the link parameters
given in Table P4.19.

Fig. P4.19

Table P4.19 Link parameters for manipulator in Fig. P4.19.

Link Variable t a d
1 6 —90° 0
2 6, 0 0 dy
3 6, 0 as ds
4 6, —90° ay
5 65 —90°
6 65 90°

4.20 Find the inverses of the A matrices in Prob. 4.19.
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4.21

4.22

4.23

4.24

Find the following for the manipulator in Fig. P4.19:

@ °Ts ®) *Tg © T

(@ *Ts @ 'Ts ® T

Consider the coordinate frames O, A, B, and C shown in Fig. P4.22, where
O is the reference frame. Determine, either by inspection or by means of Eq.
(4.25) in the text, the homogeneous transforms corresponding to frames A, B,
and C with respect to O.

N

8
6
4 y C
2

T
2 4.6 8 1012114 |Sunits

S e A R — Y

Fig. P4.22

Consider a jointed-arm robot manipulator with its x, y, and z axes aligned with
a reference cartesian coordinate frame but located at (x, y) = (10 ft, =5 ft). The
end-or-arm of the robot is currently at (x, y, z) = (12 ft, 2 ft, 2.5 ft) relative to
the reference coordinate frame. An end effector of 10 in. in length is attached
to the end-of-arm and is pointing vertically down. Relative to the tip of the end
effector is a cube, with 6 in. on a side, and with its nearest corner positioned
+ 1 ft in the x direction, +2 It in the y direction, and 0 ft in the z direction from
the tip of the end effector.

(a) Make a sketch of the workcell.

(b) Identify all transforms numerically.

(¢) Show by means of the transform graph how you would solve for the

transform for the cube relative to the end effector. That is, determine all
transforms needed to find the transform of the cube relative to the end

effector.
Consider the prism shown in Fig. P4.24. The positions of the prism vertices
have been indicated relative to the reference axis system. Positions are given
in meters. From its current position, the prism is rotated 90° about the z axis,
followed by a 90° rotation about the y axis, followed by a translation of —2 m
in the x direction.
(a) Define the transformation which describes the change in position of the
prism. That is, determine the 4 X 4 homogeneous transform for the move.
(b) What are the new coordinates of the vertices of the prism after the move?
(¢) What is the inverse transform and how should it be interpreted?
The following problems are concerned with motion of multiple joints in a
robot manipulator (Sec. 4.3).
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4.27

4.28

4.29

4.30
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(-1,2,2)
(-1,2,0)
® (-1,4,0)

| i
//@ 1200 (140)
X

Fig. P4.24

(1,2,2)

A jointed-arm robot of configuration VVR is to move all three axes so that
the first joint is rotated through 50°, the second joint is rotated through 90°,
and the third joint is rotated through 25°. Maximum speed of any of these
rotational joints is 10°/s. Ignore effects of acceleration and deceleration.
(a) Determine the time required to move each joint if slew motion is used.
(b) Determine the time required to move the arm to the desired position and
the rotational velocity of each joint, if joint-interpolated motion is used.
Solve Prob. 4.25 under the condition that the three joints move at different
rotational velocities. The first joint moves at 10°/s, the second joint moves at
25°/s, and the third joint moves at 30°/s.
A Cartesian coordinate robot of configuration LLL is to move its three axes
from position (x, y, z) = (0, 5, 5) to position (x, y, z) = (20, 35, 15). All distance
measures are given in inches. The maximum velocities for the three joints are,
respectively, 20 in./sec, 15 in./sec, and 10 in./sec.
(a) Determine the time required to move each joint if slew motion is used.
(b) Determine the time required to move the arm to the new position and the
velocity of each joint, if joint-interpolated motion is used.
Do Prob. 4.27 except that acceleration and deceleration must be considered.
Assume that the rate of acceleration and deceleration is known to be 30 in./
sec/sec for each of the the three linear joints.
A Single link manipulator is to move from an initial angle of 20° to a final
angle to 90° in 3 seconds. If the manipulator is at rest at the strart and final end
positions, find the coefficients of a cubic that describes this motion.
A single link manipulator is to be moved from an initial angle of 15° to a final
angle of 90° via a path point at 60°. Find the coefficients of two polynomials
that are connected at the via point with continuous acceleration at the via
point. The robot cover the first segment (15° to 60°) in 2 Sec and the second
segment (60° to 90°) in 15 seconds.
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Robot end Effectors

Introduction

An end effector is a device that attaches to the wrist of the robot arm and enables
the general-purpose robot to perform a specific task. It is sometimes referred to
as the robot’s ‘hand.” Most production machines require special-purpose fixtures
and tools designed for a particular operation, and a robot is no exception. The end
effector is part of that special-purpose tooling for a robot. Usually, end effectors
must be custom engineered for the particular task which is to be performed.
This can be accomplished either by designing and fabricating the device from
scratch, or by purchasing a commercially available device and adapting it to the
application. The company installing the robot can either do the engineering work
itself or it can contract for the services of a firm that does this kind of work. Most
robot manufacturers have special engineering groups whose function is to design
end effectors and to provide consultation services to their customers. Also, there
are a growing number of robot systems firms which perform some or all of the
engineering work to install robot systems. Their services would typically include
end effector design.

- J

5.1 TYPES OF END EFFECTORS

There are a wide assortment of end effectors required to perform the variety of
different work functions. The various types can be divided into two major categories:

1. Grippers
2. Tools

Grippers are end effectors used to grasp and hold objects. The objects are generally
workparts that are to be moved by the robot. These part-handling applications include
machine loading and unloading, picking parts from a conveyor, and arranging parts
onto a pallet. In addition to workparts, other objects handled by robot grippers include
cartons, bottles, raw materials, and tools. We tend to think of grippers as mechanical
grasping devices, but there are alternative ways of holding objects involving the use
of magnets, suction cups, or other means. In this chapter we will divide grippers
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according to whether they are mechanical grasping devices or some other physical
principle is used to retain the object. Section 5.2 examines the different types of
mechanical gripper used in robotics, and Sec. 5.3 explores the various grippers that
use a means of retention other than mechanical.

Grippers can be classified as single grippers or double grippers although this
classification applies best to mechanical grippers. The single gripper is distinguished
by the fact that only one grasping device is mounted on the robot’s wrist. A double
gripper has two gripping devices attached to the wrist and is used to handle two
separate objects. The two gripping devices can be actuated independently. The
double gripper is especially useful in machine loading and unloading applications.
To illustrate, suppose that a particular job calls for a raw workpart to be loaded from a
conveyor onto a machine and the finished part to be unloaded onto another conveyor.
With a single gripper, the robot would have to unload the finished part before picking
up the raw part. This would consume valuable time in the production cycle because
the machine would have to remain open during these handling motions. With a
double gripper, the robot can pick the part from the incoming conveyor with one
of the gripping devices and have it ready to exchange for the finished part. When
the machine cycle is completed, the robot can reach in for the finished part with the
available grasping device, and insert the raw part into the machine with the other
grasping device. The amount of time that the machine is open is minimized.

The term multiple gripper is applied in the case where two or more grasping
mechanisms are fastened to the wrist. Double grippers are a subset of multiple
grippers. The occasions when more than two grippers would be required are
somewhat rare. There is also a cost and reliability penalty which accompanies an
increasing number of gripper devices on one robot arm.

Another way of classifying grippers depends on whether the part is grasped on its
exterior surface or its internal surface, for example, a ring-shaped part. The first type
is called an external gripper and the second type is referred to as an internal gripper.

In the context of this chapter, tools are end effectors designed to perform work
on the part rather than to merely grasp it. By definition, the tool-type end effector
is attached to the robot’s wrist. One of the most common applications of industrial
robots is spot welding, in which the welding electrodes constitute the end effector
of the robot. Other examples of robot applications in which tools are used as end
effectors include spray painting and arc welding. Section 5.4 discusses the various
end effectors in this category.

It was mentioned above that grippers are sometimes used to hold tools rather than
workparts, The reason for using a gripper instead of attaching the tool directly to the
robot’s wrist is typically because the job requires several tools to be manipulated by
the robot during the work cycle. An example of this kind of application would be a
debarring operation in which several different sizes and geometries of deburring tool
must be held in order to reach all surfaces of the workpart. The gripper serves as a
quick change device to provide the capability for a rapid changeover from one tool
to the next.

In addition to end effectors, other types of fixturing and tooling are required in
many industrial robot applications. These include holding fixtures, welding fixtures,
and other forms of holding devices to position the workpart or tooling during the
work cycle.
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5.2 MECHANICAL GRIPPERS

5.2.1 Basic Definitions and Operations

A mechanical gripper is an end effector that uses mechanical fingers actuated
by a mechanism to grasp an object. The fingers, sometimes called jaws, are the
appendages of the gripper that actually make contact with the object. The fingers
are either attached to the mechanism or are an integral part of the mechanism. If the
fingers are of the attachable type, then they can be detached and replaced. The use of
replaceable fingers allows for wear and inter-changeability. Different sets of fingers
for use with the same gripper mechanism can be designed to accommodate different
part models. An example of this interchangeability feature is illustrated in Fig. 5.1,
in which the gripper is designed to accommodate fingers of varying sizes. In most
applications, two fingers are- sufficient to hold the workpart or other object. Grippers
with three or more fingers are less common.

The function of the gripper mechanism is to translate some form of power input
into the grasping action of the fingers against the part. The power input is supplied
from the robot and can be pneumatic, electric, mechanical, or hydraulic. We will
discuss the alternatives in Sec. 5.5. The mechanism must be able to open and close the
fingers and to exert sufficient force against the part when closed to hold it securely.

Detachable
fingers

Fig. 5.1 Interchangeable fingers can be used with the same gripper mechanism.

There are two ways of constraining the
part in the gripper. The first is by physical
constriction of the part within the fingers.
In this approach, the gripper fingers enclose
the part to some extent, thereby constraining
the motion of the part. This is usually
accomplished by designing the contacting
surfaces of the fingers to be in the approximate
shape of the part geometry. This method of
constraining the part is illustrated in Fig. 5.2. Fig. 5.2 Physical constriction method
The second way of holding the part is by of finger design.
friction between the fingers and the workpart.

With this approach, the fingers must apply a force that is sufficient for friction to
retain the part against gravity, acceleration, and any other force that might arise
during the holding portion of the work cycle. The fingers, or the pads attached to the

Workpart

Pads with shape
of workpart

l«— Fingers

° l«—— Gripper
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fingers which make contact with the part, are generally fabricated out of a material
that is relatively soft. This tends to increase the coefficient of friction between the
part and the contacting finger surface. It also serves to protect the part surface from
scratching or other damage.

The friction method of holding the part results in a less complicated and therefore
less expensive gripper design, and it tends to be readily adaptable to a greater
variety of workparts. However, there is a problem with the friction method that is
avoided with the physical constriction method. If a force of sufficient magnitude is
applied against the part in a direction parallel to the friction surfaces of the fingers
as shown in Fig. 5.3(a), the part might slip out of the gripper. To resist this slippage,
the gripper must be designed to exert a force that depends on the weight of the
part, the coefficient of friction between the part surface and the finger surface, the
acceleration (or deceleration) of the part, and the orientation between the direction of
motion during acceleration and the direction of the fingers. Referring to Fig. 5.3(5),
the following force equations, Egs. (5.1) and (5.2), can be used to determine the
required magnitude of the gripper force as a function of these factors. Equation (5.1)
covers the simpler case in which weight alone is the force tending to cause the part
to slip out of the gripper.

unekg =w 5.1
where u = coefficient of friction of the finger contact surface against the part
surface
ny = number of contacting fingers
F, = gripper force
w = weight of the part or object being gripped

!/“/‘f |, Gripper
o [o H(coef. of friction-
9, 1] pad and part)
Part | — Pressure
. -]
pads (2)
Fg—» le— F g
1 w (or wy) 1 w (or wy)
(b (@)

Fig. 5.3 Force against part parallel to finger surfaces tending to pull part out of gripper:

This equation would apply when the force of gravity is directed parallel to the
contacting surfaces. If the force tending to pull the part out of the fingers is greater
than the weight of the object, then Eq. (5.1) would have to be altered. For example,
the force of acceleration would be a significant factor in fast part-handling cycles.
Engelberger [3] suggests that in a high-speed handling operation the acceleration
(or deceleration) of the part could exert a force that is twice the weight of the part.
He reduces the problem to the use of a g factor in a revised version of Eq, (5.1) as
follows:

ungFy =wg (5.2)
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where g = the g factor. The g factor is supposed to take account of the combined
effect of gravity and acceleration. If the acceleration force is applied in the same
direction as the gravity force, then the g value = 3.0. If the acceleration is applied
in the opposite direction, then the g value = 1.0 (2 X the weight of the part due to
acceleration minus 1 X the weight of the part due to gravity). If the acceleration
is applied in a horizontal direction, then use g = 2.0. The following example will
illustrate the use of the equations.

Suppose a stiff cardboard carton weighing 10 1b is held in a
gripper using friction against two opposing fingers. The
coefficient of friction between the finger contacting surfaces and the carton surface is
0.25. The orientation of the carton is such that the weight of the carton is directed
parallel to finger surfaces. A fast work cycle is anticipated so that a g factor of 3.0
should be applied to calculate the required gripper force. Determine the required
gripper force for the conditions given. We can make use of Eq. (5.2) to solve for F,.

(0.25)(2)F, = (10)(3.0)

Fg = £l 60 Ib
0.5

The gripper must cause a force of 60 Ib to be exerted by the fingers against the
carton surface. There is an assumption implicit in the preceding calculations that
should be acknowledged. In particular, it is assumed that the robot grasps the carton
at its center of mass, so that there are no moments that would tend to rotate the carton
in the gripper.

In using Eq. (5.2) as a design formula, a factor of safety would typically be
applied to provide a higher computed value of gripper force. For example, a safety
factor (SF) of 1.5 in Example 5.1 would result in a calculated value of 1.5 x 60 =
90 1b as the required gripper force. This safety factor would help to compensate for
the potential problem of the carton being grasped at a position other than its center
of mass.

It is possible to determine the actual value of the g factor without resorting to the
rough rule of thumb suggested above. However, data must be available concerning
the accelerations and decelerations of the part and the direction of the acceleration
(or deceleration) force.

: Example 5.1

To illustrate, assume that the conditions of Example 5.1 apply
except it is known that the carton will experience a maximum
acceleration of 40 ft/sec/sec in a vertical direction when it is lifted by the gripper
fingers. We assume that the force of acceleration will therefore be applied in the same
direction as the weight, and that this direction is parallel to the contacting surfaces
between the carton and the fingers. Determine the value of the g factor for this
situation.

The value of g would be 1.0 + the ratio of the actual acceleration divided by
gravity acceleration of 32.2 ft/sec/sec. This ratio is 40/32.2 = 1.24. The g value would
be 1.0 + 1.24 =2.24.

7 Example 5.2
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5.2.2 Types of Gripper Mechanisms

There are various ways of classifying mechanical grippers and their actuating
mechanisms. One method is according to the type of finger movement used by the
gripper. In this classification, the grippers can actuate the opening and closing of the
fingers by one of the following motions:

1. Pivoting movement
2. Linear or translational movement

These gripper actions are shown in the photographs of Figs. 5.4 and 5.5. In the
pivoting movement, the fingers rotate about fixed pivot points on the gripper to open
and close. The motion is usually accomplished by some kind of linkage mechanism.
In the linear movement, the fingers open and close by moving in parallel to each
other. This is accomplished by means of guide rails so that each finger base slides
along a guide rail during actuation. The translational finger movement might also be
accomplished by means of a linkage which would maintain the fingers in a parallel
orientation to each other during actuation.

Fig. 5.4 Mechanical gripper finger with pivoting movement. (Photo courtesy: Phd, Inc.)

Fig.5.5 Mechanical gripper finger with linear movement using guide rails. (Photo courtesy:
Phd, Inc.)
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Mechanical grippers can also be classed according to the type of kinematic device
used to actuate the finger movement. In this classification we have the following

types:

Linkage actuation
Gear-and-rack actuation
Cam actuation

Screw actuation
Rope-and-pulley actuation

A Ul

Miscellaneous

The linkage category covers a wide range of design possibilities to actuate the
opening and closing of the gripper. A few examples are illustrated in Fig. 5.6. The
design of the linkage determines how the input force F, to the gripper is converted
into the gripping force F, applied by the fingers. The linkage configuration also
determines other operational features such as how wide the gripper fingers will open

and how quickly the gripper will actuate.

Figure 5.7 illustrates one method of actuat-
ing the gripper fingers using a gear-and-rack
configuration. The rack gear would be attached
to a piston or some other mechanism that would
provide a linear motion. Movement of the rack
would drive two partial pinion gears, and these
would in turn open and close the fingers.

The cam actuated gripper includes a variety
of possible designs, one of which is shown in

l«— Guide

1 rail

Fig. 5.7 Gear-and-rack method of
actuating the gripper:
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Fig. 5.8. A cam-and-follower arrangement, often using a spring-loaded follower, can
provide the opening and closing action of the gripper. For example, movement of the
cam in one direction would force the gripper to open, while movement of the cam
in the opposite direction would cause the spring to force the gripper to close. The
advantage of this arrangement is that the spring action would accommodate different
sized parts. This might be desirable, for example, in a machining operation where a
single gripper is used to handle the raw workpart and the finished part. The finished
part might be significantly smaller after machining.

Follower

Fig. 5.8 Cam-actuated gripper.

An example of the screw-type actua-
tion method is shown in Fig, 5.9. The
screw is turned by a motor, usually ac-
companied by a speed reduction mecha-
nism. When the screw is rotated in one
direction, this causes a threaded block to
be translated in one direction. When the
screw is rotated in the opposite direction,
the threaded block moves in the opposite
direction. The threaded block is, in turn,
connected to the gripper fingers to cause

the corresponding opening and closing
action. Fig. 5.9 Screw-type gripper actuation.

Rope-and-pulley mechanisms can be
designed to open and close a mechanical gripper. Because of the nature of these
mechanisms, some form of tension device must be used to oppose the motion of
the rope or cord in the pulley system. For example, the pulley system might operate
in one direction to open the gripper, and the tension device would take up the slack
in the rope and close the gripper when the pulley system operates in the opposite
direction.

The miscellaneous category is included in our list to allow for gripper-actuating
mechanisms that do not logically fall into one of the above categories. An example
might be an expandable bladder or diaphragm that would he inflated and deflated to
actuate the gripper fingers.
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5.2.3 Gripper Force Analysis

As indicated previously, the purpose of the gripper mechanism is to convert input
power into the required motion and force to grasp and hold an object. Let us illustrate
the analysis that might be used to determine the magnitude of the required input
power in order to obtain a given gripping force. We will assume that a friction-
type grasping action is being used to hold the part, and we will therefore use the
gripper force calculated in Example 5.1 as our starting point in Example 5.3 below.
We will demonstrate the analysis by several examples given below. A detailed study
of mechanism analysis is beyond the scope of this text, and the reader might refer to
other books such as Beer and Johnson [1] and Shigley and Mitchell [6].

Suppose the grip-
per is a simple ' 12
pivot-type device used for holding the |
cardboard carton, as pictured in Fig. IF
5.10. The gripper force, calculated in Fg 2
our previous Example 5.1, is 60 Ib. The Carton j)
gripper is to be actuated by a piston de- 1 Fy 1 F,
vice to apply an actuating force F,. The
corresponding lever arms for the two
forces are shown in the diagram of the
figure.

The analysis would require that the moments about the pivot arms be summed and
made equal to zero.

', Example 5.3

3

0O

O

Fig. 5.10  Pivot-type gripper used in
Example.

FyLy~F,L, =0
(60 1b)(12 in.) — (F,)(3 in.) =0
F,= ? =2401b

The piston device would have to provide an actuating force of 240 1b to close the
gripper with a force against the carton of 60 1b.

The diagram in Fig. 5.11 shows the linkage mechanism and
dimensions of a gripper used to handle a workpart for a machining
operation. Suppose it has been determined that the gripper force is to be 25 Ib. What is
required is to compute the actuating force to deliver this force of 25 1b?

Example 5.4

\,— Robot Interface

~—F,

Fig. 5.11 Gripper considered in Example 5.4.
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Figure 5.12(a) shows how the symmetry of the gripper can be used to advantage
so that only one-half of the mechanism needs to be considered. Part (b) of the figure
shows how the moments might be summed about the pivot point for the finger link
against which the 25-1b gripper force is applied. We find

25(4 cos 15°) = F'sin 45°(1.5 cos 15°) + F cos 45°(1.5 sin 15°)
96.6 = F(1.0246 +0.2745) = 1.2991F

F=7441b

Fig. 5.12 Linkage analysis of Example 5.4.

The actuating force applied to the plunger to deliver this force of 74.4 Ib to each
finger is pictured in Fig. 5.12(c) and can be calculated as

F,=2x74.4 X cos 45°
F,=10521b

Some power input mechanism would be required to deliver this actuating force of
105.2 1b to the gripper.

5.3 OTHER TYPES OF GRIPPERS

In addition to mechanical grippers there are a variety of other devices that can be
designed to lift and hold objects. Included among these other types of grippers are
the following:

1. Vacuum cups

2. Magnetic grippers
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3. Adhesive grippers
4. Hooks, scoops, and other miscellaneous devices

5.3.1 Vacuum Cups

Vacuum cups, also called suction cups, can be used as gripper devices for handling
certain types 01 objects. The usual requirements on the objects to be handled are that
they be flat, smooth, and clean, conditions necessary to form a satisfactory vacuum
between the object and the suction cup. An example of a vacuum cup used to lift flat
glass is pictured in Fig. 5.13.

Fig. 5.13  Vacuum cup gripper lifting glass plates. (Photo courtesy: Prab Conveyors, Inc.)

The suction cups used in this type of robot gripper are typically made of elastic
material such as rubber or soft plastic. An exception would be when the object to be
handled is composed of a soft material. In this case, the suction cup would be made
of a hard substance. The shape of the vacuum cup, as shown in the figure, is usually
round. Some means of removing the air between the cup and the part surface to create
the vacuum is required. The vacuum pump and the venturi are two common devices
used for this purpose. The vacuum pump is a piston-operated or vane-driven device
powered by an electric motor. It is capable of creating a relatively high vacuum.
The venturi is a simpler device as pictured in Fig. 5.14 and can be driven by means
of ‘shop air pressure.’ Its initial cost is less than that of a vacuum pump and it is
relatively reliable because of its simplicity. However, the overall reliability of the
vacuum system is dependent on the source of air pressure.

Nozzle

Exhaust Air in
. Eanalions:

-— - — - — - — e — - — - — -

Vacuum
Fig. 5.14  Venturi device used to operate a suction cup.
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The lift capacity of the suction cup depends on the effective area of the cup and
the negative air pressure between the cup and the object. The relationship can be
summarized in the following equation:

F=P4 (5.3)
where F' = the force or lift capacity, 1b.
P = the negative pressure, Ib/in’.
A = the total effective area of the suction cup(s) used to create the vacuum, in’.

The effective area of the cup during operation is approximately equal to the
undeformed area determined by the diameter of the suction cup, The squashing
action of the cup as it presses against the object would tend to make the effective
area slightly larger than the undeformed area. On the other hand, if the center portion
of the cup makes contact against the object during deformation, this would reduce
the effective area over which the vacuum is applied. These two conditions tend to
cancel each other out. The negative air pressure is the pressure differential between
the inside and the outside of the vacuum cup. The following example will illustrate
the operation of the vacuum cup as a robotic gripper device:

Example 5.5 A vacuum cup gripper will be used to lift flat plates of 18-8

stainless steel, Each piece of steel is % in, thick and measures
2.0 by 3.0 ft. The gripper will utilize two suction cups separated by about 1.5 ft for
stability. Each suction cup is round and has a diameter of 5.0 in. Two cups are
considered a requirement to overcome the problem that the plates may be off center
with respect to the gripper. Because of variations in the positioning of the end effector
or in the positions of the steel plates before pick up, the suction cups will not always
operate on the center of mass of the plates. Consequently, static moments and inertia
will result which must be considered in the design of the end effector. We are
attempting to compensate for these moments by providing two pressure points on the
part, separated by a substantial distance.

The negative pressure (compared to atmospheric pressure of 14.7 lb/in.z) required
to lift the stainless steel plates is to be determined. A safety factor of 1.6 is to be
used to allow for acceleration of the plate and for possible contact of the suction cup
against the plate which would reduce the effective area of the cup.

We must begin by calculating the weight of the stainless steel plate. Stainless steel
has a density of 0.28 Ib/in. The weight of the plate would therefore be

w =0.28 X % x 24 x 36 = 60.48 Ib.

This would be equal to the force /" which must be applied by the two suction cups,
ignoring for the moment any effects of gravity (the g factor used before). The area of
each suction cup would be

5 2
A =3.142 (5) =19.63 in?
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The area of the two cups would be 2 X 19.63 = 39.26 in.2 From Eq. (5.3), the
negative pressure required to lift the weight can be determined by dividing the weight
by the combined area of the two suction cups.

= % = 60.48 1b/39.26 in2 = 1.54 Ib/in 2

Applying the safety factor of 1.6, we have
P =1.6x 1.54 Ib/in.? = 2.461b/in> negative pressure

Some of the features and advantages that characterize the operation of suction cup
grippers used in robotics applications are:

1. Requires only one surface of the part for grasping.

2. Applies a uniform pressure distribution on the surface of the part.
Relatively light-weight gripper.

3. Applicable to a variety of different materials.

5.3.2 Magnetic Grippers

Magnetic grippers can be a very feasible means of handling ferrous materials.
The stainless steel plate in Example 5.3 would not be an appropriate application
for a magnetic gripper because 18~8 stainless steel is not attracted by a magnet.
Other steels, however, including certain types of stainless steel, would be suitable
candidates for this means of handling, especially when the materials are handled in
sheet or plate form.

In general, magnetic grippers offer the following advantages in robotic-handling
applications:

1. Pick up times are very fast.

2. Variations in part size can be tolerated. The gripper does not have to be
designed for one particular workpart.

3. They have the ability to handle metal parts with holes (not possible with
vacuum grippers).

4. They require only one surface for gripping.

Disadvantages with magnetic grippers include the residual magnetism remaining
in the workpiece which may cause a problem in subsequent handling, and the possible
side slippage and other errors which limit the precision of this means of handling.
Another potential disadvantage of a magnetic gripper is the problem of picking up
only one sheet from a stack. The magnetic attraction tends to penetrate beyond the
top sheet in the stack, resulting in the possibility that more than a single sheet will be
lifted by the magnet. This problem can be confronted in several ways. First, magnetic
grippers can be designed to limit the effective penetration to the desired depth, which
would correspond to the thickness of the top sheet. Second, the stacking device used
to hold the sheets can be designed to separate the sheets for pick up by the robot. One
such type of stacking device is called a ‘fanner,” and it makes use of a magnetic field
to induce a charge, in the ferrous sheets in the stack. Each sheet toward the top of
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the stack is given a magnetic charge, causing them to possess the same polarity and
repel each other. The sheet most affected is the one at the top of the stack. It tends to
rise above the remainder of the stack, thus facilitating pick up by the robot gripper.

Magnetic grippers can be divided into two categories, those using electromagnets,
and those using permanent magnets. Electromagnetic grippers are easier to control,
but require a source of dc power and an appropriate controller unit. As with any other
robotic-gripping device, the pan must be released at the end of the handling cycle.
This is easier to accomplish with an electromagnet than with a permanent magnet.
When the part is to be released, the controller unit reverses the polarity at a reduced
power level before switching off the electromagnet. This procedure acts to cancel
the residual magnetism in the workpiece and ensures a positive release of the part.

Permanent magnets have the advantage of not requiring an external power
source to operate the magnet. However, there is a loss of control that accompanies
this apparent advantage. For example, when the part is to be released at the end of
the handling cycle, some means of separating the part from the magnet must be
provided. The device which accomplishes this is called a stripper or stripping device.
Its function is to mechanically detach the part from the magnet. One possible stripper
design is illustrated in Fig, 5.15.

Robot arm
o)y 3

’))—«—‘ |« Stripper push-off pin
=1 A=

]
/
Permanent \Stee] plate
magnet

Air cylinder
actuation

[

Fig. 5.15 Stripper device operated by air cylinders used with a permanent magnet gripper.

Permanent magnets are often considered for handling tasks in hazardous environments
requiring explosion proof apparatus. The fact that no electrical circuit is needed to
operate the magnet reduces the danger of sparks which might cause ignition in such an
environment.

5.3.3 Adhesive Grippers

Gripper designs in which an adhesive substance performs the grasping action can be
used to handle fabrics and other lightweight materials, The requirements on the items
to be handled are that they must be gripped on one side only and that other forms
of grasping such as a vacuum or magnet are not appropriate. One of the potential
limitations of an adhesive gripper is that the adhesive substance loses its tackiness
on repeated usage. Consequently, its reliability as a gripping device is diminished
with each successive operation cycle. To overcome this limitation, the adhesive
material is loaded in the form of a continuous ribbon into a feeding mechanism that
is attached to the robot wrist. The feeding mechanism operates in a manner similar to
a typewriter ribbon mechanism.
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5.3.4 Hooks, Scoops, and Other
Miscellaneous Devices

A variety of other devices can be used to grip parts or materials in robotics
applications. Hooks can be used as end effectors to handle containers of parts and to
load and unload parts hanging from overhead conveyors. Obviously, the items to be
handled by a hook must have some sort of handle to enable the hook to hold it.

Scoops and ladles can be used to handle certain materials in liquid or powder
form. Chemicals in liquid or powder form, food materials, granular substances, and
molten metals are all examples of materials that call be handled by a robot using
this method of holding. One of its limitations is that the amount of material being
scooped by the robot is sometimes difficult to control. Spillage during the handling
cycle is also a problem.

Other types of grippers include inflatable devices, in which an inflatable bladder or
diaphragm is expanded to grasp the object. The inflatable bladder is fabricated out of
rubber or other elastic material which makes it appropriate for gripping fragile objects.
The gripper applies a uniform grasping pressure against the surface of the object rather
than a concentrated force typical of a mechanical gripper. An example of the inflatable
bladder type gripper is shown in Fig. 5.16. Part (a) of the figure shows the bladder fully
expanded. Part (b) shows the bladder used to grasp the inside diameter of a bottle.

Expandable
bladder

Cup-shaped
container

Fig. 5.16 Expansion bladder used to grasp inside of a cup-shaped container.

Research and development is being carried out with the objective of designing a
universal gripper capable of grasping and handling a variety of objects with differing
geometries. If such a universal device could be developed and marketed at a relatively
low cost, it would save the time and expense of designing a specific end effector
for each new robot application, Most of the gripper models under consideration are
patterned after the human hand which turns out to possess considerable versatility.
A gripping device with the number of joints and axes of controlled motion as the
human hand is mechanically very complex. Accordingly, these research end effectors
typically have only three fingers rather than five. This reduces the complexity of the
hand without a significant loss of functionality. One possible design of the universal
hand is illustrated in Fig. 5.17. In Chap. 19, we explore the research and development
directions in end effector design.
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Fig.5.17 The Stanford/JPL three-fingered anthropomorphic hand. (Photo courtesy:
Salisbury Robotics, Inc.)

5.4 TOOLS AS END EFFECTORS

In many applications, the robot is required to manipulate a tool rather than a workpart.
In a limited number of these applications, the end effector is a gripper that is designed to
grasp and handle the tool. The reason for using a gripper in these applications is that there
may be more than one tool to be used by the robot in the work cycle. The use of a gripper
permits the tools to be exchanged during the cycle, and thus facilitates this multitool
handling function. References 8 and 9 examine the design problems involved in a tool
exchange mechanism.

In most of the robot applications in which a tool is manipulated, the tool is attached
directly to the robot wrist. In these cases the tool is the end effector. Some examples
of tools used as end effectors in robot applications include:

1. Spot-welding tools

2. Arc-welding torch

3. Spray-painting nozzle

4. Rotating spindles for operations such as:

(a) drilling

(b) routing

(c) wire brushing
(d) grinding

5. Liquid cement applicators for assembly

6. Heating torches

7. Water jet cutting tool

In each case, the robot must control the actuation of the tool. For example, the
robot must coordinate the actuation of the spot-welding operation as part of its work
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cycle. This is controlled much in the same manner as the opening and closing of
a mechanical gripper. We will discuss the interface between the robot and its end
effector in the following section. Design and application considerations of most of
the robot tools listed above will be considered in Chaps. 14 and 15 of the book.

5.5 THE ROBOT/END EFFECTOR INTERFACE

An important aspect of the end effector applications engineering involves the
interfacing of the end effector with the robot. This interface must accomplish at least
some of the following functions:

1. Physical support of the end effector during the work cycle must be provided.
Power to actuate the end effector must be supplied through the interface.
Control signals to actuate the end effector must be provided. This is often
accomplished by controlling the actuating power.

2. Feedback signals must sometimes be transmitted back through the interface to
the robot controller.

In addition, certain other general-design objectives should be met. These include
high reliability of the interface, protection against the environment, and overload
protection in case of disturbances and unexpected events during the work cycle.

5.5.1 Physical Support of the End Effector

The physical support of the end effector is achieved by the mechanical connection
between the end effector and the robot wrist. This mechanical connection often
consists of a faceplate at the end of the wrist to which the end effector is bolted. In
other cases, a more complicated wrist socket is used. Ideally, there should be three
characteristics taken into consideration in the design of the mechanical connection
strength, compliance, and overload protection. The strength of the mechanical
connection refers to its ability to withstand the forces associated with the operation of
the end effector. These forces include the weight of the end effector, the weight of the
objects being held by the end effector if it is a gripper, acceleration and deceleration
forces, and any applied forces during the work cycle (e.g., thrust forces during a
drilling operation). The wrist socket must provide sufficient strength and rigidity to
support the end effector against these various forces.

The second consideration in the design of the mechanical connection is
compliance. Compliance refers to the wrist socket’s ability to yield elastically when
subjected to a force. In effect, it is the opposite of rigidity. In some applications, it
is desirable to design the mechanical interface so that it will yield during the work
cycle. A good example of this is found in robot assembly work. Certain assembly
operations require the insertion of an object into a hole where there is very little
clearance between the hole and the object to be inserted. If an attempt is made to
insert the object off center, it is likely that the object will bind against the sides of the
hole. Human assembly workers can make adjustments in the position of the object as
it enters the hole using hand-eye coordination and their sense of ‘touch.”’ Robots have
difficulty with this kind of insertion task because of limitations on their accuracy.



‘ 132  Industrial Robotics

To overcome these limitations, remote center compliance (RCC) devices have been
designed to provide high lateral compliance for centering the object relative to the
hole in response to sideways forces encountered during insertion. We will discuss the
RCC device in Chap. 15 on assembly and inspection applications.

The third factor which must be considered relative to the mechanical interface between
the robot wrist and the end effector is overload protection. An overload results when
some unexpected event happens to the end effector such as a part becoming stuck in a
die, or a tool getting caught in a moving conveyor. Whatever the cause, the consequences
involve possible damage to the end effector or maybe even the robot itself. Overload
protection is intended to eliminate or reduce this potential damage. The protection can be
provided either by means of a breakaway feature in the wrist socket or by using sensors
to indicate that an unusual event has occurred so as to somehow take preventive action to
reduce further overloading of the end effector.

A breakaway feature is a mechanical device that will either break or yield when
subjected to a high force. Such a device is generally designed to accomplish its
breakaway function when the force loading exceeds a certain specific level. A shear
pin is an example of a device that is designed to fail if subjected to a shear force
above a certain value. It is relatively inexpensive and its purpose as a component
in the mechanical interface is to be sacrificed in order to save the end effector and
the robot. The disadvantage of a device that breaks is that it must be replaced and
this generally involves downtime and the attention of a human operator. Some
mechanical devices are designed to yield or give under unexpected load rather than
fail. Examples of these devices include spring-loaded detents and other mechanisms
used to hold structural components in place during normal operation. When abnormal
conditions are encountered, these mechanisms snap out of position to release the
structural components. Although more complicated than shear pins and other similar
devices that fail, their advantage is that they can be reused and in some cases reset by
the robot without human assistance.

Sensors are sometimes used either as an alternative to a breakaway device or
in conjunction with such a device. The purpose of the sensors in this context is to
signal the robot controller that an unusual event is occurring in the operation of
the end effector and that some sort of evasive action should be taken to avoid or
reduce damage. Of course, the kinds of unusual events must be anticipated in
advance so that the robot controller can be programmed to respond in the appropriate
way. For example, if the robot is working in a cell with a moving conveyor, and
the end effector becomes caught in a part that is fastened to the conveyor, the most
appropriate response might be simply to stop the conveyor and call for help. In other
cases, the robot might be programmed to perform motions that would remove the end
effector from the cause of the unusual force loading.

5.5.2 Power and Signal Transmission

End effectors require power to operate. They also require control signals to regulate
their operation. The principal methods of transmitting power and control signals to
the end effector are:

1. Pneumatic
2. Electric
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3. Hydraulic
4. Mechanical

The method of providing the power to the end effector must be compatible
with the capabilities of the robot system. For example, it makes sense to use a
pneumatically operated gripper if the robot has incorporated into its arm design the
facility to transmit air pressure to the end effector. The control signals to regulate
the end effector are often provided simply by controlling the transmission of the
actuating power. The operation of a pneumatic gripper is generally accomplished in
this manner. Air pressure is supplied to either open the gripper or to dose it. In some
applications, greater control is required to operate the end effector. For example,
the gripper might possess a range of open/close positions and there is the need to
exercise control over these positions. In more complicated cases, feedback signals
from sensors in the end effector are required to operate the device. These feedback
signals might indicate how much force is being applied to the object held in the
gripper, or they might show whether an arc-welding operation was following the
seam properly. In the paragraphs below, we will explore the four methods of power
and signal transmission to the end effector.

Pneumatic power using shop air pressure is one of the most common methods of
operating mechanical grippers. Actuation of the gripper is controlled by regulating
the incoming air pressure. A piston device is typically used to actuate the gripper.
Two air lines feed into opposite ends of the piston, one to open the gripper and the
other to close it. This arrangement can be accomplished with a single shop air line by
providing a pneumatic valve to switch the air pressure from one line to the other. A
schematic diagram of a piston is illustrated in Fig. 5.18. When air pressure enters the
left portion of the piston chamber the piston ram is extended, and when air is forced
into the opposite end of the chamber, the piston ram is retracted. The force supplied
by the piston on the extension stroke is equal to the air pressure multiplied by the area
of the piston diameter. Because of the diameter of the piston ram, the force supplied
by the piston on the retraction stroke is less than on the extension stroke. These
piston forces can be calculated as follows:

2
Foen = Pu 22 (5.4)
4
F,
Fretract = T(DIZJ - DE) (55)
Pneumatic

|<—P

valve Shop air pressure

iD . FIN
T

et | — D,,

Piston ram L=
\ Cylinder Piston

Fig. 5.18 Schematic diagram of a piston.
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where Fy ., = the piston force on the extension stroke, 1b
Fetract = the piston force on the retraction stroke, 1b
D, = the piston diameter, in.
D, = the ram diameter, in.
P, = air pressure, Ib/in?

We will illustrate the kind of engineering analysis required to design a pneumatic
piston for a mechanical gripper. Our example will refer back to our previous problem
in Example 5.3.

The gripper is used for holding cartons and is pictured in Fig.
5.10. It was determined in the previous Example 5.3 that an
actuating force of 240 1b is required to provide the desired gripper force. We are now
concerned with the problem of designing a piston which can supply the acuating
force of 240 1b. It is logical to orient the piston device in the gripper so that this force
is supplied on the extension stroke of the piston. Suppose that the shop air pressure
is 75 Ib/in.2 Our problem, therefore, is to determine the required diameter of the
piston in order to provide the desired actuating force of 240 1b. Using Eq. (5.4), we
can solve for this diameter.

[ Examp1e75.6

2
240 1b =75 Ib/in.2 2p.
4
4% 240
2 _
D2 =
75
D, =2.02in.

Another use of pneumatic power in end effector design is for vacuum cup grippers.
When a venturi device is used to provide the vacuum, the device can be actuated by
shop air pressure. Otherwise, some means of developing and controlling the vacuum
must be provided to operate the suction cup gripping device.

A second method of power transmission to the end effector is electrical. Pneumatic
actuation of the gripper is generally limited to two positions, open and closed.
The use of an electric motor can allow the designer to exercise a greater degree of
control over the actuation of the gripper and of the holding force applied. Instead of
merely two positions, the gripper can be controlled to any number of partially closed
positions. This feature allows the gripper to be used to handle a variety of objects
of different sizes, a likely requirement in assembly operations. By incorporating
force sensors into the gripper fingers, a feedback control system can be built into the
gripper to regulate the holding force applied by the fingers rather than their position.
This would be useful, for example, if the objects being grasped are delicate or if the
objects vary in size and the proper finger positions for gripping are not known.

Other uses of electric power for end effectors include electromagnet grippers, spot-
welding and arc-welding tools, and powered spindle tools used as robot end effectors.

Hydraulic and mechanical power transmission are less common means of
actuating the end effector in current practice. Hydraulic actuation of the gripper has
the potential to provide very high holding forces, but its disadvantage is the risk of
oil leaks. Mechanical power transmission would involve an arrangement in which
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a motor (e.g., pneumatic, electric, hydraulic, etc.) is mounted on the robot arm and
connected mechanically to the gripper, perhaps by means of a flexible cable or the
use of pulleys. The possible advantage of this arrangement is a reduction of the
weight and mass at the robot’s wrist.

5.6 CONSIDERATIONS IN GRIPPER SELECTION
AND DESIGN

Most of this chapter has been concerned with grippers rather than tools as end
effectors. As indicated in Sec. 5.4, tools are used for spot welding, arc welding,
rotating spindle operations, and other processing applications. We will examine the
tooling used with these operations when we discuss the corresponding applications
in Chaps. 14 and 15. In this section, let us summarize our discussion of grippers by
enumerating some of the considerations in their selection and design.

Certainly one of the considerations deals with determining the grasping
requirements for the gripper. Engelberger [3] defines many of the factors that should
be considered in assessing gripping requirements. The following list is based on
Engelberger’s discussion of these factors:

1. The part surface to be grasped must be reachable. For example, it must not be
enclosed within a chuck or other holding fixture.

2. The size variation of the part must be accounted for, and how this might
influence the accuracy of locating the part. For example, there might be a
problem in placing a rough casting or forging into a chuck for machining
operations.

3. The gripper design must accommodate the change in size that occurs between
part loading and unloading. For example, the part size is reduced in machining
and forging operations.

4. Consideration must be given to the potential problem of scratching and
distorting the part during gripping, if the part is fragile or has delicate surfaces.

5. If there is a choice between two different dimensions on a part, the larger
dimension should be selected for grasping. Holding the part by its larger
surface will provide better control and stability of the part in positioning.

6. Gripper fingers can be designed to conform to the part shape by using resilient
pads or self-aligning fingers. The reason for using sell-aligning fingers is to
ensure that each finger makes contact with the part in more than one place.
This provides better part control and physical stability. Use of replaceable
fingers will allow for wear and also for interchangeability for different part
models.

A related issue is the problem of determining the magnitude of the grasping force
that can be applied to the object by the gripper. The important factors that determine
the required grasping force are:

The weight of the object. Consideration of whether the part can be grasped
consistently about its center of mass. If not, an analysis of the possible moments
from off-center grasping should be considered.
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The speed and acceleration with which the robot arm moves (acceleration and
deceleration forces), and the orientational relationship between the direction of
movement and the position of the fingers on the object (whether the movement is
parallel or perpendicular to the finger surface contacting the part).

Whether physical constriction or friction is used to hold the part.
Coefficient of friction between the object and the gripper fingers.

We have discussed the methods for dealing with these factors and analyzing the
gripping forces in Secs. 5.2 and 5.3. Table 5.1 provides a checklist of the many
different issues and factors that must be considered in the selection and design of

robot gripper.

Table 5.1 Checklist of factors in the selection and design of grippers.

Factor Consideration
Part to be handled Weight and size
Shape

Changes in shape during processing

Tolerances on the part size

Surface condition, protection of delicate surfaces

Actuation method

Mechanical grasping

Vacuum cup

Magnet

Other methods (adhesives, scoops, etc.)

Power and signa transmission

Pneumatic

Electrical

Hydraulic

Mechanical

Gripper force

Weight of the object

(mechanical gripper)

Method of holding (physical constriction or friction)

Coefficent of firction between fingers and object

Speed and acceleration during motion cycle

Positioning problems

Length of finger's

Inherent accuracy and repeatability of robot

Tolerances on the part size

Service conditions

Number of actuations during lifetime of gripper

Replaceabilty of wear components (fingers)

Maintenance and serviceability

Contd.
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Operating environment Heat and temperature

Humidity, moisture, dirt, chemicals

Temperature protection Heat shields

Long fingers

Forced cooling (compressed air, water cooling, etc.)

Use of heat-resistant materials

Fabrication materials Strength, rigidity, durability

Fatigue strength

Cost and ease of fabrication

Friction properties for finger surfaces

Compatibility with operating environment

Other considerations Use of interchangeable fingers

Design standards

Mounting connections and interfacing with robot

Risk of product design changes and their effect on the

gripper design

Lead time for design and fabrication

Spare parts. maintenance, and service

Tryout of the gripper in production

Jroblems

5.1

5.2
53

54

A part weighing 8 1b is to be held by a gripper using friction against two
opposing fingers. The coefficient of friction between the fingers and the part
surface is estimated to be 0.3. The orientation of the gripper will be such that
the weight of the part will be applied in a direction parallel to the contacting
finger surfaces. A fast work cycle is anticipated so that the g factor to be used
in force calculations should be 3.0. Compute the required gripper force for the
specifications given.

Solve Prob. 5.1 except using a safety factor of 1.5 in the calculations.

Solve Prob. 5.1 except that instead of using a g factor of 3.0, the following
information is given to make the force computation. The robot motion cycle
has been analyzed and it has been determined that the largest acceleration
experienced by the part held in the gripper is immediately after the pick up.
The maximum acceleration is measured as 53 ft/sec/sec. Using a safety factor
of 1.5, compute the required gripper force.

A part weighing 15 Ib is to be grasped by a mechanical gripper using friction
between two opposing fingers. The coefficient of static friction is 0.35 and
the coefficient of dynamic friction is 0.20. The direction of the acceleretion
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force is perallel to the contacting surfaces of the gripper fingers. Which
value of coefficient of friction is appropriate to use in the force calculations?
Why? Compute the required gripper force assuming that a g factor of 2.0 is
applicable.

5.5 For the information given in the mechanical gripper design of Fig. P5.5, deter-
mine the required actuating force if the gripper force is to be 25 1b.
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5.6 For the information given in the mechanical gripper design of Fig. P5.6, cal-
culate the required actuating force if the gripper force is to be 20 1b.

MMM

Fig. P5.6

5.7 A vacuum gripper is to be designed to handle flat plate glass, in an automobile
windshield plant. Each plate weighs 28 1b. A single suction cup will be used
and the diameter of the suction cup is 6.0 in. Determine the negative pressure
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5.8

5.9

5.10

required (compared to atmospheric pressure of 14.7 Ib/in.?) to lift each plate.
Use a safety factor of 1.5 in your calculations.

A vacuum pump to be used in a robot vacuum gripper application is capable of
drawing a negative pressure of 4.0 Ib/in.2 compared to atmospheric pressure.
The gripper is to be used for lifting stainless steel plates, each plate having
dimensions of 15 by 35 in. and weighing 52 Ib. Determine the diameter of the
suctions cups to be used for the robot gripper if it has been decided that two
suction cups will be used for the gripper for greater stability. A factor of safety
of 1.5 should be used in the design computations.

A piston is to be designed to exert an actuation force of 120 Ib on its extension
stroke. The inside diameter of the piston is 2.0 in. and the ram diameter is
0.375 in. What shop air pressure will be required to provide this actuation
force? Use a safety factor of 1.3 in your computations.

The mechanical gripper in Fig. P5.10 uses friction to grasp a part weighing
10 1b. The coefficient of friction between the fingers and the part is 0.25 and
the anticipated g factor is 2.0. The gripper is to be operated by a piston whose
diameter is 2.5 in. as shown in the drawing. The ram diameter is 0.375 in.
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Fig. P5.10

(a) Determine the required gripping force to retain the part.

(b) Determine the actuation force that must be applied to achieve this
gripping force for this mechanical design.

(¢) Determine the air pressure needed to operate the piston so as to apply the
required actuation force.

(d) If a safety factor of 1.5 were to be used for this design, at what point in
the computations would it be appropriate to apply it?
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Sensors in Robotics

/Introduction

In Chap. 3, various sensor devices used as components of the robot control system
were discussed. These devices included position sensors such as resolvers and
encoders, and velocity sensors such as tachometers. Sensors can also be used
as peripheral devices for the robot, just as end effectors discussed in Chap. 5
are used as peripheral devices. Most industrial applications require that sensors
be employed in this way in order for the robot to operate with other pieces of
equipment in the workcell.

In this chapter, the various types of sensors that are used as peripheral
devices in robotics and the reasons why they are needed have been considered.
We begin with a general discussion of transducers and sensors, then examine the
sensors that are most commonly employed in robot applications. The final section
in the chapter describes the four major categories of uses of sensor systems in

Qobotlcs. )

6.1 TRANSDUCERS AND SENSORS

A transducer is a device that converts one type of physical variable (e.g., force,
pressure, temperature, velocity, flow rate, etc.) into another form. A common
conversion is to electrical voltage, and the reason for making the conversion is that
the converted signal is more convenient to use and evaluate using a digital computer.
A sensor is a transducer that is used to make a measurement of a physical variable
of interest. Some of the common sensors and transducers include strain gauges
(used to measure force and pressure), thermocouples (temperatures), speedometers
(velocity), and Pitot tubes (flow rates).

Any sensor or transducer requires calibration in order to be useful as a measuring
device. Calibration is the procedure by which the relationship between the measured
variable and the converted output signal is established.

Earlier we have seen that sensors can be clarified into external and internal sensors
based on their functions.

Transducers and sensors can also be classified into two basic types depending on
the form of the converted signal. The two types are:
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1. Analog transducers
2. Digital transducers

Analog transducers provide a continuous analog signal such as electrical voltage
or current. This signal can then be interpreted as the value of the physical variable
that is being measured. Digital transducers produce a digital output signal, either in
the form of a set of parallel status bits or a series of pulses that can be counted. In
either form, the digital signal represents the value of the measured variable. Digital
transducers are becoming more popular because of the ease with which they can
he read as separate measuring instruments. In addition, they offer the advantage in
automation and process control that they are generally more compatible with the
digital computer than analog-based sensors.

In order to be useful as measuring devices, in robotics and in other applications,
sensors must possess certain features. Some of the desirable engineering features of
sensors and transducers are presented in Table 6-1. Few if any sensors have all of
these desirable features, and a compromise must be made among them to select the
best sensor for a given application.

Table 6.1 Desirable features of sensors.

1. | Accuracy: The accuracy of the measurement should be as high as possible. Accuracy is
interpreted to mean that the true value of the variable can be sensed with no systematic positive
or negative errors in the measurement. Over many measurements of the variable, the average
error between the actual value and the sensed value will tend to be zero.

2. | Precision: The precision of the measurement should be as high as possible. Precision means
that there is little or no random variability in the measured variable. The dispersion in the values
of a series of measurements will be minimized.

3. | Operating range: The sensor should possess a wide operating range and should be accurate
and precise over the entire range.

4. | Speed of response: The transducer should be capable of responding to changes in the sensed
variable in minimum time. Ideally, the response would be instantaneous.

5. | Calibration: The sensor should be easy to calibrate. The time and trouble required to accomplish
the calibration procedure should be minimum. Further, the sensor should not require frequent
recatibration. The term “drift” is commonly applied to denote the gradual loss in accuracy of the
sensor with time and use, and which would necessitate recalibration.

6. | Reliability: The sensor should possess a high reliability. It should not be subject to frequent
failures during operation.

7. | Cost and ease of operation: The cost to purchase, install, and operate the sensor should be as
low as possible. Further, the ideal circumstance would be that the installation and operation of
the device would not require a specially trained, highly skilled operator.

6.2 SENSORS IN ROBOTICS

The sensors used in robotics mainly for interaction with the environment
include a wide range of devices which can be divided into the following general
categories:



Sensors in Robotics 143 )

Tactile sensors

Proximity and range sensors

Miscellaneous sensors and sensor-based systems
Machine vision systems

Ll N

We will discuss the first three of these categories in the sections that follow. The
fourth category, machine vision, is examined in the next chapter. Table 6.2 provides
a listing of some of the common sensors that are applicable in robotic workcells.

Table 6.2 Sensor devices used in robot workcells.

Ammeter—(miscellaneous) Electrical meter used to measure electrical current.

Eddy current detectors—(proximity sensor) Device that emits an alternating magnetic field at the tip
of a probe, which induces eddy currents in any conductive object in the range of the device. Can be
used to indicate presence or absence of a conductive object.

Electrical contact switch—(touch sensor) Device in which an electrical potential is established
between two objects, and when the potential becomes zero, this indicates contact between the two
objects. Not a commercial device. Can be used to indicate presence or absence of a conductive
object.

Infrared sensor—(proximity sensor) Transducer which measures temperatures by the infrared light
emitted from the surface of an object. Can be used to indicate presence or absence of a hot object.

Limit switch—(touch sensor) Electrical on—off switch actuated by depressing a mechanical lever or
button on the device. Can be used to measure presence or absence of an object.

Linear variable differential transformer—(miscellaneous) Electromechanical transducer used to
measure linear or angular displacement.

Microswitch—(touch sensor) Small electrical limit switch (see, limit switch). Can be used to indicate
presence or absence of an object.

Ohmmeter—(miscellaneous) Meter used to measure electrical resistance.

Optical pyrometer—(proximity sensor, miscellaneous) Device used to measure high temperatures
by sensing the brightness of an object’s surface. Can be used to indicate presence or absence of
a hot object.

Photometric sensors—(proximity sensor, miscellaneous) Various transducers used to sense light.
Category includes photocells, photoelectric transducers, phototubes, photodiodes. phototransistors,
and photoconductors. Can be used to indicate presence or absence of an object.

Piezoelectric accelerometer—(miscellaneous) Sensor used to indicate or measure vibration.

Potentiometer—(miscellaneous) Electrical meter used to measure voltage.

Pressure transducers—(miscellaneous) Various transducers used to indicate air pressure and other
fluid pressures.

Contd.
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Radiation pyromete—(proximity sensor, miscellaneous) Device used to measure high temperatures
by sensing the thermal radiation emitting from the surface of an object. Can be used to indicate
presence or absence of a hot object.

Strain gage—(force sensor) Common transducer used to measure force, torque, pressure, and
other related variables. Can be used to indicate force applied to grasp an object.

Thermistor—(miscellaneous) Device based on electrical resistance used to measure temperatures.

Thermocouple—(miscellaneous) Commonly used device used to measure temperatures. Based on
the physical principle that a junction of two dissimilar metals will emit an emf which can be related
to temperature.

Vacuum switches—(proximity sensor, miscellaneous) Device used to indicate negative air pressures.
Can be used with a vacuum gripper to indicate presence or absence of an object.

Vision sensors—(vision system) Advanced sensor system used in conjunction with pattern
recognition and other techniques to view and interpret events occurring in the robot workplace.

Voice sensors—(voice and speed recognition) Advanced sensor system used to communicate
commands or information orally to the robot.

6.3 TACTILE SENSORS

Tactile sensors are devices which indicate contact between themselves and some
other solid object. Tactile sensing devices can be divided into two classes: touch
sensors and force sensors. Touch sensors provide a binary output signal which
indicates whether or not contact has been made with the object. Force sensors (also
sometimes called stress sensors) indicate not only that contact has been made with
the object but also the magnitude of the contact force between the two objects.

6.3.1 Touch Sensors

Touch sensors are used to indicate that contact has been made between two objects
without regard to the magnitude of the contacting force. Included within this
category are simple devices such as limit switches, microswitches, and the like. The
simpler devices are frequently used in the design of interlock systems in robotics.
For example, they can be used to indicate the presence or absence of parts in a
fixture or at the pick up point along a conveyor. Another use for a touch-sensing
device would be as part of an inspection probe which is manipulated by the robot
to measure dimensions on a workpart. A robot with six degrees of freedom would
be capable of accessing surfaces on the part that would be difficult for a three-axis
coordinate measuring machine, the inspection system normally considered for such
an inspection task. Unfortunately, the robot’s accuracy would be a limiting factor in
contact inspection work.

6.3.2 Force Sensors

The capacity to measure forces permits the robot to perform a number of tasks. These
include the capability to grasp parts of different sizes in material handling, machine
loading, and assembly work, applying the appropriate level of force for the given
part. In assembly applications, force sensing could be used to determine if the screws
have become cross-threaded or if the parts are jammed.
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Force sensing in robotics can be accomplished in several ways. A commonly used
technique is a ‘force-sensing wrist.” This consists of a special load-cell mounted
between the gripper and the wrist. Another technique is to measure the torque being
exerted by each joint. This is usually accomplished by sensing motor current for each
of the joint motors. Finally, a third technique is to form an array of force-sensing
elements so that the shape and other information about the contact surface can be
determined. We discuss these three possibilities in the paragraphs that follow.

Force-sensing wrist The purpose of a force-sensing wrist is to provide
information about the three components of force (£, ), and F) and the three moments
(M,, M,, and M) being applied at the end effector. One possible construction of a
force-sensing wrist is illistrated in Fig. 6.1. The device consists of a metal bracket
fastenes to a rigid frame. The frame is mounted to the wrist of the robot and the tool
is mounted to the center of the bracket. The figure shows how the sensors might react

to a moment applied to the bracket due to forces and moments on the tool.

Gage in
tension

Gage in
compression

Bracket (for

: Frame
Moment tool mounting)

Fig. 6.1 Possible configuration of sensing device used for a force sensing wrist, showing
deflection (exaggerated) due to a moment about one of the axes.

Since the forces are usually applied to the wrist in combinations it is necessary
to first resolve the forces and moments into their six components. This kind of
computation can be carried out by the robot controller (if it has the required
computational capability) or by a specialized amplifier designed for this purpose.
Based on these calculations, the robot controller can obtain the required information
of the forces and moments being applied at the wrist. This information could be used
for a number of applications. As an example, an insertion operation (e.g., inserting a
peg into a hole in an assembly application) requires that there are no side forces being
applied to the peg. Another example is where the robot’s end effector is required to
follow along an edge or contour of an irregular surface. This is called force accom-
modation. With this technique, certain forces are set equal to zero while others are set
equal to specific values. Using force accommodation, one could command the robot
to follow the edge or contour by maintaining a fixed velocity in one direction and
fixed forces in other directions.

The robot equipped with a force-sensing wrist plus the proper computing capacity
could be programmed to accomplish these kinds of applications. The procedure
would begin by deciding on the desired force to be applied in each axis direction. The
controller would perform the following sequence of operations, with the resulting
offset force calculated as illustrated in Fig. 6.2:
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1. Measure the forces at the wrist in each axis direction.

2. Calculate the force offsets required. The force offset in each direction is
determined by subtracting the desired force from the measured force.

3. Calculate the torques to be applied by each axis to generate the desired force
offsets at the wrist. These are moment calculations which take into account the
combined effects of the various joints and links of the robot.

4. Then the robot must provide the torques calculated in step 3 so that the desired
forces are applied in each direction.

Force-sensing wrists are usually very rigid devices so that they will not deflect
undesirably while under load. When designing a force-sensing wrist there are several
problems that may be encountered. The end-of-the-arm is often in a relatively hostile
environment. This means that the device must be sufficiently rugged to withstand
the environment. For example, it must be capable of tolerating an occasional crash
of the robot arm. At the same time the device must be sensitive enough to detect
small forces. This design problem is usually solved by using overtravel limits. An
overtravel limit is a physical stop designed to prevent the force sensor from deflecting
so far that it would be damaged.

Tool

F desired Part

Faclual

F offset

Fig. 6.2 Force accommodation, showing how the required offset force would compensate for
the difference between actual force and desired force.

The calculations required to utilize a force-sensing wrist are complex and require
considerable computation time. Also, for an arm traveling at moderate-to-high
speeds, the level of control over the arm just as it makes contact with an object is
limited by the dynamic performance of the arm. The momentum of the arm makes it
difficult to stop its forward motion quickly enough to prevent a crash.
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Design of force sensors is a very complex process due to the redundancies present
in the force sensing process itself. Force sensors are made using strain gages that
measure the strain along particular axes. As shown in the Fig. 6.3 a single cantilever
beam can be used to measure forces along two axes directions, i.e., x-axies and
z-axies.

/ Strain gage 7z

==
Y

Fig. 6.3 Single cantilever beam fixed at one end and subjected to a load at the other end.

It is to be noted that in 3D space we can have a total of three forces and
three moments. Hence, a single contilever beam cannot measure all the six
components. A force sensor is usually made having four arms, each of which
responds to two forces as given in Fig. 6.4.
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Fig. 6.4 Internal structure of sensor.
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A complete force/torque sensor also called a wrist sensor is as shown in
Fig. 6.5.

W3

Wy

W7

Fig. 6.5 A force torque sensor.

At the center, we have three forces and three moments acting. Writing the
force balance equation for static equilibrium we have.

W
F 0010000 1) w
Ey 01 00100 0w
Bl 100101 1 0fw
M| o001 00 1 0fws
M, 1 00001 0 0w
M, 01 10100 1)[w

Wy

Writing these set of equation in short form, we have
F=Ccw

where matrix ‘F” contains the external forces and moments acting at the centre,
‘C” in the matrix relating the external forces to the forces at the beams and ‘W~
is the strain gage readings corresponding to the forces in each beam. As can be
seen from the equation above the matrix ‘C” is non-square and hence a unique
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solution does not exist to obtain the value of wy...wg, for a given force and
moment input. Hence, force sensors need to be accurately calibrated before
use and they also contain some errors as exact solution to the equation do not
exist. The sensor is normally installed at the wrist of the robot. The forces and
moments acting on the gripper is then reflected at the wrist sensor.

Joint sensing If the robot uses dc servomotors then the torque being exerted
by the motors is proportional to the current flowing through the armature. A simple
way to measure this current is to measure the voltage drop across a small precision
resistor in series with the motor and power amplifier. This simplicity makes this
technique attractive; however, measuring the joint torque has several disadvantages.
First, measurements are made in joint space, while the forces of interest are applied
by the tool and would be more useful if made in tool space. The measurements
therefore not only reflect the forces being applied at the tool, but also the forces and
torques required to accelerate the links of the arm and to overcome the friction and
transmission losses of the joints. In fact, if the joint friction is relatively high (and it
usually is), it will mask out the small forces being applied at the tool tip. One area
where joint torque sensing shows promise of working well is with direct-drive robots.
Direct-drive robots are a relatively new innovation in which the drive motors are
located at the joints of the manipulator. In torque sensing, this configuration reduces
the friction and transmission losses, and the problems of torque measurement which
accompany these losses are thereby reduced.

Tactile array sensors A tactile array sensor is a special type of force sensor
composed of a matrix of force-sensing elements. The force data provided by this
type of device may be combined with pattern recognition techniques to describe a
number of characteristics about the impression contacting the array sensor surface.
Among these characteristics are 1. the presence of an object, 2. the object’s contact
area, shape, location, and orientation, 3. the pressure and pressure distribution, and
4. force magnitude and location. Tactile array sensors can be mounted in the fingers
of the robot gripper or attached to a work table as a flat touch surface.

The device is typically composed of an array of conductive elastomer pads.
As each pad is squeezed its electrical resistance changes in response to the
amount of deflection in the pad, which is proportional to the applied force.
By measuring the resistance of each pad, information about the shape of the object
against the array of sensing elements can be determined. The operation of a tactile
array sensor (with an 8 x 8 matrix of pressure-sensitive pads) is pictured in Fig. 6.6.
In the background is the CRT monitor display of the tactile impression made by
the object placed on the surface of the sensor device, As the number of pads in
the array is increased the resolution of the displayed information improves.
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Fig. 6.6 Tuctile array sensor device mounted in a mechanical gripper. (Photo courtesy: of Lord
Corporation)

Iﬁ 6.1 A possible use of a tactile array sensor is to measure the
xample 6. force and moments being applied to an object by the robot.

A typical application of this capability is the case of a robot inserting a peg into
ahole. Suppose the peg misses the hole slightly creating a binding action between
the peg and the hole. Figure 6.7 illustrates the situation showing the likely pattern
of forces on the tactile array sensor surface.

The problems in designing and using a tactile array sensor include wear of
the contacting surface and the possible need for multiplexing to minimize the
number of interconnections if the number of sensors in the array is very large.
Figure 6.8 shows the Lord Corporation’s LTS 300 Series product which contains
a large touch field surface (approximately 6 in. square) composed of an 80 by 80
pattern of sensor elements, making a total of 6400 sensitive sites. Each sensor has
gray scale capability to allow force magnitude to be measured at each sensor location
on the surface. The principal application foreseen for this product is for location and
orientation of components in robotic assembly operations as shown in Fig. 6.9.
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Fig. 6.7 Tactile array sensor mounted on a flat work surface. (Photo courtesy: Lord
Corporation)

Fig. 6.8 Tactile array sensor using 8 x 8 sensor array with display of tactile impression.
(Photo courtesy: Lord Corporation)
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Fig. 6.9 Possible binding action in an insertion task.

Research into potential materials for tactile sensors has lead to the development
of a force-sensing skin of Polyvinylidene di-Fluoride. This is a piezoelectric
material which means that it generates an output voltage when it is squeezed.
Advantages of Polyvinylidene di-Fluoride include its availability in sheets
only a few ten-thousandths of an inch and the fact that it is impervious to most
chemicals. Another interesting feature of this material is that it is pyroelectric,
meaning that it generates a voltage when heated. This feature suggests the
possibility for designing a tactile sensor that provides simultaneous force and
temperature sensing.

6.4 PROXIMITY AND RANGE SENSORS

Proximity sensors are devices that indicate when one object is dose to another object.
How close the object must be in order to activate the sensor is dependent on the
particular device. The distances can be anywhere between several millimeters and
several feet. Some of these sensors can also be used to measure the distance between
the object and the sensor, and these devices are called range sensors. Proximity and
range sensors would typically be located on the wrist or end effector since these are
the moving parts of the robot. One practical use of a proximity sensor in robotics
would be to detect the presence or absence of a workpart or other object. Another
important application is for sensing human beings in the robot workcell. Range
sensors would be useful for determining the location of an object (e.g., the workpart)
in relation to the robot.
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A variety of technologies are available for designing proximity and range sensors.
These technologies include optical devices, acoustics, electrical field techniques
(e.g., eddy currents and magnetic fields), and others. We will survey only a few of
the possibilities in the following paragraphs.

Optical proximity sensors can be designed using either visible or invisible
(infrared) light sources. Infrared sensors may be active or passive. The active sensors
send out an infrared beam and respond to the reflection of the beam against a target.
The infrared-reflectance sensor using an incandescent light source is a common device
that is commercially available. The active infrared sensor can be used to indicate not
only whether or not a part is present, but also the position of the part. By timing the
interval from when the signal is sent and the echo is received, a measurement of the
distance between the object and the sensor can be made. This feature is especially
useful for locomotion and guidance systems. Passive infrared sensors are simply
devices which detect the presence of infrared radiation in the environment. They
are often utilized in security systems to detect the presence of bodies giving off heat
within the range of the sensor. These sensor systems are effective at covering large
areas in building interiors.

Another optical approach for proximity sensing involves the use of a collimated
light beam and a linear array of light sensors. By reflecting the light beam off the
surface of the object, the location of the object can be determined from the position
of its reflected beam on the sensor array. This scheme is illustrated in Fig. 6.10. The
formula for the distance between the object and the sensor is given as follows:

Receiver
(sensing y |
array) |
5 u Light source
N ,” Lense
x N N ,/
e —1/ ;\ Object

£

Fig. 6.10 Scheme for a proximity sensor using reflected light against a sensor array.

x=0.5ytan(4)

where x = the distance of the object from the sensor

y=the lateral distance between the light source and the reflected light beam against
the linear array. This distance corresponds to the number of elements contained
within the reflected beam in the sensor array

A = the angle between the object and the sensor array as illustrated in Fig. 6.10.

Use of this device in the configuration shown relies on the fact that the surface of
the object must be parallel to the sensing array.

Acoustical devices can be used as proximity sensors. Ultrasonic frequencies
(above 20,000 Hz) are often used in these devices because the sound is beyond the



( 154  Industrial Robotics

range of human hearing. One type of acoustical proximity sensor uses a cylindrical
open-ended chamber with an acoustic emitter at the closed end of the chamber. The
emitter sets up a pattern of standing waves in the cavity which is altered by the
presence of an object near the open end. A microphone located in the wall of the
chamber is used to sense the change in the sound pattern. This kind of device can
also be used as a range sensor.

Proximity and range sensors based on the use of electrical fields are commercially
available. Two of the types in this category and eddy-current sensors and magnetic
field sensors. Eddy-current devices create a primary alternating magnetic field in the
small region near the probe. This field induces eddy currents in an object placed in
the region so long as the object is made of a conductive material. These eddy currents
produce their own magnetic field which interacts with the primary field to change its
flux density. The probe detects the change in the flux density and this indicates the
presence of the object.

Magnetic field proximity sensors are relatively simple and can be made using a
reed switch and a permanent magnet. The magnet can be made a part of the object
being detected or it can be part of the sensor device. In either case, the device can be
designated so that the presence of the object in the region of the sensor completes the
magnetic circuit and activates the reed switch. This type of proximity sensor design
is attractive because of its relative simplicity and because no external power supply
is required for its operation.

6.5 MISCELLANEOUS SENSORS AND
SENSOR BASED SYSTEMS

The miscellaneous category covers the remaining types of sensors and transducers
that might be used for interlocks and other purposes in robotic workcells. This
category includes devices with the capability to sense variables such as temperature
pressure, fluid flow, and electrical properties. Many of the common transducers and
sensors used for these variables are listed in Table 6.2.

An area of robotics research that might be included in this chapter is voice sensing
or voice programming. Voice-programming systems can be used in robotics for oral
communication of instructions to the robot. Voice sensing relies on the techniques of
speech recognition to analyze spoken words uttered by a human and compare those
words with a set of stored word patterns. When the spoken word matches the stored
word pattern, this indicates that the robot should perform some particular actions
which correspond to the word or series of words. We will explore this technology in
more detail in Chap. 19.

6.6 USES OF SENSORS IN ROBOTICS

The major uses of sensors in industrial robotics and other automated manufactur-
ing systems can be divided into four basic categories:

1. Safety monitoring
2. Interlocks in workcell control
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3. Part inspection for quality control
4. Determining positions and related information about objects in the robot cell

One of the important applications of sensor technology in automated manufactur-
ing operations is safety or hazard monitoring which concerns the protection of human
workers who work in the vicinity of the robot or other equipment. This subject of
safety monitoring and other methods of ensuring worker safety in roboticsis explored
in Chap. 17.

The second major use of sensor technology in robotics is to implement interlocks
in workcell control. As mentioned in Chap. 2, interlocks are used to coordinate the
sequence of activities of the different pieces of equipment in the workcell. In the
execution of the robot program, there are certain elements of the work cycle whose
completion must be verified before proceeding with the next element in the cycle.
Sensors, often very simple devices, are utilized to provide this kind of verification.
We will discuss interlocks and their uses in Chap. 11 on workcell control.

The third category is quality control. Sensors can be used to determine a variety of
part quality characteristics. Traditionally, quality control has been performed using
manual inspection techniques on a statistical sampling basis. The use of sensors
permits the inspection operation to be performed automatically on a 100 percent basis,
in which every part is inspected. The limitation on the use of automatic inspection
is that the sensor system can only inspect for a limited range of part characteristics
and defects. For example, a sensor probe designed to measure part length cannot
detect flaws in the part surface. Many applications of automated inspection are
accomplished without the use of robotics. The reason for including this category in
our discussion of robotic sensors is that robots are, in fact, often used to implement
automatic inspection systems by means of sensors. We will discuss robot inspection
applications in Chap. 15.

The fourth major use of sensors in robotics is to determine the positions and
other information about various objects in the workcell (e.g., workparts, fixtures,
people, equipment, etc.). In addition to positional data about a particular object, other
information required to properly execute the work cycle might include the object’s
orientation, color, size, and other characteristics. Reasons why this kind of data
would need to be determined during the program execution include:

» Workpart identification, and
» Random position and orientation of parts in the workcell

Accuracy requirements in a given application exceed the inherent capabilities of
the robot. Feedback information is required to improve the accuracy of the robot’s
positioning.

An example of workpart identification would be in a workcell in which the robot
processes several types of workparts, each requiring a different sequence of actions
by the robot. Each part presented to the robot would have to be properly identified so
that the correct subroutine could be called for execution. This type of identification
problem arises in automobile body spot-welding lines where the line is designed
to weld several different body styles (e.g., coupes, sedans, wagons). Each welding
robot along the line must execute the welding cycle for the particular body style at
that station. Simple optical sensors are typically used to indicate the presence or
absence of specific body style features in order to make the proper identification.
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An example of the part position and orientation problem is where a robot would
be required to pick up parts moving along a conveyor in random orientation and
position, and place them into a fixture. To accomplish the task, the exact location
of each part would have to be sensed as it came down the line. In addition, for the
robot to use a mechanical gripper to grasp the particular workpart, the orientation of
the part on the conveyor would have to be determined. All of this information would
have to be processed by the workcell controller (or other computer) in real time
in order to guide the robot in the execution of its programmed work cycle. Vision
systems represent an important category of sensor system that might be employed to
determine such characteristics as part location and orientation. We consider machine
vision to be a topic in robotics which is significant enough to merit its own chapter.
That chapter follows this one.

In some applications, the accuracy requirements in the application are more
stringent than the inherent accuracy and repeatability of the robot. Certain assembly
operations represent examples of this case. The robot is required to assemble two
parts whose alignment must be very close, closer than the accuracy of the robot. One
possible solution that might be used is a remote center compliance (RCC) device.
The use of the RCC device in assembly will be described in Chap. 15.

All four categories of sensor applications (safety monitoring, interlocks, inspection,
and positional data) are instances where the sensor constitutes a component of a
control system used in the robot work cell to accomplish some specific control
function. That control system, in turn, is a component of a larger control system
which we are calling the workcell control system. All of the control functions which
takes place in the workcell are coordinated and regulated by this larger system. Our
discussion of robot workcell control will resume in Chap. 11, after we have examined
robot programming, an obvious prerequisite for workcell control.

Groblems

6.1 It is desired to design a safety monitoring system for a robot cell in which a
robot loads an automatic production machine with parts arriving on a conveyor.
The robot is large and it is considered dangerous for workers to wander into
the work volume of the robot. Aside from the other safety precautions that
might be taken to ensure the safety of the workers, the safety monitoring
system will use one or more sensors to detect the presence of humans in the
cell.

(a) Write the detailed ‘functional specifications’ for the sensor system. That
is, make up a list of the things the sensor system must do, and the ways
in which it will have to operate.

(b) From the list of sensors in Table 6.2, select several alternative sensors that
will satisfy the functional specifications, and compare its features against
the specifications. For each sensor, explain how it will be configured in
the safety monitoring system. Use sketches if necessary to illustrate the
configuration.

(c) Select the best sensor alternative, and justify your selection.
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6.2

6.3

6.4

6.5

6.6

6.7

Using the list of sensors in Table 6.2 in the text, describe several methods for
determining the presence or absence of a metallic part in a fixture. Assume
the dimensions of the part are: length = 127.0 mm (5 in.), width = 36.0 mm
(1.4 in.), and thickness = 20.0 mm (0.8 in.). The fixture is a mechanical vise
with two jaws for holding the part. For each alternative, make a sketch of how
the sensor would be positioned relative to the part.

Using the list of sensors in Table 6.2 in the text, describe several methods
for determining the presence or absence of a non-metallic part in a
fixture. Assume the dimensions of the part are: length = 127.0 mm (5 in.),
width = 36.0 mm (1.4 in.), and thickness = 20.0 mm (0.8 in.). The fixture
is a mechanical vise with two jaws for holding the part. For each alternative,
make a sketch of how the sensor would be positioned relative to the part.
Using the list of sensors in Table 6.2 in the text, describe several sensors that
might be used for determining the dimensions of a workpart of a fiat worktable
in a robot cell. Assume that the robot could be used to implement the sensor
system, or that the sensor operation could be independent of the robot. Use
sketches as necessary to illustrate your proposal.

Two differently sized parts share the same conveyor. Both parts are made
of steel and have a square base which measures 46 mm (1.8 in.) on a side.
One part is 33 mm (1.3 in.) in height while the other part is 25 mm (1.0 in.)
high. Both parts travel with their bases down against the conveyor in the same
orientation and position. (They are not randomly oriented on the conveyer.) It
is required that the parts be picked up by a robot and placed in two separate
bins depending on their size. Select a sensor system from Table 6.2 that
could be used to distinguish between the two part sizes, and describe how
the workplace would be set up to implement the operation (make sketches
as needed). Before selecting the sensor, consider several alternative sensor
candidates and compare their relative attributes for the application.

With reference to Prob. 6.5 above, discuss how the problem of distinguishing
between the two part sizes would become more complicated if the parts were
to travel down the conveyor in random orientations. How would you deal
with the problem? Describe more than one possible approach.

A linear array of light sensors is to be used to determine the distance x in
the setup illustrated in Fig. 6.10 in the text. If the angle 4 representing the
orientation of the collimated light source is 60 degrees and the reflection of
the object reaches a position y =42 mm (1.65 in.), determine the value of x.
What will be the effect on the accuracy of the measurement, if the surface of
the object is not parallel to the linear sensor array as illustrated in Fig. 6.10?
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Machine Vision

(Introduction

Machine vision (other names include computer vision and artificial vision) is
an important sensor technology with potential applications in many industrial
operations. Many of the current applications of machine vision are in inspection;
however, it is anticipated that vision technology will play an increasingly
significant role in the future of robotics.

Vision systems designed to be utilized with robot or manufacturing sys-
tems must meet two important criteria which currently limit the influx of vision
systems to the manufacturing community. The first of these criteria is the need for
a relatively low-cost vision system. The second criterion is the need for relatively
rapid response time needed for robot or manufacturing applications, which should
be typically a fraction of a second.

Nevertheless, there has been a significant influx of vision systems into the
manufacturing world. The systems are used to perform tasks which include
selecting parts that are randomly oriented from a bin or conveyer, parts
identification, and limited inspection. These capabilities are selectively used in
traditional applications to reduce the cost of part and tool fixturing, and to allow
the robot program to test for and adapt to limited variations in the environment.

Advances in vision technology for robotics are expected to broaden the
capabilities of robotic vision systems to allow for vision-based guidance of the
robot arm, complex inspection for close dimensional tolerances, and improved
recognition and part location capabilities. These will result from the constantly
reducing cost of computational capability, increased speed, and new and better
algorithms currently being developed.

Computer vision is a complex and multidisciplinary field and is still in its early
stages of development. Advances in vision technology and related disciplines
are expected within the next decade which will permit applications not only in
manufacturing, but also in photointerpretation, warehousing, robotic operations
in hazardous environments, autonomous navigation, cartography, and medical
image analysis.

The purpose of this chapter is to explore the field of machine vision as a
fundamental sensor technology in robotics. )

e
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7.1 INTRODUCTION TO MACHINE VISION

Machine vision is concerned with the sensing of vision data and its interpretation by a
computer. The typical vision system consists of the camera and digitizing hardware,
a digital computer, and hardware and software necessary to interface them. This
interface hardware and software is often referred to as a preprocessor. The operation
of the vision system consists of three functions:

1. Sensing and digitizing image data
2. Image processing and analysis
3. Application

The relationships between the three functions are illustrated in the diagram of
Fig. 7.1.

The sensing and digitizing functions involve the input of vision data by means of
a camera focused on the scene of interest. Special lighting techniques are frequently
used to obtain an image of sufficient contrast for later processing. The image viewed
by the camera is typically digitized and stored in computer memory. The digital image
is called a frame of vision data, and is frequently captured by a hardware device
called a frame grabber. These devices are capable of digitizing images at the rate of
30 frames per second. The frames consist of a matrix of data representing projections
of the scene sensed by the camera. The elements of the matrix are called picture
elements, or pixels. The number of pixels are determined by a sampling process per-
formed on each image frame. A single pixel is the projection of a small portion of
the scene which reduces that portion to a single value. The value is measure of the
light intensity for that element of the scene. Each pixel intensity is converted into a
digital value. (We are ignoring the additional complexities involved in the operation
of a color video camera.) We will examine the details of machine vision sensing in
Sec. 7.2.

The digitized image matrix for each frame is stored and then subjected to image
processing and analysis functions for data reduction and interpretation of the image.
These steps are required in order to permit the real-time application of vision analysis
required in robotic applications. Typically, an image frame will be thresholded to
produce a binary image, and then various feature measurements will further reduce
the data representation of the image. This data reduction can change the representation
of a frame from several hundred thousand bytes of raw image data to several hundred
bytes of feature value data. The resultant feature data can be analyzed in the available
time for action by the robot system.
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Functions of a machine vision system.

Fig. 7.1

Various techniques to compute the feature values can be programmed into the

computer to obtain feature descriptors of the image which are matched against
previously computed values stored in the computer. These descriptors include shape
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and size characteristics that can be readily calculated from the thresholded image
matrix. Some of the important techniques used in the vision system image processing
and analysis will be discussed in Sec. 7.3.

To accomplish image processing and analysis, the vision system frequently must
be trained. In training, information is obtained on prototype objects and stored as
computer models. The information gathered during training consists of features such
as the area of the object, its perimeter length, major and minor diameters, and similar
features. During subsequent operation of the system, feature values computed on
unknown objects viewed by the camera are compared with the computer models to
determine if a match has occurred, Sec. 7.4 will discuss training of a vision system.

The third function of a machine vision system is the applications function.

The current applications of machine vision in robotics include inspection, part
identification, location, and orientation. Research is ongoing in advanced applications
of machine vision for use in complex inspection, guidance, and navigation. In Sec.
7.5, these applications will be discussed.

Vision systems can be classified in a number of ways. One obvious classification is
whether the system deals with a two-dimensional or three-dimensional model of the
scene. Some vision applications require only a two-dimensional analysis. Examples
of two-dimensional vision problems include checking the dimensions of a part or
verifying the presence of components on a subassembly.

Many two-dimensional vision systems can operate on a binary image which is
the result of a simple thresholding technique. This is based on an assumed high
contrast between the object (s) and the background. The desired contrast can often be
accomplished by using a controlled lighting system.

Three-dimensional vision systems may require special lighting techniques and
more sophisticated image processing algorithms to analyze the image. Some systems
require two cameras in order to achieve a stereoscopic view of the scene, while other
three-dimensional systems rely on the use of structured light and optical triangulation
techniques with a single camera. An example of a structured light system is one
that projects a controlled band of light across the object. The light band is distorted
according to the three-dimensional shape of the object. The vision system sees the
distorted band and utilizes triangulation to deduce the shape.

Another way of classifying vision systems is according to the number of gray
levels (light intensity levels) used to characterize the image. In a binary image the
gray level values are divided into either of two categories, black or white. Other
systems permit the classification of each pixel’s gray level into various levels, the
range of which is called a gray scale.

7.2 THE SENSING AND DIGITIZING FUNCTION
IN MACHINE VISION

Our description of the typical machine vision system in the preceding section
identified three functions: sensing and digitizing, image processing and analysis, and
application. This and the following sections in the chapter will elaborate on these
functions. The present section is concerned with the sensing and digitizing aspects
of machine vision.
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Image sensing requires some type of image formation device such as a camera
and a digitizer which stores a video frame in the computer memory. We divide the
sensing and digitizing functions into several steps. The initial step involves capturing
the image of the scene with the vision camera. The image consists of relative light
intensities corresponding to the various portions of the scene. These light intensities
are continuous analog values which must be sampled and converted into a digital
form.

The second step, digitizing, is achieved by an analog-to-digital (A/D) converter.
The A/D converter is either a part of a digital video camera or the front end of a frame
grabber. The choice is dependent on the type of hardware in the system. The frame
grabber, representing the third step, is an image storage and computation device
which stores a given pixel array. The frame grabber can vary in capability from
one which simply stores an image to significant computation capability. In the more
powerful frame grabbers, thresholding, windowing, and histogram modification
calculations can be carried out under computer control. The stored image is then
subsequently processed and analyzed by the combination of the frame grabber and
the vision controller.

7.2.1 Imaging Devices

There are a variety of commercial imaging devices available. Camera technologies
available include the older black-and-white vidicon camera, and the newer, second-
generation, solid state cameras. Solid state cameras used for robot vision include
charge-coupled devices (CCD), charge injection devices (CID), and silicon bipolar
sensor cameras. For our purposes, we review two such devices in this subsection, the
vidicon camera and the charge-coupled device (CCD).

Figure 7.2 illustrates the vidicon camera. In the operation of this system, the lens
forms an image on the glass faceplate of the camera. The faceplate has an inner
surface which is coated with two layers of material. The first layer consists of a
transparent signal electrode film deposited on the faceplate of the inner surface.
The second layer is, a thin photosensitive material deposited over the conducting
film. The photosensitive layer consists of a high density of small areas. These areas
are similar to the pixels mentioned previously. Each area generates a decreasing
electrical resistance in response to increasing illumination. A charge is created in
each small area upon illumination. An electrical charge pattern is thus generated
corresponding to the image formed on the faceplate. The charge accumulated for an
area is a function of the intensity of impinging light over a specified time.

Horizontal and vertical

deflecting coils
Glass faceplate

Focusing coil

Lens B R RBIRRRXIIARZR
TV OV IISC Y,
I'IIE —]
uL_ \ —
Scene KX AT KK ITIIK XKD
BRI IR AL KRNI
RREBRILIZALLEIRIRAA Electron gun

Signal output
Fig. 7.2 Cross section of a vidicon tube and its associated deflection and focusing tube.
(Reprinted with permission of McGraw-Hill, Inc. [10])
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Once a light sensitive charge is built up, this charge is read out to produce a video
signal. This is accomplished by scanning the photosensitive layer by an electron
beam. The scanning is controlled by a deflection coil mounted along the length of
the tube. For an accumulated positive charge the electron beam deposits enough
electrons to neutralize the charge. An equal number of electrons flow to cause a
current at the video signal electrode. The magnitude of the signal is proportional to
the light intensity and the amount of time with which an area is scanned. The current
is then directed through a load resistor which develops a signal voltage which is
further amplified and analyzed. Raster scanning eliminates the need to consider the
time at each area by making the scan time the same for all areas. Only the intensity
of the impinging light is considered. In the United States, the entire faceplate is
scanned approximately 30 frames per second. The European standard is 25 frames
per second. Raster scanning is typically done by scanning the electron beam from
left to right and top to bottom. The process is such that the system is designed to
start the integration with zero-accumulated charge. For the fixed scan time, the
charge accumulated is proportional to the intensity of that portion of the image being
considered. The output of the camera is a continuous voltage signal for each line
scanned. The voltage signal for each scan line is subsequently sampled and quantized
resulting in a series of sampled voltages being stored in digital memory. This analog-
to-digital conversion process for the complete screen (horizontal and vertical) results
in a two-dimensional array of picture elements (pixels). Typically, a single pixel is
quantized to between six and eight bits by the A/D converter.

Another approach to obtaining a digitized image is by use of the charge coupled
device (CCD). In this technology, the image is projected by a video camera onto the
CCD which detects, stores, and reads out the accumulated charge generated by the
light on each portion of the image. Light detection occurs through the absorption
of light on a photoconductive substrate (e.g., silicon). Charges accumulate under
positive control electrodes in isolated wells due to voltages applied to the central
electrodes. Each isolated well represents one pixel and can be transferred to output
storage registers by varying the voltages on the metal control electrodes. This is
illustrated in Figs. 7.3(a) and ().

Meml gontrol Control electrodes

electrodes Insulator,

silicon

i g dioxide

[ ] ] /
( l { \

06 6 6
0060

E13)
p-type
silicon

Lightf \\ Electrons accumulate Charge moving from area 1 to 2

under positive electrode  as voltages on control electrodes
Charge carriers are changed
generated by light

(@) (b)

Fig. 7.3  Basic principle of charge-coupled device: (a) Accumulation of an electron charge
in a pixel element: (b) Movement of accumulated charge through the silicon by
changing the voltages on the electrodes A, B, and C. (Reprinted with permission of
McGraw-Hill, Inc. [10])
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Figure 7.4 indicates one type of CCD imager. Charges are accumulated for the
time it takes to complete a single image after which they are transferred line by line
into a storage register. For example, register A in Fig. 7.4 accumulates the pixel
charge produced by the light image. Once accumulated for a single picture,
the charges are transferred line by line to register B. The pixel charges are
read out line by line through a horizontal register C to an output amplifier.
During readout, register A is accumulating new pixel elements. The complete

cycle is repeated approximately every %th of a second.

Amplifier
Output Con.trol electrodes
signal Register C:
horizontal line
[T 1T 1T 1711 readout register

Path of pixel

charge during

Registerl: : : : readout

B e Number of pixel
lines in each
d]liH:Hj register corresponds
¥ . to the number of
dﬂjj:ﬁ} scan lines in a
television picture

Register Pixel charge
A = accumulation area

Control electrodes

v W Bring built into

silicon to prevent
charges from
spreading sideways

Fig. 7.4 One type of charge-coupled device imager. Register A accumulates the
pixel charges produced by photoconductivity generated by the light image.
The B register stores the lines of pixel charges and transfers each line in
turn into register C. Register C reads out the charges laterally as shown
into the amplifier. (Reprinted with permission of McGraw-Hill, Inc. [10])

7.2.2 Lighting Techniques

An essential ingredient in the application of machine vision is proper
lighting. Good illumination of the scene is important because of its effect
on the level of complexity of image-processing algorithms required. Poor
lighting makes the task of interpreting the scene more difficult. Proper lighting
techniques should provide high contrast and minimize specular reflections and
shadows unless specifically designed into the system.

The basic types of lighting devices used in machine vision may be grouped into
the following categories:

1. Diffuse surface devices Examples of diffuse surface illuminators are the
typical fluorescent lamps and light tables.
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2. Condenser projectors A condenser projector transforms an expanding light

source into a condensing light source. This is useful in imaging optics.

3. Flood or spot projectors Flood lights and spot lights are used to illuminate

surface areas.

4. Collimators Collimators are used to provide a parallel beam of light on the

subject.

5. Imagers Imagers such as slide projectors and optical enlargers form an image

of the target at the object plane.

Various illumination techniques have been developed to use these lighting devices.
Many of these techniques are presented in Table 7.1. The purpose of these techniques
is to direct the path of light from the lighting device to the camera so as to display the
subject in a suitable manner to the camera.

Table 7.1 lllumination techniques.

Technique Function/use

Front light source

Front illumination Area flooded such that surface is defining feature of image.

Specular illumination (dark field) |Used for surface defect recognition (background dark).

w N~ >

Specular illumination (light field) [Used for surface defect recognition; camera in-line with
reflected rays (background light).

4. | Front imager Structured light application; imaged light superimposed on
object surface-light beam displaced as function of thickness.

B. | Back light source

1. | Rear illumination (lighted field) |Uses surface diffusor to silhouette features; used in parts
inspection and basic measurements.

2. | Rear illumination (condenser)  |Produces high-contrast images; useful for high magnification
application.

3. | Rear illumination (collimator) Produces parallel light ray source such that the features of
object do not lie in same plane.

4. | Rear offset illumination Useful to produce feature highlights when feature is
in transparent medium.

C. | Other miscellaneous devices

1. | Beam splitter Transmits light along same optical axis as sensor; advantage
is that it can illuminate difficult-to-view objects.
2. | Split mirror Similar to beam splitter but more efficient with lower intensity
requirements.
Non-selective redirectors Light source is redirected to provide proper illumination
4. | Retroreflector A device that redirects incident rays back to sensor; incident

angel capable of being varied; provides high contrast for
object between source and reflector.

5. | Double density A technique used to increase illumination intensity at sensor;
used with transparent media and retroreflector.
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As shown in Table 7.1, there are two basic illumination techniques used in machine
vision: front lighting and back lighting. Front lighting simply means that the light
source is on the same side of the scene as the camera. Accordingly, reflected light
is used to create the image viewed by the camera. In back lighting, the light source
is directed at the camera and is located behind the objects of interest. The image
seen by the camera is a silhouette of the object under study. Back lighting is suitable
for applications in which a silhouette of the object is sufficient for recognition or
where there is a need to obtain relevant measurements. The table also lists other
miscellaneous techniques that may be used to provide illumination.

7.2.3 Analog-to-Digital Signal Conversion

For a camera utilizing, the vidicon tube technology it is necessary to convert
the analog signal for each pixel into a digital form. The analog-to-digital (A/D)
conversion process involves taking an analog input voltage signal and producing an
output that represents the voltage, signal in the digital memory of a computer. A/D
conversion consists of three phases: sampling, quantization, and encoding.

Sampling A given analog signal is sampled periodically to obtain a series of
discrete time analog signals. This process is illustrated in Fig. 7.5. By setting a
specified sampling rate, the analog signal can be approximated by the sampled digital
outputs. How well we approximate the analog signal is determined by the sampling
rate of the A/D converter. The sampling rate should be at least twice the highest
frequency in the video signal if we wish to reconstruct that signal exactly.14

Sampled voltage
points

Voltage

At

T
ot

Time

(@)

Sampled voltage

Voltage

Time
(b)
Fig. 7.5 Sampling and digitizing an analog waveform: (a) Analog waveform indicating sampling
interval, t, and sampled voltage points, (b) Digital approximation to analog signal.
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Consider a vision system using a vidicon tube. An analog video
signal is generated for each line of the 512 lines comprising the
faceplate. The sampling capability of the A/D converter is 100 nanoseconds (100 X
1077 s). This is the cycle time required to complete the A/D conversion process for

m‘Example 7.1

one pixel. Using the American standard of 33.33 milliseconds (3—10 s) to scan the entire

faceplate consisting of 512 lines, determine the sampling rate and the number of
pixels that can be processed per line.
The cycle time per pixel is limited by the A/D conversion process to
100x 107 s
=0.1 x 107 s/pixel

The scanning rate for the 512 lines in the faceplate is 31—0 $s=3333%x10"s

Accordingly, the scanning rate for each line is = (33.33 x 107 5)/512 lines
= 65.1 x 10°° s/line

The number of pixels that can be processed per line is therefore

65.1x10™°s/line

0.1x 10 %s/pixel

651 pixels/line.

In practice, an allowance would have to be made for the time required when the
electron beam is shut off during its raster from one line to the next. This dead time
would decrease the number of pixels used in the vidicon system. For example, the
number of pixels that the system could handle might be reduced from 651 pixels
per line to 512 pixels per line, which is similar to the number of pixels per line used
in home television. For a 512 x 512 pixel image, there are a total of 262,144 pixels
to consider during the faceplate scanning period. Each pixel must be processed and
some type of image processing function must be carried out during the sampling
period. This results in substantial demand on the digital computer performing the
function. The requirement on the capability of the vision system computer has been
one of the limiting factors in the development of machine vision. Systems with a
smaller number of pixels (128 x 128 = 16,384 pixels or 256 x 256 = 65,536 pixels)
impose lower computational requirements: however, the image resolution of these
systems is much lower than for systems possessing a greater pixel density. For a
given video signal representing one line, the number of samples taken determines the
horizontal resolution of the imaging system. The total number of lines determines the
vertical resolution.

Quantization Each sampled discrete time voltage level is assigned to a finite
number of defined amplitude levels. These amplitude levels correspond to the gray
scale used in the system. The predefined amplitude levels are characteristic to a
particular A/D converter and consist of a set of discrete values of voltage levels. The
number of quantization levels is defined by

Number of quantization levels = 2"

where 7 is the number of bits of the A/D converter. A large number of bits enables
a signal to be represented more precisely. For example, an 8 bit converter would
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allow us to quantize at 28 =256 different values whereas 4 bits would allow only
2% = 16 different quantization levels.

Encoding The amplitude levels that are quantized must be changed into digital
code. This process, termed encoding, involves representing an amplitude level by
a binary digit sequence. The ability of the encoding process to distinguish between
various amplitude levels is a function of the spacing of each quantization level.
Given the full-scale range of an analog video signal, the spacing of each level would
be defined by

Full-scale range
2}1
The quantization error resulting from the quantization process can be defined as

Quantization level spacing =

o 1 S .
Quantization error =t 5 (quantization level spacing)

Iﬁ7 2 A continuous video voltage signal is to be converted into a
e discrete signal. The range of the signal after amplification is 0

to 5 V. The A/D converter has an 8 bit capacity. Determine the number of quan-
tization levels, the quantization level spacing, the resolution, and the quantization
error.

For an 8 bit capacity, the number of quantization levels is 2% = 256. The A/D

converter resolution = 21? =0.0039 or 0.39 per cent. For the 5 V range,

Quantization level spacing = % 0.0195V
2%)

Quantization error =+ % (0.0195 V) =0.00975 V

To represent the voltage signal in binary form involves the process of encoding.
This is accomplished by assigning the sequence of binary digits to represent
increasing quantization levels.

[ﬁ7 3 For the A/D converter of Example 7.2, indicate how the voltage
xample 7. signal might be indicated in binary form.

Of the eight bits available, we can use these bits to represent increasing quantization
levels as fellows:

Voltage range, V Binary number Gray scale
0-0.0195 0000 0000 0 (black)
0.0195-0.0390 0000 0001 1 (dark gray)
0.0390-0.0585 0000 0010 2
4.9610—4.9805 1111 1110 254 (light gray)
4.9805-5.0 1111 1111 255 (white)
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If we had a voltage signal which, for example, varied over a5 V range, we could
then assign the first bit to indicate polarity and use the succeeding 7 bits to identify
specific voltage ranges. The number of quantization levels would be 27 = 128 and the
quantization level spacing would be 5 V divided by 128 or 0.039 V.

7.2.4 Image Storage

Following A/D conversion, the image is stored in computer memory, typically called
a frame buffer. This buffer may be part of the frame grabber or in the computer
itself. Various techniques have been developed to acquire and access digital images.
Ideally, one would want to acquire a single frame of data in real time. The frame
grabber is one example of a video data acquisition device that will store a digitized

picture and acquire it in = % s. Digital frames are typically quantized to 8 bits per

pixel. However, a 6 bit buffer is adequate since the average camera system cannot
produce 8 bits of noise-free data. Thus the lower-order bits are dropped as a means
of noise cleaning. In addition, the human eye can only resolve about 20 = 64 gray
levels. A combination of row and column counters are used in the frame grabber
which are synchronized with the scanning of the electron beam in the camera. Thus,
each position on the screen can be uniquely addressed. To read the information stored
in the frame buffer, the data is ‘grabbed’ via a signal sent from the computer to the
address corresponding to a row—column combination. Such frame grabber techniques
have become extremely popular and are used frequently in vision systems.

7.3 IMAGE PROCESSING AND ANALYSIS

The discussion in the preceding section described how images are obtained, digitized,
and stored in a computer. For use of the stored image in industrial applications, the
computer must be programmed to operate on the digitally stored image. This is a
substantial task considering the large amount of data that must be analyzed. Consider
an industrial vision system having a pixel density of 350 pixels per line and 280 lines
(a total of 98,000 picture elements), and a 6-bit register for each picture element to
represent various gray levels; this would require a total of 98,000 x 6 = 588,000

bits of data for each % s. This is a formidable amount of data to be processed in a

short period of time and has led to various techniques to reduce the magnitude of the
imageprocessing problem. These techniques include:

1. Image data reduction

2. Segmentation

3. Feature extraction

4. Object recognition

These techniques of image data analysis are discussed in the following subsections.

7.3.1 Image Data Reduction

In image data reduction, the objective is to reduce the volume of data. As a preliminary
step in the data analysis, the following two schemes have found common usage for
data reduction:
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1. Digital conversion
2. Windowing

The function of both schemes is to eliminate the bottleneck that can occur from
the large volume of data in image processing.

Digital conversion reduces the number of gray levels used by the machine vision
system. For example, an 8-bit register used for each pixel would have 28 =256 gray
levels. Depending on the requirements of the application, digital conversion can be
used to reduce the number of gray levels by using fewer bits to represent the pixel
light intensity. Four bits would reduce the number of gray levels to 16. This kind
of conversion would significantly reduce the magnitude of the image-processing
problem.

’ﬁ7 4 For an image digitized at 128 points per line and 128 lines,
g CIPLE T determine (a) the total number of bits to represent the gray

level values required if an 8-bit A/D converter is used to indicate various shades of
gray, and (b) the reduction in data volume if only black and white values are digitized.

(a) For gray scale imaging with 28 =256 levels of gray
Number of hits = 128 x 128 x 256 = 4,194,304 bits.

(b) For black and white (binary bit conversion)
Number of bits = 128 x 128 x 2 = 16,384 bits
Reduction in data volume = 4,194,304 — 16,384

=4,177,920 bits.

Windowing involves using only a portion of the total image stored in the frame
buffer for image processing and analysis. This portion is called the window. For
example, for inspection of printed circuit boards, one may wish to inspect and analyze
only one component on the board. A rectangular window is selected to surround the
component of interest and only pixels within the window are analyzed. The rationale
for windowing is that proper recognition of an object requires only certain portions
of the total scene.

7.3.2 Segmentation

Segmentation is a general term which applies to various methods of data reduction. In
segmentation, the objective is to group areas of an image having similar characteristics
or features into distinct entities representing parts of the image. For example,
boundaries (edges) or regions (areas) represent two natural segments of an image.
There are many ways to segment an image.

Three important techniques that we will discuss are:

1. Thresholding
2. Region growing
3. Edge detection

In its simplest form, thresholding is a binary conversion technique in which each
pixel is converted into a binary value, either black or white. This is accomplished
by utilizing a frequency histogram of the image and establishing what intensity
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(gray level) is to be the border between black and white. This is illustrated for an
image of an object as shown in Fig. 7.6. Fig. 7.6(a) shows a regular image with each
pixel having a specific gray tone out of 256 possible gray levels. The histogram of
Fig. 7.6(b) plots the frequency (number of pixels) versus the gray level for the image.
For histograms that are bimodal in shape, each peak of the histogram represents
either the object itself or the background upon which the object rests. Since we
are trying to differentiate between the object and background, the procedure is to
establish a threshold (typically between the two peaks) and assign, for example, a
binary bit 1 for the object and 0 for the background. The outcome of this thresholding
technique is illustrated in the binary-digitized image of Fig, 7.6(c). To improve the
ability to differentiate, special lighting techniques must often be applied to generate
a high contrast.

Fig. 7.6  Obtaining a binary image by thresholding: (a) Image of object with all gray-levels
present, (b) Histogram of image, (c) Binary image of object after thresholding.
(Photos courtesy: Robotics Laboratory, Lehigh University)

It should be pointed out that the above method of using a histogram to determine a
threshold is only one of a large number of ways to threshold an image. It is however
the method used by many of the commercially available robot vision systems today.
Such a method is said to use a global threshold for the entire image. In some cases,
this is not possible and a local thresholding method as described below may be
employed.

When it is not possible to find a single threshold for an entire image (for example,
if many different objects occupy the same scene, each having different levels of
intensity), one approach is to partition the total image into smaller rectangular areas
and determine the threshold for each window being analyzed.
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Thresholding is the most widely used technique for segmentation in industrial
vision applications. The reasons are that it is fast and easily implemented and that the
lighting is usually controllable in an industrial setting.

Once thresholding is established for a particular image, the next step is to identify
particular areas associated with objects within the image. Such regions usually
possess uniform pixel properties computed over the area. The pixel properties may
be multidimensional; that is, there may be more than a single attribute that can be
used to characterize the pixel (e.g., color and light intensity). We will avoid this
complication and confine our discussion to single pixel attributes (light intensity) of
aregion.

Region growing is a collection of segmentation techniques in which pixels are
grouped in regions called grid elements based on attribute similarities. Defined
regions can then be examined as to whether they are independent or can be merged to
other regions by means of an analysis of the difference in their average properties and
spatial connectiveness. For instance, consider an image as depicted in Fig. 7.7(a). To
differentiate between the objects and the background, assign 1 for any grid element
occupied by an object and 0 for background elements. It is common practice to use a
square sampling grid with pixels spaced equally along each side of the grid. For the
two-dimensional image of a key as shown, this would give the pattern indicated in
Fig. 7.7(b). This technique of creating ‘runs’ of 1s and Os is often used as a first-pass
analysis to partition the image into identifiable segments or ‘blobs.” Note that this
simple procedure did not identify the hole in the key of Fig. 7.7(a), This could be
resolved by decreasing the distance between grid points and increasing the accuracy
with which the original image is represented.
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Fig. 7.7 Image segmentation: (a) Image pattern with grid, (b) Segmented image after runs test.

For a simple image such as a dark blob on a light background, a runs technique
can provide useful information. For more complex images, this technique may not
provide an adequate partition of an image into a set of meaningful regions. Such
regions might contain pixels that are connected to each other and have similar
attributes, for example, gray level. A typical region-growing technique for complex
images could have the following procedure:

1. Select a pixel that meets a criterion for inclusion in a region. In the simplest
case, this could mean select white pixel and assign a value of 1.
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2. Compare the pixel selected with all adjacent pixels. Assign an equivalent
value to adjacent pixels if an attribute match occurs.

3. Go to an equivalent adjacent pixel and repeat process until no equivalent
pixels can be added to the region.

This simple procedure of ‘growing’ regions around a pixel would be repeated
until no new regions can be added for the image.

The region growing segmentation technique described here is applicable when
images are not distinguishable from each other by straight thresholding or edge
detection techniques. This sometimes occurs when lighting of the scene cannot be
adequately controlled. In industrial robot vision systems, it is common practice to
consider only edge detection or simple thresholding. This is due to the fact that light-
ing can be a controllable factor in an industrial setting and hardware/computational
implementation is simpler.

Edge detection considers the intensity change that occurs in the pixels at the
boundary or edges of a part. Given that a region of similar attributes has been found
but the boundary shape is unknown, the boundary can be determined by a simple
edge following procedure. This can be illustrated by the schematic of a binary image
as shown in Fig. 7.8. For the binary image, the procedure is to scan the image until
a pixel within the region is encountered. For a pixel within the region, turn left and
step, otherwise, turn right and step. The procedure is stopped when the boundary
is traversed and the path has returned to the starting pixel. The contour-following
procedure described can be extended to gray level images.

Start
End

Fig. 7.8 Edge following procedure to detect the edge of a binary image.

7.3.3 Feature Extraction

In machine vision applications, it is often necessary to distinguish one object
from another. This is usually accomplished by means of features that uniquely
characterize the object. Some features of objects that can be used in machine vision
include area, diameter, and perimeter. A feature, in the context of vision systems,
is a single parameter that permits ease of comparison and identification. A list of
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some of the features commonly used in vision applications is given in Table 7.2.
The techniques available to extract feature values for two-dimensional cases can be
roughly categorized as those that deal with boundary features and those that deal
with area features. The various features can be used to identify the object or part and
determine the part location and/or orientation.

The region-growing procedures described before can be used to determine the
area of an object’s image. The perimeter or boundary that encloses a specific area can
be determined by noting the difference in pixel intensity at the boundary and simply
counting all the pixels in the segmented region that are adjacent to pixels not in the
region, that is, on the other side of the boundary. An important objective in selecting
these features is that the features should not depend on position or orientation. The
vision system should not be dependent on the object being presented in a known and
fixed relationship to the camera.

Table 7.2  Basic features and measures for object identification for two-dimensional objects.

Gray level (maximum, average, or minimum)

Area

Perimeter length

Diameter

Minimum enclosing rectangle

Center of gravity—For all pixels (n) in a region where each pixel is specified by (x, y)
coordinates, the x and y coordinates of the center of gravity are defined as

CG,= %Zx
X

CG,= %Zy
y

Eccentricity: A measure of ‘elongation’ Several measures exist of which the simplest is

Maximum chord length A
Maximum chord length B

Eccentricity =

where maximum chord length B is chosen perpendicular to A.

Aspect ratio—The length-to-width ratio of a boundary rectangle which encloses the object.
One objective is to find the rectangle which gives the minimum aspect ratio.
Thinness—This is a measure of how thin an object is. Two definitions are in use

(a) Thinness = —(Perimeter)2
Area

This is also referred to as compactness.

Diameter
Area

The diameter of an object, regardless of its shape, is the maximum distance obtainable for two points
on the boundary of an object.

Diameter (b) Thinness =

Contd.
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Holes—Number of holes in the object.

Moments—Given a region, R, and coordinates of the points (X, y) in or on the boundary of the
region, the pqth order moment of the image of the region is given as

Mg = z Xy
ny

The preceding measures provide some basic methods to analyze images in a
two-dimensional plane. Various other measures exist for the three-dimensional case
as well. To illustrate some of the two-dimensional definitions and measures, the
following example is provided:

% Consider the schematic of the image in Fig. 7.9. Determine the
Example 7.5 e . ) .
area, the minimum aspect ratio, the diameter, the centroid, and

the thinness measures of the image.

For the image, the minimum boundary rectangle is as shown. For ease of
calculation, the origin is translated to O’ with x’, )’ coordinates. The area may be
determined from the moment, M, as

My, = Z X'y’ = 24 pixels
X,y
The minimum aspect ratio would use the minimum boundary rectangle and would
simply be
Length 9

Width 4

Minimum aspect ratio =

with the diameter = 9 pixels. The centroid position for the » = 24 pixels in the
region would be calculated from

—_ 1 ’
C.G., —;;x

CG.y = %2 ¥
&

where pixel location is taken at the midpoint of each pixel cell. (C.G. =
CG., = 1 4(1) + 4(3) + 4(§j + Z(Zj +...+ 2(1—7j
24 \2 2 2 2 2

= L(90) & units
24 4

co - AP

= % =2 units
48
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center of gravity.) The centroid is indicated in Fig. 7.9. Of the two thinness measures
defined, the calculations would result in

})
8 J; Minimum boundary
7+ i rectangle
6 —
5 —
4+
3 —
2 -
l -
0

7.3.4 Object Recognition

The next step in image data processing is to identify the object the image represents.
This identification problem is accomplished using the extracted feature information
described in the previous subsection. The recognition algorithm must be powerful
enough to uniquely identify the object. Object recognition techniques used in
industry today may be classified into two major categories:

1. Template-matching techniques
2. Structural techniques

Template-matching techniques are a subset of the more general statistical pattern.
Recognition techniques that serve to classify objects in an image into predetermined
categories. The basic problem in template matching is to match the object with a
stored pattern feature set defined as a model template. The model template is obtained
during the training procedure in which the vision system is programmed for known
prototype objects. These techniques are applicable if there is not a requirement for a
large number of model templates. The procedure is based on the use of a sufficient
number of features to minimize the frequency of errors in the classification process.
The features of the object in the image (e.g., its area, diameter, aspect ratio, etc.)
are compared to the corresponding stored values. These values constitute the stored
template. When a match is found, allowing for certain statistical variations in the
comparison process, then the object has been properly classified.

Structural techniques of pattern recognition consider relationships between
features or edges of an object. For example, it the image of an object can be
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subdivided into four straight lines (the lines are called primitives) connected at
their end points, and the connected lines are at right angles, then the object is a
rectangle. This kind of technique, known as syntactic pattern recognition, is the most
widely used structural technique. Structural techniques differ from decision-theoretic
techniques in that the latter deals with a pattern on a quantitative basis and ignores
for the most part interrelationships among object primitives. A detailed discussion
of pattern recognition techniques is the subject of complete books and is beyond the
scope of this text.

It can be computationally time consuming for complete pattern recognition.
Accordingly, it is often more appropriate to search for simpler regions or edges
within an image. These simpler regions can then be used to extract the required
features. The majority of commercial robot vision systems make use of this approach
to the recognition of two-dimensional objects. The recognition algorithms are used
to identify each segmented object in an image and assign it to a classification (e.g.,
nut, bolt, flange, etc.)

7.4 TRAINING THE VISION SYSTEM

The purpose of vision system training is to program the vision system with known
objects. The system stores these objects in the form of extracted feature values which
can be subsequently compared against the corresponding feature values from images
of unknown objects. Typical features used in machine vision were discussed in the
previous section and summarized in Table 7.2.

Training of the vision system should be carried out under conditions as close
to operating conditions as possible. Physical parameters such as camera placement,
aperture setting, part position, and lighting are the critical conditions that should be
simulated as closely as possible during the training session.

Vision system manufacturers have developed application software for each
individual system marketed. The software is typically based on a high-level
programming language. For example, Object Recognition Systems Inc. uses the ‘C’
language, and Automatix Inc. uses their internally developed language called RAIL
(for Robot Automatic Incorporated Language). There are two versions of RAIL, one
for automated vision systems and the other for robot programming. We will present
portions of the robot programming language in the appendix to Chap. 9.

~.5 ROBOTIC APPLICATIONS

Many of the current applications of machine vision are inspection tasks that do not
involve the use of an industrial robot. A typical application is where the machine
vision system is installed on a high-speed production line to accept or reject parts
made on the line. Unacceptable parts are ejected from the line by some mechanical
device that is communicating with the vision system.

Machine vision applications can be considered to have three levels of difficulty.
These levels depend on whether the object to be viewed is controlled in position and/
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or appearance. Controlling the position of an object in a manufacturing environment
usually requires precise fixturing. Controlling the appearance of an object is
accomplished by lighting techniques. Also, appearance is influenced by the object’s
surface texture or coloration. The three levels of difficulty used to categorize machine
vision applications in an industrial setting are:

1. The object can be controlled in both position and appearance.
2. Either position or appearance of the object can be controlled but not both.
3. Neither position nor appearance of the object can be controlled.

The third level of difficulty requires advanced vision capabilities. The objective
in engineering the vision application is to lower the level of difficulty involved,
thereby reducing the level of sophistication of the vision system required in
the application. For example, one problem that occurs in object recognition is
that the recognition process is facilitated if the object is in a known position
and orientation. Parts in a factory are typically not positioned and oriented in
this manner. This problem can be reduced from a third level to a first level of
difficulty by fixturing the parts and using techniques such as structured lighting
to control the appearance.

In this section, the use of machine vision in robotic applications will be
emphasized. Robotic applications of machine vision fall into the three broad
categories listed below:

1. Inspection
2. Identification
3. Visual servoing and navigation

The first category is one in which the primary function is the inspection process.
This is carried out by the machine vision system, and the robot is used in a secondary
to support the application. The objectives of machine vision inspection include
checking for gross surface defects, discovery of flaws in labeling (during final
inspection of the product package), verification of the presence of components in
assembly, measuring for dimensional accuracy, and checking for the presence of
holes and other features in a part. When these kinds of inspection operations are
performed manually, there is a tendency for human error. Also, the time required in
most manual inspection operations requires that the procedures be accomplished on a
sampling basis. With machine vision, these procedures are carried out automatically,
using 100 percent inspection, and usually in much less time. In Chap. 15, we will
return to robotic inspection in which many of the applications of robots make use of
machine vision.

The second category, identification, is concerned with applications in which the
purpose of the machine vision system is to recognize and classify an object rather
than to inspect it. Inspection implies that the part must be either accepted or rejected.
Identification involves a recognition process in which the ‘part itself, or its position
and/or orientation, is determined. This is usually followed by a subsequent decision
and action taken by the robot. Identification applications of machine vision include
part sorting, palletizing and depalletizing, and picking parts that are randomly
oriented from a conveyer or bin.
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In the third application category, visual servoing and navigational control, the
purpose of the vision system is to direct the actions of the robot (and other devices
in the robot cell) based on its visual input. The generic example of robot visual
servoing is where the machine vision system is used to control the trajectory of
the robot’s end effector toward an object in the workspace. Industrial examples
of this application include part positioning, retrieving parts moving along a
conveyor, retrieving and reorienting parts moving along a conveyor, assembly,
bin picking, and seam tracking in continuous arc welding. The use of machine
vision in arc welding is described in Chap. 14 when the application of welding
robots will be discussed in detail. An example of navigational control would
be in automatic robot path planning and collision avoidance using visual data.
Clearly, the visual data are just an important input in this type of task and a great
deal of intelligence is required in the controller to use the data for navigation
and collision avoidance. This and the visual servoing tasks remain important
research topics and are not now viable applications of robot vision systems.

The bin-picking application is an interesting and complex application of machine
vision in robotics which involves both identification and servoing. Bin picking
involves the use of a robot to grasp and retrieve randomly oriented parts out of a bin
or similar container. The application is complex because parts will be overlapping
each other. The vision system must first recognize a target part and its orientation in
the container, and then it must direct the end effector to a position to permit grasping
and pickup. The difficulty is in the fact that the target part is jumbled together with
many other parts (probably identical parts), and the conditions of contrast between
the target and its surroundings are far from ideal for part recognition.

Solution of the bin-picking problem owes much to the pioneering work in vision
research at the University of Rhode Island. At the time of writing, there are two
commercially available bin-picking systems, one offered by Object Recognition
Systems, Inc. (ORS) called the i-bot 1 system, and the other by General Electric
Co. called Bin Vision. We will describe the ORS product to illustrate the operation
of these systems. Fig. 7.10 shows the i-bot system. It utilizes a Unimation PUMA
robot to pick parts from the bin. The system is capable of identifying the position and
orientation of three parts in a 5-s image-processing cycle. However, the parts must
have a relatively large aspect ratio (length-to-width ratio) for the system to operate
effectively. Also, the objects in the bin must be the same in terms of features such as
size, shape, and texture.

Seam tracking in continuous arc welding is another example of visual servoing
and navigation in robotics vision systems. Because the vision system must operate
in the presence of an arc-welding torch, special problems in the interpretation of the
vision image must be solved. A typical solution uses a form of structured light to
project a known pattern on the parts to be welded and uses the observed geometric
distortion to determine the path and other parameters required for a successful
welding operation. We will discuss this and other sensor technologies used in robotic
arc welding in Chap. 14.
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Fig. 7.10  i-bot robot-vision system. (Photo courtesy: Object Recognition Systems, Inc.)

In addition to the three main categories of machine vision applications in robotics,
there are other special purpose vision applications. An example of these special
applications is one, in which the vision system functions as a range finder using
triangulation or other techniques to determine the distance to the object.

Machine vision, coupled with the force and torque sensors discussed in Chap.
6, can immensely enhance a robot’s applicability in manufacturing. Representative
tasks in which such highly sensored systems could be applied include manipulation
of parts during deburring, flash removal, and assembly. We will discuss the particular
technical problems encountered in robotic assembly and the need for sensors in this
application in Chap. 15.

Groblems

7.1 Consider a vision system which provides one frame of 256 lines every % s.

The system is a raster scan system. Assume that the time for the electron beam
to move from one line to the next takes 15 per cent of the time to scan a single
line. Determine the sampling rate for the system if it is specified that there will
be 320 pixels on each line.
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7.2

7.3

7.4

7.5

A video voltage signal is to be digitized by an A/D converter. The maximum
voltage range is +15 V. The A/D converter has a 6-bit capacity. Determine
the number of quantizing levels, the quantization level spacing, and the
quantization error.

For the A/D converter of Prob. 7.2, indicate how the voltage signal might be
expressed in binary form. Compare the answer with one obtained for an A/D
converter of only 4-bit capacity.

The accompanying figure represents a 8 X 10 array of pixels. Each element in
the array indicates the gray level value of the pixel. Construct a histogram for
the array and choose an appropriate threshold value to use to separate black
from white. A 6 bit converter was used to establish a gray level scale.
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Fig. P7.4

Consider the image representation of an object as given in the figure. White
pixels are designated as 1s on a black background of 0s. Determine the
boundary of the object by using the edge following procedure as discussed
in the text. Start in the upper left-hand corner. Discuss any limitations of the
technique.
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7.6 Consider a circle and an ellipse that might be viewed by a machine vision
system. The circle has a 4-in. radius, whereas the ellipse has semiaxes a and
b of 4 in. and 2 in., respectively. Apply the two definitions of thinness to both
elements and compare the results.

7.7 For the image in the accompanying sketch in which white pixels are designated
as 1s on a black background of 0s, determine (a) the area, (b) the minimum
aspect ratio, (c) the eccentricity, and (d) the centroid of the image. Choose the
coordinates of the frame in the lower left-hand corner as indicated.
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Robot Programming and
Languages

Robot programming is concerned with teaching the robot its
work cycle. A large portion of the program involves the motion
path that the robot must execute in moving parts or tools from
one location in the work space to another. These movements
are often taught by showing the robot the motion and recording
it into the robot’s memory. However, there are other portions
of the program that do not involve any movement of the arm.
These, other parts of the program include interpreting sensor
data, actuating the end effector, sending signals to other pieces
of equipment in the cell, receiving data from other devices, and
making computations and decisions about the work cycle. Many
of these other activities are best taught by programming the robot
using a computer-like language.

Chapters 8 and 9 consider the two fundamental methods for
programming today’s industrial robots. Chapter 8 details the
‘teach-by-showing’ methods of programming. Chapter 9 presents
what we consider to be a comprehensive discussion of how robots
are programmed with a computer-like robot language. There are
several appendixes to Chap. 9, which present summaries of some
of the commercially available robot languages.

Advanced technology robots of the future with versatile end
effectors and sophisticated sensors, will be capable of responding
to very high-level commands-higher, more general commands
than we have in roday’s commercially available languages. The
robots will have to interpret these high-level commands and act
upon them. To do this, robots of the future must possess more
intelligence than today’s machines. In Chap. 10, the field of
artificial intelligence to see what promise this technology holds
for robotics will be discussed.
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In Chap. 2, we defined a robot program to be a path in space. It is really more
than that. A robot today can do much more than merely move its arm through a
series of points in space. Current technology robots can accept input from sensors
and other devices. They can send signals to pieces of equipment operating with
them in the cell. They can make decisions. They can communicate with computers
to receive instructions and to report production data and problems. All of these
kcapabilities require programming. )

8.1 METHODS OF ROBOT PROGRAMMING

Robot programming is accomplished in several ways. Consistent with current
industrial practice we divide the programming methods into two basic types:

1. Leadthrough methods
2. Textual robot languages

The leadthrough methods require the programmer to move the manipulator
through the desired motion path and that the path be committed to memory by the
robot controller. The leadthrough methods are sometimes referred to as ‘teach-by-
showing’ methods. Chronologically, the leadthrough methods represent the first real
robot programming methods used in industry. They had their beginnings in the early
1960s when robots were first being used for industrial applications.

Robot programming with textual languages is accomplished somewhat like
computer programming. The programmer types in the program on a CRT (cathode
ray tube) monitor using a high-level English-like language. The procedure is usually
augmented by using leadthrough techniques to teach the robot the locations of points
in the workspace. The textual languages started to be developed in the 1970s, with
the first commercial language appearing around 1979.

In addition to the leadthrough and textual language programming, another method
of programming is used for simple, low-technology robots. We referred to these types
of machines in Chap. 2 as limited sequence robots which are controlled by means of
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mechanical stops and limit switches to define the end points of their joint motions.
The setting of these stops and switches might be called a programming method. We
prefer to think of this kind of programming as a manual set-up procedure.

In this chapter, the leadthrough methods will be discussed along with the basic
features and capabilities of these programming methods. What functions must a
typical robot be able to do, and how is it taught to do these functions using leadthrough
programming? In the following chapter, the textual programming languages and
their capabilities will be examined.

8.2 LEADTHROUGH PROGRAMMING
METHODS

In leadthrough programming, the robot is moved through the desired motion path
in order to record the path into the controller memory. There are two ways of
accomplishing leadthrough programming:

1. Powered leadthrough
2. Manual leadthrough

The powered leadthrough method makes use of a teach pendant to control the
various joint motors, and to power drive the robot arm and wrist through a series of
points in space. Each point is recorded into memory for subsequent play back during
the work cycle. The teach pendant is usually a small handheld control box with
combinations of toggle switches, dials, and buttons to regulate the robot’s physical
movements and programming capabilities. Among the various robot programming
methods, the powered leadthrough method is probably the most common today. It is
largely limited to point-to-point motions rather than continuous movement because
of the difficulty in using the teach pendant to regulate complex geometric motions
in space. A large number of industrial robot applications consist of point-to-point
movements of the manipulator. These include part transfer tasks, machine loading
and unloading, and spot welding.

The manual leadthrough method (also sometimes called the ‘walkthrough’
method) is more readily used for continuous-path programming where the motion
cycle involves smooth complex curvilinear movements of the robot arm. The most
common example of this kind of robot application is spray painting, in which the
robot’s wrist, with the spray painting gun attached as the end effector, must execute
a smooth, regular motion pattern in order to apply the paint evenly over the entire
surface to be coated. Continuous arc welding is another example in which continuous-
path programming is required and this is sometimes accomplished with the manual
leadthrough method.

In the manual leadthrough method, the programmer physically grasps the robot
arm (and end effector) and manually moves it through the desired motion cycle. If the
robot is large and awkward to physically move, a special programming apparatus is
often substituted for the actual robot. This apparatus has basically the same geometry
as the robot, but it is easier to manipulate during programming. A teach button is
often located near the wrist of the robot (or the special programming apparatus)
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which is depressed during those movements of the manipulator that will become part
of the programmed cycle. This allows the programmer the ability to make extraneous
moves of the arm without their being included in the final program. The motion cycle
is divided into hundreds or even thousands of individual closely spaced points along
the path and these points are recorded into the controller memory.

The control systems for both leadthrough procedures operate in either of two
modes: teach mode or run mode. The teach mode is used to program the robot and
the run mode is used to execute the program.

The two leadthrough methods are relatively simple procedures that have been
developed and enhanced over the last 20 years to teach robots to perform simple,
repetitive operations in factory environments. The skill requirements of the
programmers are relatively modest and these procedures can be readily applied in
the plant.

8.3 A ROBOT PROGRAM AS A PATH IN SPACE

This and the following sections of this chapter will examine the programming issues
involved in the use of the leadthrough methods, with emphasis on the powered
leadthrough approach. Let us begin our discussion with our previous definition of
a robot program as a path in space. The locus of points along the path defines the
sequence of positions through which the robot will move its wrist. In most applications,
an end effector is attached to the wrist, and the program can be considered to be the
path in space through which the end effector is to be moved by the robot.

Since the robot consists of several joints (axes) linked together, the definition
of the path in space in effect requires that the robot move its axes through various
positions in order to follow that path. For a robot with six axes, each point in the path
consists of six coordinate values. Each coordinate value corresponds to the position
of one joint. As discussed in Chap. 2, there are four basic robot anatomies: polar,
cylindrical, cartesian, and jointed arm. Each one has three axes associated with the
arm and body configuration and two or three additional joints associated with the
wrist. The arm and body joints determine the general position in space of the end
effector and the wrist determines its orientation. If we think of a point in space in
the robot program as a position and orientation of the end effector, there is usually
more than one possible set of joint coordinate values that can be used for the robot
to reach that point.

For example, there are two alternative axis configurations that can be used by the
jointed-arm robot shown in Fig. 8.1 to achieve the target point indicated. We see in
the figure that although the target point has been reached by both of the alternative
axis configurations, there is a difference in the orientation of the wrist with respect
to the point. We must conclude from this that the specification of a point in space
does not uniquely define the joint coordinates of the robot. Conversely, however,
the specification of the joint coordinates of the robot does define only one point
in space that corresponds to that set of coordinate values. Points specified in this
fashion are said to be joint coordinates. Accordingly, let us refine our definition of a
robot program by specifying it to be a sequence of joint coordinate positions, rather
than merely a path in space. An advantage of defining a robot program in this way
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is that it simultaneously specifies the position and orientation of the end effector at
each point in the path.

Target Target
point point

4 7

Fig. 8.1 Two alternative axis configurations with end effector located at desired target point.

Let us consider the problem of defining a sequence of points in space. We will
assume that these points are defined by specifying the joint coordinates as described
above, although this method of specification will not affect the issues we are
discussing here. For the sake of simplicity, let us assume that we are programming a
point-to-point Cartesian robot with only two axes, and only two addressable points
for each axis. An addressable point is one of the available points (as determined
by the control resolution) that can be specified in the program so that the robot can
be commanded to go to that point. Figure 8.2 shows the four possible points in the
robot’s rectangular workspace. A program for this robot to start in the lower left-hand
corner and traverse the perimeter of the rectangle could be written as follows:

Axis 2
1,2 2,2
1,1 2,1 Axis 1

Fig. 8.2 Robot workspace for Example 8.1

| Example 8.1
Step Move Comments
1 1,1 Move to lower left corner
2 2,1 Move to lower right corner
3 2,2 Move to upper right corner
4 1,2 Move to upper left corner
5 1,1 Move back to start position

The point designations correspond to the x, y coordinate positions in the cartesian
axis system, as illustrated in the figure. In our example, using a robot with two
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orthogonal slides and only two addressable points per axis, the definition of points in
space corresponds exactly with joint coordinate values.

Using the same robot, let us consider its behavior when performing the following
program:

. Example 8.2
Step Move Comments
1 1,1 Move to lower left corner
2 2,1 Move to lower right corner
3 1,2 Move to upper left corner
4 1,1 Move back to start position

The second program is the same as the first, except that the point in the upper right
corner (2,2) has not been listed. Before explaining the implications of this missing
point, let us recall that in Example 8.1, the move from one point to the next required
only one joint to be moved while the other joint position remained unchanged. In
this second program, the move from point 2,1 to point 1,2 requires both joints to be
moved. The question that arises is what path will the robot follow in getting from the
first point to the second? Certainly one possibility is that both axes will move at the
same time, and the robot will therefore trace a path along the diagonal line between
the two points. The other possibility is that the robot will move only one axis at a
time and trace out a path along the border of the rectangle, either through point 2,2
or through point 1,1.

The question of which path the robot will take between two programmed points
is not a trivial one. It is important for the programmer to know the answer in order
to plan out the motion path correctly. Unfortunately, there is no general rule that
all robots follow. Limited-sequence non-servo robots, which are programmed using
manual setup procedures rather than leadthrough methods, can usually move both
joints at the same time. Therefore, the path that is followed involves a slow motion
(as described in Chap. 4), which is along the diagonal in our illustration. Other
limited sequence robots move their joints in sequence rather than simultaneously.

Usually, these robots that move one axis at a time do so by moving the lower
numbered axes first. Thus, the path through point 2,2 is most likely in this example.
However, there are no industry standards on this issue, and the programmer must
make this kind of determination either from the user’s manual or by experimentation
with the actual robot. Servocontrolled robots, which are programmed by leadthrough
and textual language methods, tend to actuate all axes simultaneously. Hence, with
servocontrol, the robot would likely move approximately along the diagonal path
between points 2,1 and 1,2. The differences between the paths for Example 8.2 are
illustrated in Fig. 8.3.

As illustrated by the preceding discussion of Example 8.2, it is possible for the
programmer to make certain types of robots pass through points without actually
including the points in the program. The key phrase is ‘pass through.” These are not
addressable points in the program and the robot will not actually stop at them in the
sense of an addressable point.
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Axis 2

Path of limited
b 2.4 sequence robot with
joints moved in sequence

Path of servo-
controlled robot, or
limited sequence robot
using slow motion.

1,1 2,1 Axis 1

Fig. 8.3 Likely path followed by the robot in Example 8.2 when operating at high speed. The
arm trajectory misses the unprogrammed points.

8.3.1 Methods of Defining Positions in Space

Irrespective of robot configuration, there are several methods that can be used by the
programmer during the teach mode to actuate the robot arm and wrist. We list the
following three methods:

1. Joint movements
2. x-y-z coordinate motions (also called world coordinates)
3. Tool coordinate motions

The first method is the most basic and involves the movement of each joint,
usually by means of a teach pendant. The teach pendant has a set of toggle switches
(or similar control devices) to operate each joint in either of its two directions until
the end effector has been positioned to the desired point. This method of teaching
points is often referred to as the joint mode. Successive positioning of the robot arm
in this way to define a sequence of points can be a very tedious and time-consuming
way of programming the robot.

To overcome this disadvantage, many robots can be controlled during the teach
mode to move in x-y-z coordinate motions. This method, called the world coordinate
system, allows the wrist location to be defined using the conventional Cartesian
coordinate system with origin at some location in the body of the robot. In the case
of the Cartesian coordinate robot, this method is virtually equivalent to the joint
mode of programming. For polar, cylindrical, and jointed-arm robots, the controller
must solve a set of mathematical equations to convert the rotational joint motions of
the robot into the Cartesian coordinate system. These conversions are carried out in
such a way that the programmer does not have to be concerned with the substantial
computations that are being performed by the controller. To the programmer, the
wrist (or end effector) is being moved in motions that are parallel to the x, y, and
z axes. The two or three additional joints which constitute the wrist assembly are
almost always rotational, and while programming is being done in the x-y-z system to
move the arm and body joints, the wrist is usually being maintained by the controller
in a constant orientation. The x-y-z method of defining points in space is illustrated
in Fig. 8.4 for a jointed-arm robot.



Robot Programming 193 )

Origin of
axis system

Movement of tool
/ parallel to axis
system

Fig. 8.4 World mode or X-Y-Z method of defining points in space.

Some robots have the capability for tool coordinate motions to be defined for the
robot. This is a Cartesian coordinate system in which the origin is located at some
point on the wrist and the xy plane is oriented parallel to the faceplate of the wrist.
Accordingly, the z axis is perpendicular to the faceplate and pointing in the same
direction as a tool or other end effector attached to the faceplate. Hence, this method
of moving the robot could be used to provide a driving motion of the tool. Again, a
significant amount of computational effort must be accomplished by the controller in
order to permit the programmer to use tool motions for defining motions and points.
Figure 8.5 shows the tool coordinate system.

Axis system
defined by
orientation
of tool

Fig. 8.5 Tool mode of defining points in space.

8.3.2 Reasons for Defining Points

The preceding examples and discussion are intended to argue that there are some
good reasons for defining points in space in a robot program, rather than relying
on the robot to pass through an undefined point or to actuate a certain axis before
it actuates another axis. The two main reasons for defining points in a program are:

1. To define a working position for the end effector
2. To avoid obstacles
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The first category is the most straightforward. This is the case where the robot
is programmed to pick up a part at a given location or to perform a spot-welding
operation at a specified location. Each location is a defined point in the program.
This category also includes safe positions that are required in the work cycle. For
example, it might be necessary to define a safe, remote point in the workspace from
which the robot would start the work cycle.

The second category is used to define one or more points in space for the robot
to follow which ensures that it will not collide with other objects located in the
workcell. Machines, conveyors, and other pieces of equipment in the work volume
are examples of these obstacles. By defining a path of points around these obstacles,
the collisions can be prevented.

8.3.3 Speed Control

Most robots allow for their motion speed to be regulated during the program
execution. A dial or group of dials on the teach pendant are used to set the speed
for different portions of the program. It is considered good practice to operate the
robot at a relatively slow speed when the end effector is operating close to obstacles
in the workcell, and at higher speeds when moving over large distances where there
are no obstacles. This gives rise to the notion of ‘freeways’ within the cell. These
are possible pathways in the robot cell which are free of obstructions and therefore
permit operation at the higher velocities.

The speed is not typically given as a linear velocity at the tip of the end effector
for robots programmed by leadthrough methods. There are several reasons for this.
First, the robot’s linear speed at the end effector depends on how many axes are
moving at one time and which axes they are. Second, the speed of the robot depends
on its current axis configuration. For example, the top speed of a polar coordinate
robot will be much greater with its arm fully extended than with the arm in the fully
retracted position. Finally, the speed of the robot will be affected by the load it is
carrying due to the force of acceleration and deceleration. All of these reasons lead to
considerable computational complexities when the control computer is programmed
to determine wrist end velocity.

In the next chapter, we will be able to define the speed explicitly using the textual
languages so that the wrist or even the end effector velocity can be programmed in
more conventional units (e.g., millimeters per second or inches per second). This
capability is not available with all computer-controlled robots because of the reasons
mentioned above. However, we will assume that it is available for our purposes in
Chap. 9.

8.4 MOTION INTERPOLATION

Suppose we were programming a two-axis servocontrolled cartesian robot with eight
addressable points for each axis. Accordingly, there would be a total of 64 addressable
points that we can use in any program that might be written. The work volume is
illustrated in Fig. 8.6. Assuming the axis sizes to be the same as our previous limited
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sequence robot, a program for the robot to perform the same work cycle as Example
8.1 would be as follows:

8 8,8

0 2 4 6 8 X
Fig. 8.6 Robot work space with 8 X 8 addressable points.

" Example 8.3
Step Move
1 1,1
2 8,1
3 8,8
4 1,8
5 1,1

If we were to remove step 3 in this program (similar to Example 8.2), our
servocontrolled robot would execute step 4 by tracing a path along the diagonal line
from point 8,1 to point 1,8. This process is referred to as interpolation. This internal
algorithm followed by the robot controller to get between the two points is somewhat
more complicated than it appears from our simple illustration. Also, as indicated in
Chap. 4, there are different interpolation schemes that can be specified by the robot
to get from one point to another. Before discussing these differences, let us describe
the most basic interpolation process, called joint interpolation.

In joint interpolation, the controller determines how far each joint must move to
get from the first point defined in the program to the next. It then selects the joint
that requires the longest time. This determines the time it will take to complete the
move (at a specified speed). Based on the known move time, and the amount of
the movement required for the other axes, the controller subdivides the move into
smaller increments so that all joints start and stop their motions at the same time.
Consider, for example, the move from point 1,1 to point 7,4 in the grid of Fig. 8.6.
Linear joint 1 must move six increments (grid locations) and joint 2 must move three
increments. To determine the joint interpolated path, the controller would determine
a set of intermediate addressable points along the path between 1,1 and 7,4 which
would be followed by the robot. The following program illustrates the process:
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J Example ]8.4

Step Move Comments

1 1,1 User specified starting point

2 2,2 Internally generated interpolation point
3 3,2 Internally generated interpolation point
4 4,3 Internally generated interpolation point
5 5,3 Internally generated interpolation point
6 6,4 Internally generated interpolation point
7 7,4 User specified end point

The reader should note that the controller alternatively moves both axes, or just
one axis. Also, for each move requiring actuation of both axes, the two axes start and
stop together. This kind of actuation causes the robot to take a path as illustrated in
Fig. 8.7. The controller does the equivalent of constructing a hypothetically perfect
path between the two points specified in the program, and then generates the internal
points as close to that line as possible. The resulting path is not a straight line, but is
rather an approximation. The controller approximates the perfect path as best it can
within the limitations imposed by the control resolution of the robot (the available
addressable points in the work volume). In our case, with only 64 addressable
points in the grid, the approximation is very rough. With a much larger number of
addressable points and a denser grid, the approximation would be better.

y

1,1
0 2 4 6 8 x

Fig. 8.7 Interpolated path taken by robot in Example 8.4.

The reader might have noticed that the interpolation procedure used above created
a straight line approximation. This is usually referred to as straight line interpolation,
yet we have described it as joint interpolation. Because we are dealing with a
cartesian robot in the above illustration which has only linear axes, joint interpolation
and straight line interpolation are the same. For other robots with a combination of
rotational and linear joints (cylindrical and polar configurations), or all rotational
joints (jointed arm configuration), straight line interpolation produces a path that is
different from joint interpolation. For joint interpolation, the algorithm is outlined in
the preceding discussion. In straight line interpolation, the robot controller computes
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the straight line path between two points and develops the sequence of addressable
points along the path for the robot to pass through. As indicated the procedure is
identical to the example given in Example 8.4.

Consider a robot that has one rotational axis (axis 1) and one linear axis (axis 2),
where each axis has eight addressable points. This creates a total of 64 addressable
points which form the grid shown in Fig. 8.8. The grid is polar rather than rectilinear.
During an interpolation procedure, this has the effect of creating moves of different
lengths (from the viewpoint of euclidean geometry). For example, compare the move
from 1,1 to 3,2 with the move from 1,7 to 3,8. The addressability of a robot with
rotational axes is not uniform in euclidean space. Moves that are made close to the
axis of rotation are significantly smaller than moves that are far from the rotation
joint. This change in robot configuration has implications for the interpolation
schemes used by the controller. Although the descriptions given above still apply for
joint interpolation and straight line interpolation, it is clear that the paths taken by the
robot will be affected by the change in anatomy. The incremental moves executed by
the robot consist of combinations of rotational moves (along axis 1) and linear moves
(along axis 2). We leave the visualization of these effects to the reader as exercises
at the end of the chapter. For a jointed-arm robot, even one with only two joints, the
problem of visualizing the two types of interpolation becomes even more difficult
than for the rotational-linear joint combination under consideration here.

88 7

7

6 Axis 1-rotation
5

4

3

2 2

1

1 23456 7 8
Axis 2-linear

Fig. 8.8 Grid for a robot with one rotational and one linear axis, with each axis divided into
eight addressable locations.

On many robots, the programmer can specify which type of interpolation scheme
to use. The possibilities include:

1. Joint interpolation

2. Straight line interpolation

3. Circular interpolation

4. Trregular smooth motions (manual leadthrough programming)

For many commercially available robots, joint interpolation is the default
procedure that is used by the controller. That is, the controller will follow a joint
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interpolated path between two points unless the programmer specifies straight line
(or some other type of) interpolation.

Circular interpolation requires the programmer to define a circle in the robot’s
workspace. This is most conveniently done by specifying three points that lie along
the circle. The controller then constructs an approximation of the circle by selecting
a series of addressable points that lie closest to the defined circle. The movements
that are made by the robot actually consist of short-straight-line segments. Circular
interpolation therefore produces a linear approximation of the circle. If the gridwork
of addressable points is dense enough, the linear approximation looks very much
like a real circle. Circular interpolation is more readily programmed using a textual
programming language than with leadthrough techniques.

In manual leadthrough programming, when the programmer moves the
manipulator wrist to teach spray painting or arc welding, the movements typically
consist of combinations of smooth motion segments. These segments are sometimes
approximately straight, sometimes curved (but not necessarily circular), and
sometime back-and-forth motions. We are referring to these movements as irregular
smooth motions, and an interpolation process is involved in order to achieve them.
To approximate the irregular smooth pattern being taught by the programmer, the
motion path is divided into a sequence of closely spaced points that are recorded
into the controller memory. These positions constitute the nearest addressable
points to the path followed during programming. The interpolated path may consist
of thousands of individual points that the robot must play back during subsequent
program execution.

8.5 WAIT, SIGNAL, AND DELAY COMMANDS

Robots usually work with something in their work space. In the simplest case, it may
be a part that the robot will pick up, move, and drop off during execution of its work
cycle. In more complex cases, the robot will work with other pieces of equipment in
the workcell, and the activities of the various equipment must be coordinated. This
situation introduces the subject of workcell control, which we shall discuss in more
detail in Chap. 11. For the moment, let us introduce the kinds of basic programming
commands that must be employed in workcell control.

Nearly all industrial robots can be instructed to send signals or wait for signals
during execution of the program. These signals are sometimes called interlocks,
and their various applications in workcell control will be discussed in Chap. 11.
The most common form of interlock signal is to actuate the robot’s end effector.
In the case of a gripper, the signal is to open or close the gripper. Signals of this
type are usually binary; that is, the signal is on-off or high-level-low-level. Binary
signals are not readily capable of including any complex information such as force
sensor measurements. The binary signals used for the robot gripper are typically
implemented by using one or more dedicated lines. Air pressure is commonly used
to actuate the gripper. A binary valve to actuate the gripper is controlled by means of
two interlock signals, one to open the gripper and the other to close it. In some cases,
feedback signals can be used to verify that the actuation of the gripper had occurred,
and interlocks could be designed to provide this feedback data.
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In addition to control of the gripper, robots are typically coordinated with other
devices in the cell also. For example, let us consider a robot whose task is to unload a
press. It is important to inhibit the robot from having its gripper enter the press before
the press is open, and even more obvious, it is important that the robot remove its
hand from the press before the press closes.

To accomplish this coordination, we introduce two commands that can be used
during the program. The first command is

SIGNAL M

which instructs the robot controller to output a signal through line M (where M is one
of several output lines available to the controller). The second command is

WAIT N

which indicates that the robot should wait at its current location until it receives
a signal on line N (where N is one of several input lines available to the robot
controller).

Let us suppose that the two-axis robot of Fig. 8.2 is to be used to perform the
unloading of the press in our example. The layout of the workcell is illustrated in
Fig. 8.9, which is similar to Fig. 8.6. The platten of the press (where the parts are to
be picked up) is located at 8,8. The robot must drop the parts in a tote pan located at
1,8. One of the columns of the press is in the way of an easy straight line move from
8,8 to 1,8. Therefore, the robot must move its arm around the near side of the column
in order to avoid colliding with it. This is accomplished by making use of points 8,1
and 1,1. Point 8,1 will be our position to wait for the press to open before entering
the press to remove the part, and the robot will be started from point 1,1, a point in
space known to be safe in the application. We will use controller ports 1 to 10 as
output (SIGNAL) lines and ports 11 through 20 as input (WAIT) lines. Specifically,
output line 4 will be used to actuate (SIGNAL) the press, and output lines 5 and 6
will be used to close and open the gripper, respectively. Input line 11 will be used to
receive the signal from the press indicating that it has opened (WAIT). The following
is our program to accomplish the press unloading task (the sequence begins with the
gripper in the open position).

Press outline
e £
Axis 2 1.8 Q Q
bl 1 !
Tote bin —,| /] 88 Press platten
(drop-off) i L] i (pick-up)
0O 04/ Press
-------- columns (4)
1,1 8,1 Axis 1

Fig. 8.9 Robot work space for press unloading operation of Example 8.5.
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Example 8.5

Step Move or signal Comments
0 1,1 Start at home position
1 8,1 Move to wait position
2 WAIT 11 Wait for press to open
3 8,8 Move to pickup point
4 SIGNAL 5 Signal gripper to close
5 8,1 Move to safe position
6 SIGNAL 4 Signal press to actuate
7 1,1 Move around press column
8 1,8 Move to tote pan
9 SIGNAL 6 Signal gripper to open

10 1,1 Move to safe position

Each step in the program is executed in sequence, which means that the SIGNAL
and WAIT commands are not executed until the robot has moved to the point
indicated in the previous step.

The operation of the gripper was assumed to take place instantaneously so that
its actuation would be completed before the next step in the program was started.
Some grippers use a feedback loop to ensure that the actuation has occurred before
the program is permitted to execute the next step. A WAIT instruction can be
programmed to accomplish this feedback. One of the exercises at the end of the
chapter deals with this problem.

An alternative way to address this problem is to cause the robot to delay before
proceeding to the next step. In this case, the robot would be programmed to wait for
a specified amount of time to ensure that the operation had taken place. The form of
the command for this second case has a length of time as its argument rather than an
input line. The command

DELAY X SEC
indicates that the robot should wait X seconds before proceeding to the next step in
the program. Below, we show a modified version of Example 8.5, using time as the
means for assuring that the gripper is either opened or closed.

Example 8.6
Step Move or signal Comments
0 1,1 Start at home position
1 8,1 Move to wait position
2 WAIT 11 Wait for press to open
3 8,8 Move to pickup point
4 SIGNAL 5 Signal gripper to close

Contd.
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5 DELAY 1 SEC Wait for gripper to close
6 8,1 Move to safe position
7 SIGNAL 4 Signal press that hand is clear
8 1,1 Move around press column
9 1,8 Move to tote pan
10 SIGNAL 6 Signal hand to open
11 DELAY 1 SEC Wait for gripper to open
12 1,1 Move to home position

The reader is cautioned that our programs above are written to look like computer
programs. This is for convenience in our explanation of the programming principles.
The actual teaching of the moves and signals is accomplished by leading the arm
through the motion path and entering the non-motion instructions at the control panel
or with the teach pendant. In the majority of industrial applications today, robots are
programmed using one of the lead through methods. Only with the textual language
programming do the programs read like computer program listings.

8.6 BRANCHING

Most controllers for industrial robots provide a method of dividing a program
into one or more branches. Branching allows the robot program to be subdivided
into convenient segments that can be executed during the program. A branch can
be thought of as a subroutine that is called one or more times during the program.
The subroutine can be executed either by branching to it at a particular place in the
program or by testing an input signal line to branch to it. The amount of decision
logic that can be incorporated into the program varies widely with controllers.
However, most controllers allow for a branch to be identified or assigned one of
a pre-established group of names. They permit the use of an incoming signal to
invoke a branch. Most controllers allow the user to specify whether the signal should
interrupt the program branch currently being executed, or wait until the current
branch completes. The interrupt capability is typically used for error branches. An
error branch is invoked when an incoming signal indicates that some abnormal event
(e.g., an unsafe operating condition) has occurred. Depending on the event and the
design of the error branch, the robot will either take some corrective action or simply
terminate the robot motion and signal for human assistance.

A frequent use of the branch capability is when the robot has been programmed to
perform more than one task. In this case, separate branches are used for each individual
task. Some means must be devised for indicating which branch of the program must
be executed and when it must be executed. A common way of accomplishing this
is to make use of external signal which are activated by sensors or other interlocks.
The device recognizes which task must be performed, and provides the appropriate
signal to call that branch. This method is frequently used on spray painting robots
which have been programmed to paint a limited variety of parts moving past the
workstation of a conveyor. Photoelectric cells are frequently employed to identify the
part to be sprayed by distinguishing between the geometric features (e.g., size, shape,
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the presence of holes, etc.) of the different parts. The photoelectric cells are used to
generate the signal to the robot to call the spray painting subroutine corresponding
to the particular part.

Given the concept of a branch or subroutine that might be repeated in a program,
an additional concept is readily introduced. Robot programs have thus far been
discussed as consisting of a series of points in space, where each point is defined
as a set of joint coordinates corresponding to the number of degrees of freedom of
the robot. These points are specified in absolute coordinates. That is, when the robot
executes the program or the branch of the program, each point is visited at exactly the
same location every time. The new concept involves the use of a relocatable branch.

A relocatable branch allows the programmer to specify a branch involving a set
of incremental points in space that are performed relative to some defined starting
point for the branch. This would permit the same motion subroutine to be performed
at various locations in the workspace of the robot. Many industrial robots have
the capacity to accept relocatable branches as part of a program. The programmer
indicates that a relocatable branch will be defined (the method of doing this varies
from robot to robot), and the controller records relative or incremental motion points
rather than absolute points.

Let us illustrate these branching concepts by developing two versions of a robot
program to perform a palletizing operation. A pallet is a common type of container
used in a factory to hold and move parts. Suppose that the operation required the robot
to pick up parts from an input chute, and place them on a pallet with 24 positions as
depicted in Fig. 8.10. When a start signal is given, the robot must begin picking up
parts and loading them into the pallet, continuing until all 24 positions on the pallet
are filled. The robot must then generate a signal to indicate that the pallet is full, and
wait for the start signal to begin the next cycle.

For the purpose of discussion, several points will be defined that the robot
must go to during the execution of the palletizing program. We will use names for
convenience to identify these points, with the understanding that the names must be
defined in terms of robot joint coordinates. When the robot is directed to go to the
point name in the program, it goes to the associated joint coordinates.

Point name Explanation

SAFE Safe location to start and stop

PICKUP Location of part pickup at end of chute
INTER Intermediate point above chute to pass through
LOC1 Location of first pallet position

LOC2 Location of second pallet position

LOC 24 Location of 24th pallet position

ABOVE 1 Location above first pallet position

ABOVE 24 Location above 24th pallet position
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Fig. 8.10 Pallet with 24 positions used to illustrate branching in robot programs.

In creating robot programs for pelletizing operations of this type, the robot is
programmed to approach a given part from a direction chosen to avoid interference
with other parts. Accordingly, the various pallet locations would be approached from
points at some distance directly above each location. The 24 points named ABOVE 1
through ABOVE 24 have been designated for this purpose. Similarly, the point
named INTER has been defined above the chute for the same reason.

The speed at which the program is executed should be varied during the program.
When the gripper is approaching a pick up or drop off point, the speed setting should
be at a relatively slow value. When the robot moves larger distances between the
chute and the pallet, higher speeds would be programmed.

As our example programs in this chapter have become more complicated,
progressing from a simple listing of points in space to the identification of points
as variable names, and the use of commands such as WAIT and SIGNAL, we have
seen the need to change the format of our program listing. Once again we are faced
with the need to expand the way we express the program. In the programs below,
we introduce the MOVE command followed by the name of the point to which the
command refers. The instruction

MOVE SAFE
means that the robot should move its end effector to the point in space called SAFE.
That point has been defined so the robot knows where to go when it comes to that
instruction in the program.

The program is initiated upon receipt of a start signal on input line 11. The robot
is interlocked so that it must await a signal on input line 12 indicating that a part
has been delivered by the chute and is ready for pickup. To operate the gripper, our
program will use output line 5 to open the gripper, and output line 6 to close the
gripper. We assume that the gripper is fast acting, and that no feedback signals or
waiting time are needed (as suggested by Examples 8.5 and 8.6) to ensure that the
operation of the gripper has taken place. Finally, output line 7 will be used to indicate
that the pallet is full.

We begin our program development by presenting a robot program in which no
use is made of the branching capability. This will serve as a starting point to show
how efficiencies can be obtained by use of branches in the subsequent programs.

The reader will note that our program contains a total of 243 commands and that
portions of the program are very repetitious. Obviously, the repetition could be reduced
by means of branches (subroutines) that can be written and called during the program.
Let us consider the task of fetching and placing the parts that is repeated 24 times in
Example 8.7. The task can be divided into two subtasks, one to fetch the part from the
chute position, and the second to place the part in the correct pallet position. This division
can be seen if we examine a portion of the program corresponding to the actions involved
in fetching and placing any given part (we will use the second part to illustrate).
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Example 8.7
Step Command Comments
1 MOVE SAFE Move to the starting safe position
2 WAIT 11 Wait for start signal on line 11
(The following portion of the program directs the robot to pick up first part.)
3 MOVE INTER Go to the intermediate point above chute
4 WAIT 12 Wait for next part from chute
5 SIGNAL 5 Open gripper
6 MOVE PICK UP Move gripper to pick-up part
7 SIGNAL 6 Close gripper
8 MOVE INTER Depart to intermediate point above chute
9 MOVE ABOVE 1 Move to point above first pallet location
10 MOVE LOC 1 Position part in first pallet location
11 SIGNAL 5 Open gripper
12 MOVE ABOVE 1 Depart slowly from pic-kup point
(The next portion of the program directs the robot to pick up second part.)
13 MOVE INTER Go to the intermediate point above chute
14 WAIT 12 Wait for next part from chute
15 SIGNAL 5 Open gripper
16 MOVE PICK UP Move gripper to pick-up part
17 SIGNAL 6 Close gripper
18 MOVE INTER Depart to intermediate point above chute
19 MOVE ABOVE 2 Move to point above second pallet location
20 MOVE LOC 2 Position part in second pallet location
21 SIGNAL 5 Open gripper
22 MOVE ABOVE 2 Depart slowly from pick-up point

(The preceding portions of the program are repeated for the next 21 part 5.)

(The next portion of the program directs the robot to pick up 24th part.)

232 MOVE INTER

233 WAIT 12

234 SIGNAL 5

235 MOVE PICK UP

236 SIGNAL 6

237 MOVE INTER

238 MOVE ABOVE 2

239 MOVE 10C 2

240 SIGNAL 5

241 MOVE ABOVE 2
(The pallet is now full.)

242 MOVE INTER

243 SIGNAL 7

Go to the intermediate point above chute
Wait for next part from chute

Open gripper

Move gripper to pick-up part

Close gripper

Depart to intermediate point above chute
Move to point above second pallet location
Position part in second pallet location
Open gripper

Depart slowly from pick-up point

Go to the intermediate safe position
Signal that pallet is full
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This portion of the program is repeated below, indicating where the subdivision occurs.
(The following is the ‘fetch’ subtask.)

13 MOVE INTER Go to the intermediate point above chute

14 WAIT 12 Wait for next part from chute

15 SIGNAL 5 Open gripper

16 MOVE PICK UP Move gripper to pick-up part

17 SIGNAL 6 Close gripper

18 MOVE INTER Depart to intermediate point above chute
(The following is the ‘place’ subtask.)

19 MOVE ABOVE 2 Move to point above second pallet location

20 MOVE LOC 2 Position part in second pallet location

21 SIGNAL 5 Open gripper

22 MOVE ABOVE 2 Depart slowly from pick-up point

Notice that the coding for the ‘fetch’ portion of the task is identical regardless of which part
number is being picked up. We will identify this portion of the program as a branch and we
will name it ‘FETCH.” It can be expressed as follows:

BRANCH FETCH Indicates the following is branch FETCH
MOVE INTER Go to the intermediate point above chute
WAIT 12 Wait for next part from chute

SIGNAL 5 Open gripper

MOVE PICK UP Move gripper to pick-up part

SIGNAL 6 Close gripper

MOVE INTER Go to intermediate point above chute
END BRANCH This is the end of the branch

The second subtask to place the part in a numbered pallet position is nearly the same for
the 24 repetitions except for the fact that the location changes on each replication. It would
therefore constitute a relocatable branch. We will name it ‘PLACE’ and to use it for each part
we must somehow move the end effector to the point above the pallet location corresponding
to that part. One way to do this is to use incremental positioning in which the robot is directed
to move a certain distance rather than to a particular point. The PLACE subroutine might be
expressed as follows for this method:

BRANCH PLACE Indicates the following is branch PLACE
MOVE Z(-50) Position part in pallet

SIGNAL 5 Open gripper to release part

MOVE Z(+50) Depart from pick-up point

END BRANCH This is the end of the branch

The MOVE commands indicate that the robot should move its end effector in the
z-axis direction by a distance of 50 mm. MOVE Z(-50) directs the robot to move
down 50 mm and the command MOVE Z(+50) directs it to move in a positive
z direction by 50 mm. In this case the robot would first have to be moved to the point above the
required pallet location. The sequence for a particular part placement (we will use part number
2 for illustration) would be as follows:

MOVE ABOVE 2 Move to point above second pallet location
PLACE Calls branch PLACE for execution
In the incremental positioning approach, it is very important that each ABOVE point

(ABOVE 1 through ABOVE 24) be located very precisely relative to the respective pallet
position. Otherwise, the PLACE branch will position the parts inaccurately on the pallet.
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For the method described above, each of the 24 must be defined in the program, and this
could require a great deal of tedious work by the programmer. The final program, benefiting
from the use of the FETCH and PLACE branches defined above, might be listed as indicated

below.

. Example 8.8
Step Command Comments
1 BRANCH FETCH Indicates the following is branch FETCH
2 MOVE INTER Go to the intermediate point above chute
3 WAIT 12 Wait for next part from chute
4 SIGNAL 5 Open gripper
5 MOVE PICK UP Move gripper to pick-up part
6 SIGNAL 6 Close gripper
7 MOVE INTER Depart to intermediate point above chute
8 END BRANCH This is the end of the branch
9 BRANCH PLACE Indicates the following is branch PLACE
10 MOVE Z(-50) Position part in pallet
11 SIGNAL 5 Open gripper to release part
12 MOVE Z(+50) Depart from pick up point
13 END BRANCH This is the end of the branch
14 MOVE SAFE Move robot to the starting safe position
15 WAIT 11 Wait for start signal on line 11
16 FETCH Fetch first part
17 MOVE ABOVE 1 Move to first part
18 PLACE Place first part
19 FETCH Fetch second part
20 MOVE ABOVE 2 Move to second position
21 PLACE Place second part
85 FETCH Fetch 24th part
86 MOVE ABOVE 24 Move to 24th position
87 PLACE Place 24th part
88 MOVE INTER Go to intermediate safe position
89 SIGNAL 7 Signal that pallet is full

It is clear from these two examples (Examples 8.7 and 8.8) that there is significant
efficiency in robot programming when branches are used. The lines of code have
been reduced from 243 to 89 for the palletizing operation described above. This is a
substantial reduction in the programming effort.

There are other ways in which the use of branches can make programming of
robots easier. A good example is in the editing of a robot program. The problem
of editing an existing program can be facilitated when the program is divided into
branches, even if the branches are used only once during the work cycle. Instead of
editing the entire program when an error is discovered, the individual branch can
be edited. For instance, when a robot is programmed using the manual leadthrough
method, the editing of the program is never easy and sometimes impossible. This
is due to the fact that these programs are recorded into the robot control memory
by sampling the location of the current robot joint configuration many times per
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second. Accordingly, to correct an individual point or series of points would require
the user to know which of thousands of points must be changed. Rather than make
the editorial corrections in the control memory, it is common practice to divide such
a program into logical sections (branches). When a program is found to be in error,
the particular branch containing the error is deleted from the program and retaught
using the manual leadthrough method.

8.7 CAPABILITIES AND LIMITATIONS OF
LEADTHROUGH METHODS

Some of the teach pendants used for commercially available robots possess a wide
range of capabilities. Defining points in space or setting the speed can be easily
done using the toggle switches and dials of a simple teach pendant. For WAIT,
SIGNAL, and DELAY commands, special buttons must be added to the pendant
or these functions must be defined using the console at the main controller. The
programming of branches can also be accomplished with a teach pendant in various
ways. For example, a branch can be executed by using a toggle switch mounted
either on the teach pendant or on the controller itself. When this method is used, there
are several toggle switches corresponding to a predetermined set of branches. For
example, suppose the controller has the capability for three branches to be defined.
This would allow the programmer to define each branch, and then call it into the
regular program at the desired times by manipulating the toggle switches to indicate
when each of the branches are to be executed. Some of the teach pendants are quite
sophisticated in terms of the kinds of instructions that can be programmed into the
controller. In Appendix A9 after Chap. 9, we will describe the operation of the teach
pendant supplied by United States Robots for the MAKER 110 model. This is an
example of a programming device with features that are somewhat beyond those
of the usual teach pendant and more like a textual language. We must define some
additional programming terms in Chap. 9 usually associated with robot programming
languages before discussing the MAKER 110 system.

Although the leadthrough programming controls offer the above capabilities,
there are certain inherent limitations with the leadthrough methods. These limitations
can be summarized as follows:

1. The robot cannot be used in production while it is being programmed.

2. As the complexity of the program increases, it becomes more difficult to

accomplish leadthrough programming using the currently available methods.

3. Leadthrough programming is not readily compatible with modern computer-

based technologies such as CAD/CAM, data communications networking,
and integrated manufacturing information systems.

The fact that leadthrough programming requires the presence of the robot precludes
the use of the robot in production. This has important economic implications. Since
programming takes time away from production, it means that the batch size of parts
to be produced by the robot must be sufficiently large to minimize the contribution
of the programming cost. If the lot size is too small, it might take longer to prepare
the program than to run it.
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The second limitation deals with the fact that robots are being employed in
production applications of increasing complexity, and being called on to perform
increasingly sophisticated functions. With the leadthrough methods, it is difficult
to program these kinds of functions. As we have progressed through this chapter
in our discussion of the various robot programming functions, it has become more
and more difficult to describe the individual steps that are to be performed by the
robot without resorting to some form of computerlike coding. It is more difficult to
define many of the non-motion activities with a teach pendant than with a textual
programming language.

The third limitation is concerned with the problem of interfacing robots to
other computer-based systems in the corporation. One of the important goals in
manufacturing is to establish computer-integrated manufacturing (CIM) systems in
which the data and information necessary to make a product is captured originally on
a CAD/CAM data base, and downloaded through the various manufacturing planning
steps ultimately to the shop floor where robots and other automated systems work.
The various components of the CIM system need to be able to communicate with
each other and with the central plant computer. The use of leadthrough programming
procedures does not lend itself to the communications and data base requirements
of this kind of computer-integrated factory. Textual robot languages are more suited
to these needs. We continue our study of robot programming in the next chapter by
examining the opportunities and capabilities offered by these languages.

(Droblems

8.1 Using the 8 x 8 square grid illustrated in Fig. 8.6, show the path taken by a
cartesian coordinate robot if it is directed to move between the following sets
of points in the grid using linear interpolation:

(a) Point (1,1) and point (6,6).
(b) Point (2,1) and point (8,2).
(¢) Point (2,2) and point (7,5).

8.2 Using the gridwork illustrated in Fig. 8.8 for a robot with one rotational axis
and one linear axis, show the path taken by the robot if it is directed to move
between the following sets of points in the grid using joint interpolation:

(a) Point (1,1) and point (6,6).
(b) Point (2,1) and point (8,2).
(c) Point (2,2) and point (7,5).

8.3 Using the gridwork illustrated in Fig. 8.8 for a robot with one rotational axis
and one linear axis, show the path taken by the robot if it is directed to move
between the following sets of points in the grid using linear interpolation:

(a) Point (1,1) and point (6,6).
(b) Point (2,1) and point (8,2).
(c) Point (2,2) and point (7,5).

8.4 Rewrite the program in Example 8.5 in the text so that it includes the use

of WAIT instructions to make sure that the gripper has opened and closed



Robot Programming 209 )

properly before the next step in the program has been executed. Use the
coding format we have adopted in this chapter to write the program.

The following programming exercises are intended to illustrate the
programming features of a robot that is programmed using the powered
leadthrough method. This type of robot includes many of the small teaching
robots, such as the Microbot TeachMover and the Rhino robot.

8.5 Using a pen mounted in the robot’s end effector, program the robot to write
your first and last initials in large rectangular letters (about 6 in. high) on a
sheet of paper attached to the surface of the work table.

8.6 The robot is to be programmed to pick up a part from point A and move it to
point B, followed by a move to a neutral position. Points A and B are to be
defined by the programmer within the robot’s work volume. Then the robot
should pick up the part at point B and move it back to point A, followed by a
move to the previous neutral position. The robot can be operated continually
in the ‘run’ mode to repeat the motion pattern over and over.

8.7 As an enhancement to Problem 8.6, if the capability exists on the robot used
(e.g., Microbot Teachmover), program the robot to check each time it attempts
to pick up the part to determine whether or not it has closed on the part. If
the part is in the gripper, then continue the program. If the part is not in the
gripper, the robot should move to the neutral position, provide a signal of
some kind (e.g., light or buzzer), and wait 5s. It should then attempt the pick
up again.

8.8 Program the robot to pick up two blocks (the blocks are of different sizes)
from fixed positions on either side of a center position, and to stack the blocks
in the center position. The larger block will always be on one side of the center
and the smaller block will always be on the other side of the center position.
The smaller block is to be placed on top of the larger block.

8.9 This exercise is similar to the Prob. 8.8 except that the positions of the two
blocks can be exchanged at random. It is not known whether the larger block
is on one side of the center or the other. The robot must be programmed to
always pick up the larger block first, place it at the center position, and to then
pick up the smaller block and place it on top of the larger block.

8.10 The robot is to be programmed to pick up a part from a known fixed position
on a conveyor and to place it at an upstream location on the conveyor so
that the conveyor will deliver it back to the pick up point. The fixed pick up
position is established by means of a mechanical stop along the conveyor so
that the part is always in the same orientation and location for the robot.
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Robot Languages

/Introduction

Chapter 8 on robot programming was devoted to the types of task commands that
can be implemented on a robot that is taught using leadthrough programming,
specifically the teach pendant leadthrough method. The current chapter will be
concerned with textual languages for robot programming. Most of the robot
languages implemented today use a combination of textual programming and
teach pendant programming. The textual language is used to define the logic and
sequence of the program, while the specific point locations in the workspace are
defined using teach pendant control. This can be thought of as an off-line-on-line
programming method in the sense that the program itself can be written off-line
with the textual language, while the points must be defined on-line with the teach
pendant.

In our discussion, a textual programming language will be described which
represents a composite of the available commercial robot languages. We have
attempted to extract features from the various languages to present the concepts
and principles in textual programming. In addition, we have prepared several
appendixes at the end of the chapter which describe a number of the programming
systems used in robotics. These appendixes were prepared from the ‘user’s
manuals’ and similar documents provided by the companies marketing these

systems.
J

9.1 THE TEXTUAL ROBOT LANGUAGES

The first textual robot language was WAVE, developed in 1973 as an experimental
language for research at the Stanford Artificial Intelligence Laboratory. Research
involving a robot interfaced to a machine vision system was accomplished using
the WAVE language. The research demonstrated the feasibility of robot hand-eye
coordination. Development of a subsequent language began in 1974 at Stanford.
The language was called AL and it could be used to control multiple arms in tasks
requiring arm coordination.
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Many of the concepts of WAVE and AL went into the development of the
first commercially available robot textual language, VAL (for Victor’s Assembly
Language, after Victor Scheinman). VAL was introduced in 1979 by Unimation, Inc.,
for its PUMA robot series. This language was upgraded to VAL II and released in
1984.

Work in robot language development was also taking place at the T. J. Watson
Research Labs of the IBM Corporation, starting around 1976. Two of the IBM
languages were AUTOPASS and AML (A Manufacturing Language), the second of
which has been commercially available since 1982 with IBM’s robotic products.
Both of these languages are directed at assembly and related tasks.

Some of the other textual languages for robots that should be mentioned include
RAIL, introduced in 1981 by Automatix for robotic assembly and arc welding,
as well as machine vision; MCL (Manufacturing Control Language); developed
under U.S. Air Force sponsorship by McDonnell-Douglas as an enhancement of
the APT (Automatically Programmed Tooling) numerical control part programming
language; and HELP, available from the General Electric Company under license
from the Italian firm DEA.

9.2 GENERATIONS OF ROBOT PROGRAMMING
LANGUAGES

The textual robot languages possess a variety of structures and capabilities. These
languages are still evolving. In this section we identify two generations of textual
languages and speculate about what a future generation might be like.

9.2.1 First Generation Languages

The “first generation’ languages use a combination of command statements and teach
pendant procedures for developing robot programs. They were developed largely to
implement motion control with a textual programming language, and are therefore
sometimes referred to as ‘motion level’ languages.ll Typical features include the
ability to define manipulator motions (using the statements to define the sequence
of the motions and the teach pendant to define the point locations), straight line
interpolation, branching, and elementary sensor commands involving binary (on—
off) signals. In other words, the first generation languages possess capabilities similar
to the advanced teach pendant methods used to accomplish the robot programming
instructions described in Chap. 8. They can be used to define the motion sequence of
the manipulator (MOVE), they have input/output capabilities (WAIT, SIGNAL), and
they can be used to write subroutines (BRANCH). For writing a program of low-to-
medium complexity, a shop person would likely find the teach pendant methods of
programming easier to use, whereas people with computer programming experience
would probably find the first generation languages easier to use. The VAL language
is an example of a first generation robot programming language.

Common limitations of first generation languages include inability to specify
complex arithmetic computations for use during program execution, the inability to
make use of complex sensors and sensor data, and a limited capacity to communicate
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with other computers. Also, these languages cannot be readily extended for future
enhancements.

9.2.2 Second Generation Languages

The second generation languages overcome many of the limitations of the first
generation languages and add to their capabilities by incorporating features
that make the robot seem more intelligent. This enables the robot to accomplish
more complex tasks. These languages have been called ‘structured’ programming
languages” because they possess structured control constructs used in computer
programming languages. Commercially available second generation languages
include AML, RAIL, MCL, and VAL II. Programming in these languages is very
much like computer programming. This might be considered a disadvantage since
a computer programmer’s skills are required to accomplish the programming. The
second generation languages commonly make use of a teach pendant to define
locations in the work space.

The features and capabilities of these second generation languages can be listed
as follows'?:

1. Motion control This feature is basically the same as for the first generation
languages.

2. Advanced sensor capabilities The enhancements in the second generation lan-
guages typically include the capacity to deal with more than simple binary (on-off)
signals, and the capability to control devices by means of the sensory data.

3. Limited intelligence This is the ability to utilize information received about the
work environment to modify system behavior in a programmed manner.

4. Communications and data processing Second generation languages generally
have provisions for interacting with computers and computer data bases for the
purpose of keeping records, generating reports, and controlling activities in the
workcell.

The motion control capability in some of the second generation languages goes
beyond the previous generation by including more complex geometry problems
than straight line interpolation. The MCL language, for instance, is based on APT.
Accordingly, MCL includes many of the geometry definition features contained in
APT. For example, lines, circles, planes, cylinders, and other geometric elements can
be defined in APT and MCL.

The advanced sensor capabilities include the use of analog signals in addition
to binary signals, and the ability to communicate with devices that are controlled
by these signals. Control of the gripper is an example of the enhanced sensor
capabilities of the second generation languages. Typical control of the gripper using
a first generation language involves commands to open or close the gripper. Second
generation languages permit the control of sensored grippers which can measure
forces (these grippers were described in Chap. 6). The sensor monitors the forces or
pressures during closure against an object, and the robot controller is able to regulate
the amount of gripping force that is applied to the object.
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The third feature provided by the second generation languages is limited
intelligence. Instead of merely repeating the same motion pattern over and over,
with slight differences for different product configurations, the robot has the capacity
to deal with irregular events that occur during the work cycle in a way that seems
intelligent. The intelligence is limited in the sense that it must be programmed into
the robot controller. The robot cannot figure out what to do on its own beyond what it
has been programmed to do. The error recovery problem illustrates this intelligence
feature that might be programmed into the robot controller. Suppose the holding
fixture in a robotic machining cell malfunctions by failing to close properly against
the workpart. The robot’s intelligent response might be to open the fixture, grasp the
part and lift it out, reinsert the part back into the fixture, and signal for closure. If this
recovery procedure works, the activities in the cell resume under regular programmed
control. If not, the procedure might be repeated once or twice or some other action
might be taken. The robot gives the appearance of behaving in an intelligent way, but
it is operating under algorithms that have been programmed into its controller. By
contrast with this error recovery procedure, an ‘unintelligent’ response of the robot
would be to merely stop all work in the cell in the event of a malfunction.

First generation languages are quite limited in their ability to communicate
with other computers. Typically, any communication with other controllers and
similar external devices must be accomplished by means of the WAIT and SIGNAL
commands through the input/output ports of the robot. Second generation languages
possess a greater capacity to interact with other computer-based systems. The
communications capability would be used for maintaining production records on
each product, generating performance reports, and similar data processing functions.

A related feature of some of the second generation languages is extensibility.
This means that the language can be extended or enhanced by the user to handle
the requirements of future applications, future sensing devices, and future robots,
all of which may be more sophisticated than at the time the language is initially
released. It also means that the language can be expanded by developing commands,
subroutines, and macro statements (with a mechanism for passing parameter values
from the main program) that are not included in the initial instruction set.

9.2.3 Future Generation Languages

Future generation robot languages will involve a concept called ‘world modeling.’
Other terms sometimes used instead of world modeling include model-based
languages and task-object languages. In a programming scheme based on world
modeling, the robot possesses knowledge of the three-dimensional world and is
capable of developing its own step-by-step procedure to perform a task based on a
stated objective of what is to be accomplished.

According to this definition, there are two basic ingredients of a programming
language based on a world-modeling system. The first is that the robot system has in
its control memory a three-dimensional model of its work environment. This model
includes the robot manipulator itself, the worktable, fixtures, tools, parts, and so on.
The model might be generated either by inputing three-dimensional geometric data
into the control memory or by providing the robot with the capacity to see the work
environment and properly interpret what it sees. In this latter case, the robot develops
its own three-dimensional model of the workspace.
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The second ingredient is the capacity for automatic self-programming. In effect,
the human programmer gives the system an objective, and the system develops its
own program of actions required to accomplish the objective. To use an extreme
example of world modeling, borrowed from Grossman,” the programmer might write
the following program for the robot:

ASSEMBLE TYPEWRITER

The robot would have to obey this command by developing its own step-by-step
plan for selecting the separate components and assembling them in the proper order
to make the typewriter. The level of intelligence implied by this example is many
years away, and some might argue that robots will never be intelligent enough to
deal with such a high-level command. What is more likely than the above macro
command is that the task of assembling the typewriter would be divided into smaller
subtasks that can be more readily managed by the robot. Nevertheless, it is clear that
the kind of intelligence required in world modeling is of a different type and higher
level than the preprogrammed intelligence represented by the error recovery example
described above under second generation languages. The robot intelligence needed
in world modeling includes the ability to solve problems and make decisions relying
on other than preprogrammed instructions. One general approach to this problem
involves the use of artificial intelligence, and in the following chapter we discuss
this topic and its potential applications in robotics. Another approach is one that
has been adopted in research on hierarchical control systems for robotics and other
programmable automation at the National Bureau of Standards." In Chap. 19, we
describe this work at NBS.

In principle, it should be possible with future generation languages to accomplish
robot programming completely off-line without requiring the need for a teach
pendant to physically show each point in the program to the robot.

In world modeling, the robot possesses a geometric model of its workspace by
which it knows the desired locations without being taught each point. The obvious
disadvantage of the first and second generation languages is the interruption of regular
production work while the teach pendant is used to define the locations named in
the program. This disadvantage would be avoided with off-line programming. In
Chap. 11, we return to the topic of off-line programming when we discuss work cell
simulation by computer graphics. Future applications of off-line programming are
likely to require some form of simulation to verify the correctness of the program in
advance of its downloading to the robot.

There are problems to be solved before future generation languages using off-
line programming become a reality. Certainly one of these problems deals with the
accuracy of the world model contained in the robot’s memory. The model is not the
same as the real world. There will always be some positional error between the actual
physical objects in the work environment and the computer model used by the robot.
For intricate tasks (e.g., assembly operations), the positional errors may mean the
difference between success and failure in performing the task.

A second problem with off-line programming is concerned with the technology of
artificial intelligence, hierarchical control, and similar approaches that would permit
the robot to accept a high-level objective-oriented command (e.g., ASSEMBLE
TYPEWRITER) and translate that instruction into a series of actions required to
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accomplish it. World modeling for robot programming is an area of significant
interest in a number of research and development laboratories, both in academia and
industry.

9.3 ROBOT LANGUAGE STRUCTURE

The second generation languages represent the current state of the art in textual
languages. In this and the following sections of this chapter, we will describe the
features that characterize the second generation languages in use today for robotics.
Some of these features, of course, are applicable to first generation languages as
well, but our discussion will include the more advanced capabilities that usually go
beyond the first generation.

The language must be designed to operate with a robot system as illustrated in
Fig. 9.1. It must be able to support the programming of the robot, control of the
robot manipulator, and interfacing with peripherals in the work cell (e.g., sensors,
and equipment). It should also support data communications with other computer
systems in the factory.

Communications link
to other factory
computer systems

A L)
1, v\
1y A ¥
T v
1, A L
: ! \\ \‘
LY \ ‘\
Operating L
N system Sensor
Teach Positions e data
pendant —1 Rob
mode obot
controller Peripheral
Program Actions Edit |Execute — devices
language | Sequence | mode | mode
and logic

Fig. 9.1 Diagram of robot system showing various components of the system that must be
coordinated by means of the language.

9.3.1 Operating Systems

In using the textual languages, the programmer has available a CRT monitor, an
alphanumeric keyboard, and a teach pendant. There should also be some means of
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storing the programs, either on magnetic tape or disk. Using the language requires
that there be some mechanism that permits the user to determine whether to write
a new program, edit an existing program, execute (run) a program, or perform
some other function. This mechanism is called an operating system, a term used in
computer science to describe the software that supports the internal operation of the
computer system. The purpose of the operating system is to facilitate the operation
of the computer by the user and to maximize the performance and efficiency of the
system and associated peripheral devices. The definition and purpose of the operating
system for a robot language are similar.

A robot language operating system contains the following three basic modes of
operation:

1. Monitor mode
2. Run mode
3. Edit mode

The monitor mode is used to accomplish overall supervisory control of the system.
It is sometimes referred to as the supervisory mode. In this mode, the user can define
locations in space using the teach pendant, set the speed control for the robot, store
programs, transfer programs from storage back into control memory, or move back
and forth between the other modes of operation such as edit or run.

The run mode is used for executing a robot program. In other words, the robot is
performing the sequence of instructions in the program during the run mode. When
testing a new program in the run mode, the user can typically employ debugging
procedures built into the language to help in developing a correct program. For
example, the program may call for the manipulator to exceed its joint limits in
moving from one point named in the program to the next. Since the robot cannot do
this, an error message would print out on the monitor and the robot would stop. This
condition can be corrected by returning to the edit mode and adjusting the program or
by redefining the point. Most modern robot languages permit the user to cross back
into the monitor or edit modes while the program is being executed, so that another
program can be written. In some cases, it is even possible to edit the current program
although there are inherent dangers in doing this.

The edit mode provides an instruction set that allows the user to write new
programs or to edit existing programs. Although the operation of the editing mode
differs from one language system to another, the kinds of editing operations that can
be performed include the writing of new lines of instructions in sequence, deleting or
making changes to existing instructions, and inserting new lines in a program.

As with a computer programming language, the robot language program is
processed by the operating system using either an interpreter or a compiler. An
interpreter is a program in the operating system that executes each instruction of
the source program (in our case, the source program is the user’s robot language
program) one at a time. VAL is an example of a robot language that is processed by
an interpreter. A compiler is a program in the operating system that passes through
the entire source program and pretranslates all of the instructions into machine level
code that can be read and executed by the robot controller. MCL is an example of a
robot language that is processed by a compiler. Compiled programs usually result in



‘ 218  Industrial Robotics

faster execution times.? On the other hand, a source program that is processed by an
interpreter can be edited more readily since recompilation of the entire program is
not required.

9.3.2 Robot Language Elements and Functions

Let us examine some of the basic elements and functions that should be incorporated
into the language to enable the robot to perform tasks of medium to high complexity.
We will organize our discussion into the following headings:

Constants, variables, and other data objects

Motion commands

End effector and sensor commands

Computations and operations

Program control and subroutines

Communications and data processing

il ca S

Monitor mode commands

The following sections will discuss these basic elements of second generation
robot languages. Where appropriate we will illustrate elements using vocabulary
statements from actual robot languages. In those cases, we will usually identify the
language. In other cases, we will invent vocabulary words and statements that are
composites of more than a single language. There is a risk in these sections that the
text will read like the programmer’s manual for some robot language. We ask the
reader’s indulgence if our descriptions seem like this.

9.4 CONSTANTS, VARIABLES, AND OTHER
DATA OBJECTS

Like other computer programming languages, a robot language should permit the
programmer to specify constants, variables, and other forms of data for use in the
program. The second generation robot languages possess a rich set of capabilities for
accomplishing the definition of these data objects.

9.4.1 Constants and Variables

A constant is a value used in the program that does not change during execution of
the program. A variable in computer programming is a symbol or symbolic name that
can change in value during execution of the program. Constants and variables can be
integers (whole numbers), real numbers containing a decimal point, or strings that are
enclosed in quotes. The range of values for numerical constants and variables depends
on the computer system on which the language is implemented. The bit capacity of
the central processing unit establishes a limit on the range of values that the computer
can handle. Integers and real numbers can have positive or negative values, indicated
by a + or — sign. A string is a sequence of 8-bit alphanumeric characters or symbols
(with 8 bits, there are up to 256 possible characters or symbols), usually surrounded
by a marker such as’. An example of a string is a ‘robot’.
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The exact syntax for the above constants might vary from one language to the
next. We shall attempt in our discussion to reflect the most prevalent practice and not
to concern ourselves with the syntax issue.

Variable symbols and names are created from the alphanumeric character set
(letters a through z and digits O through 9). There are rules in the various robot
languages for establishing variable names. Typical rules are that the variable name
must begin with an alphabetic letter, and that it must not be identical to a language
vocabulary word. In the second generation languages, variables can be specified for
integers, real numbers, or strings. First generation languages were generally limited
to the specification of integer variables that might be used, for example, for counting
routines in the program logic.

9.4.2 Aggregates and Location Variables

An aggregate is an ordered set of constants or variables. AML, for example, permits
the specification of an aggregate by enclosing it with the bracketing symbols {(and),
and by separating the elements in the aggregate by commas. Two examples of
aggregates in the AML language are

(50.526, 236.003, 14.581, 25.090, 125.750)
(‘we’, ‘they’)

The first example is an aggregate consisting of five real numbers. The second
example consists of two strings. It is not necessary that the aggregate contain
elements that are all of the same type. Any combination of integers, real numbers,
and strings can be contained in the same aggregate.

An aggregate can be used to specify the joint coordinate values of a robot’s joints.
The first example above could be used to define a five-axis robot’s joint coordinate
values for a point in space. The method of specification might be done as follows:

DEFINE A1 =POINT (50.526, 236.003, 14.581, 25.090, 125.750)

The usual interpretation of the aggregate in this statement is that the first three
values (50.526, 236.003, 14.581) define the position of the wrist, or the tool attached
to the wrist, in world space (x-y-z coordinates). The remaining values (25.090,
125.750) refer to the rotations of the wrist joints in degrees relative to some neutral
reference position.

9.5 MOTION COMMANDS

Among the most important functions in a robot language are those which control the
movement of the manipulator arm. This section describes how the textual languages
accomplish these functions.

9.5.1 Move and Related Statements

One of the most important functions of the language, and the principal feature
that distinguishes robot languages from computer programming languages, is
manipulator motion control. In Chap. 8, we defined the basic motion command, the
MOVE statement

MOVE Al
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This causes the end of the arm (end effector) to move from its present position
to the point (previously defined), named A1. Recall from the previous chapter that a
point is defined in terms of the robot’s joint positions, and so A1 defines the position
and orientation of the end effector. This MOVE statement generally causes the
arm to move with a joint-interpolated motion. There are variations on the MOVE
statement. For example, the VAL II language provides for a straight line move with
the statement:

MOVES Al

The suffix S stands for straight line interpolation. The controller computes a
straight line trajectory from the current position to the point Al and causes the robot
arm to follow that trajectory.

In some cases, the trajectory must be controlled so that the end effector passes
through some intermediate point as it moves from the present position to the next
point defined in the statement. This intermediate point is referred to as a via point.
The need for the via point arises in applications in which there are obstacles and
clearances to be considered along the motion path. For example, in removing a part
from a production machine, the arm trajectory would have to be planned so that no
interference occurs with the machine. The move statement for this situation might
read like the following:

MOVE Al VIA A2

This command tells the robot to move its arm to point A1, but to pass through via
point A2 in making the move.

A related move sequence involves an approach to a point and departure from
the point. The situation arises in many material-handling applications, in which it is
necessary for the gripper to be moved to some intermediate location above the part
before proceeding to it for the pick up. This is what is called an approach, and the
robot languages permit this motion sequence to be done in several different ways.
We will use VAL II to illustrate. Suppose the robot’s task is to pick up a part from a
container. We assume that the gripper is initially open. The following sequence might
be used:

APPRO Al, 50

MOVES Al

SIGNAL (to close gripper)
DEPART 50

The APPRO command causes the end effector to be moved to the vicinity of point
Al, but offset from the point along the tool z axis in the negative direction (above the
part) by a distance of 50 mm. From this location the end effector is moved straight
to the point A1 and closes its gripper around the part. The DEPART statement causes
the robot to move away from the pickup point along the tool z axis to a distance of 50
mm. The provision is available in VAL II for the APPRO and DEPART statements to
be performed using straight line interpolation rather than joint interpolation. These
commands are APPROS and DEPARTS, respectively.

In addition to absolute moves to a defined point in the workspace, incremental
moves are also available to the programmer. In the incremental move, the direction
and distance of the move must be defined. This is commonly done by specifying
the particular joint(s) to be moved and the distance of the move. Move distances for
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linear joints are defined in inches or millimeters, while rotational joint moves are
specified in degrees of rotation. The following examples from AML illustrate the
possibilities:

DMOVE(1,10)

DMOVE((4,5,6), (30,-60,90)

DMOVE is the command for an incremental or ‘Delta’ move. In parenthesis, the
joint and the distance of the incremental move are specified. The first example moves
joint 1 (assumed to be a linear joint) by 10 in. The second example commands an
incremental move of axes 4, 5, and 6 by 30°, —60°, and 90°, respectively.

In the AL language, which is designed for multiple arm control, the MOVE
statement can be used to identify which arm is to be moved. Robots of the future
might possess more than a single arm, and we present the AL statement to illustrate
how this might be done.

MOVE ARM2 TO Al

The robot is instructed to move its arm number 2 from the current position to
point Al.

9.5.2 Speed Control

The SPEED command is used to define the velocity with which the robot’s arm is
moved. When the SPEED command is given in the monitor mode (preparatory to
executing a program), it indicates some absolute measure of velocity available for
the robot. This might be specified as

SPEED 60 IPS

which indicates that the speed of the end effector during program execution shall
be 60 in./sec unless it is altered to some other value during the program. If no units
are given, the speed command usually indicates some value relative to the robot
designer’s concept of ‘normal’ speed. For instance,

SPEED 75

indicates that the robot should operate at 75 per cent of normal speed during program
execution (unless altered during the program).

When the speed command is included as a statement in the robot program, it can
be used either to specify the actual speed (e.g., 60 IPS), or it can indicate that the robot
should operate at a certain per cent of the speed that was specified under monitor
mode before program execution. For example, if SPEED 60 IPS was specified under
monitor command, and the following statement appeared in the program

SPEED 75

it would mean that the subsequent statements should be performed at a speed that is
75 per cent of 60 IPS (45 in./sec).

9.5.3 Definition of Points in the Workspace

Our motion control programs have made use of points in the workspace. The locations
of these points must be defined for the program. As indicated earlier, the definition
of point locations is usually done by means of a teach pendant. The pendant is used
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to drive the robot arm to the desired position and orientation. Then, with a command
typed into the keyboard such as

HERE A1

that point location is named A1. (The HERE statement is used in the VAL language.)
The position and orientation of each joint are captured in control memory as an
aggregate such as

(50.526, 236.003, 14.581, 25.090, 125.750)

As indicated previously, the first three values are the x-y-z coordinates in world
space and the remaining values are wrist rotation angles.

An alternative way of specifying points in space is to name the point and designate
its coordinate values by typing them into control memory directly without using the
teach pendant. We have used the following method for specifying these coordinate
values

DEFINE A1 =POINT (50.526, 236.003, 14.581, 25.090, 125.750)

There are, of course, problems in defining points in this way because of the
programmer’s difficulty in knowing the coordinates in the work cell of the desired
position for the robot end effector.

9.5.9 Paths and Frames

Several points can be connected together to define a path in the workspace. The
following statement might be used to specify a path

DEFINE PATH1 = PATH(A1, A2, A3, A4)

Accordingly, the path PATH1 consists of the connected series of points Al, A2,
A3, and A4, defined relative to the robot’s world space. The beginning of the path is
A1l and the end of the path is the last point that is specified in the series. A path can
consist of two or more points. All points specified in the path statement must have
been previously defined. The manner in which the robot moves between the points in
the path is determined by the motion statement. For example, the statement

MOVE PATH1

would indicate that the robot arm would move through the sequence of positions
defined in PATHI using a joint-interpolated motion between the points. If the
statement is used, this indicates that straight line interpolation must be used to move
between the points in the path.

MOVES PATH1

A reference frame is a cartesian coordinate system that may have other points or
paths defined relative to it. For example, suppose a part has several identical features
replicated in its design, each with a different position and orientation. Furthermore,
suppose that the robot must be programmed to process each of the identical features
on the part. An example of this kind of situation might be the routing of the same
pattern at several locations around the contour of a curved plate. The pattern would
consist of a path which contains several moves, and although all paths are identical,
their positions and orientations in space vary around the part. In this situation, it
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would be convenient to program the routing path relative to a reference frame and
then redefine the reference frame for each location on the part.
The following statement conveys the concept of the frame definition in robot
programming
DEFINE FRAME1 = FRAME(A1, A2, A3)

The variable name given to the frame is FRAMEI. Its position in space is defined
using the three points, Al, A2, and A3. Al becomes the origin of the frame, A2 is
a point along the x axis, and A3 is a point in the xy plane. Accuracy is improved in
the internal calculations as the separation between points is increased. The three
points uniquely define the cartesian coordinate system of the new frame. The z axis
is perpendicular to the xy plane, with its positive direction pointing to form a right-
hand coordinate system.

In our illustration of the series of routing operations around the contoured surface
of a curved plate, let us assume that there are nine identical patterns to be made, each
one with a different reference frame. We can define the nine frames as FRAMEI,
FRAME?2, ... , FRAMED9. A routing path, called ROUTE, can now be defined
relative to one of these frames (any frame will do) by means of a statement such as
the following

DEFINE ROUTE:FRAMEI1 = PATH(P1, P2, P3, P4, PS5, P6, P7)

where the series of points P1 through P7 defines the routing pattern at the first
position on the part identified by FRAMEI. Instead of the seven points being defined
relative to the world space coordinate system, they are defined relative to the new
coordinate system FRAMEL. When the robot is commanded to follow the path, the
statement must include the definition of the reference frame, as follows

MOVES ROUTE:FRAMEI

To repeat the same path, only relocating and reorienting it relative to successive
reference frames, we would use the following commands as required to execute the
sequence of routing operations

MOVES ROUTE:FRAME2

MOVES ROUTE:FRAME3

MOVES ROUTE:FRAME9

Using the computational methods for compound transformations described in
Chap. 4, the path ROUTE is transformed in the robot space into each new frame that
is specified in the move command. Each of the points in ROUTE is transformed into
the new frame, and the straight line segment path is executed accordingly.

If the programmer were to use the statement MOVES ROUTE, that is, without
specifying the particular frame, then the default condition wouid require the robot
to interpret the command so that the world space coodinate system were used as the
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reference frame. The path would be transformed into the robot’s world cartesian
coordinate system.

9.6 END EFFECTOR AND SENSOR COMMANDS

In Chap. 8, we made use of the SIGNAL and WAIT statements to initiate output
signals or await input signals. The signals were binary (on—off) which imposed
limitations on the level of control that could be exercised. The second generation
languages have more advanced input—output capabilities.

9.6.1 End Effector Operation

One of the uses of the SIGNAL commands in the previous chapter was to operate the
gripper: SIGNAL 5 to close the gripper and SIGNAL 6 to open the gripper. In most
robot languages, there are better ways of exercising control over the end effector
operation. The most elementary commands are

OPEN and CLOSE

VAL II distinguishes between differences in the timing of the gripper action. The
two commands OPEN and CLOSE cause the action to occur during execution of the
next motion, while the statements

OPENI and CLOSEI

cause the action to occur immediately, without waiting for the next motion
to begin. This latter case results in a small time delay which can be defined by a
parameter setting in VAL II.

The preceding statements accomplish the obvious actions for a non-servoed
gripper. Greater control over a servoed gripper operation can be achieved in several
ways. For instance, the command

CLOSE 40 MM or CLOSE 1.575 IN

when applied to a gripper that has servocontrol over the width of the finger opening
would close the gripper to an opening of 40 mm (1.575 in.). Similar commands
would control the opening of the gripper.

Some grippers also have tactile and/or force sensors built into the fingers. These
permit the robot to sense the presence of the object and to apply a measured force to
the object during grasping. For example, a gripper servoed for force measurement can
be controlled to apply a certain force against the part being grasped. The command

CLOSE 3.0 LB

indicates the type of command that might be used to apply a 3-Ib gripping force
against the part.

Force control of the gripper can be substantially more refined than the preceding
command. For a properly instrumented hand, the AL language statement

CENTER

provides a fairly sophisticated level of control for tactile sensing. Invoking this
command causes the gripper to slowly close until contact is made with the object
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by one of the fingers. Then, while that finger continues to maintain contact with the
object, the robot arm shifts position while the opposite finger is gradually closed
until it also makes contact with the object. The CENTER statement allows the robot
to center its arm around the object rather than causing the object to be moved by the
gripper closure. This could be useful in determining the position of an object whose
location is only approximately known by the robot.

For end effectors that are powered tools rather than grippers, the robot must be
able to position the tool and operate it. An OPERATE statement (based roughly on a
command available in the AL language) might be used to control the powered tool.
For example, consider the following sequence of commands:

OPERATE TOOL (SPEED = 125 RPM)
OPERATE TOOL (TORQUE =5 IN LB)
OPERATE TOOL (TIME = 10 SEC)

We are assuming a powered rotational tool such as a powered screwdriver.
All three statements apply to the operation. However, the first two statements are
mutually exclusive; either the tool can be operated at 125 r/min or it can be operated
with a torque of 5 in.-1b. The driver would be operated at 125 r/min until the screw
began to tighten, at which point the torque statement would take precedence. The
third statement indicates that after 10 sec the operation will terminate.

9.6.2 Sensor Operation

Let us consider some additional control features of the SIGNAL, WAIT, and similar
statements beyond those described in Chap. 8. The SIGNAL command can be used
both for turning on or off an output signal. The statements

SIGNAL 3, ON

SIGNAL 3, OFF

would allow the signal from output port 3 to be turned on at one point in the
program and turned off at another point in the program. The signal in this illustration
is assumed to be binary. An analog output could also be controlled with the SIGNAL
command. We will reserve for analog signals the input/output ports numbered greater
than 100. The statement could be written as follows:

SIGNAL 105, 4.5

This would provide an output of 4.5 units (probably volts) within the allowable
range of the output signal.

The on—off conditions can also be applied with the WAIT command. In the
following sequence, the robot provides power to some external device. The WAIT
is used to verify that the device has been turned on before permitting the program
to continue. Later in the program, the robot turns off the device and the device
signals back that it has been turned off before the program continues. The relevant
commands are as follows:
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SIGNAL 5, ON Robot turns on the device
WAIT 15, ON Device signals back that it is on
SIGNAL 5, OFF Robot turns off the device
WAIT 15, OFF Device signals back that it is off

The WAIT statement can be used for analog signals as well as binary digital
signals in the same manner as the SIGNAL command.

Instead of identifying input and output signals by their I/O port number, it is often
more convenient to define a variable name for the signal. This is usually easier for
the programmer to remember. It also permits the variable to be used in the program,
so that its value might be changed within the program by means of some logical
operators (to be covered in Sec. 9.7). The variables could be defined as follows

DEFINE MOTORI1 = OUTPORT 5
DEFINE SENSR3 = INPORT 15
This would permit the preceding input output statements to be written in the
following way:
SIGNAL MOTORI1, ON
WAIT SENSR3, ON

SIGNAL MOTORI1, OFF
WAIT SENSR3, OFF
It is also possible to define an analog signal, either input or output, as a variable
that is used during program execution. The statement
DEFINE VOL T1 = OUTPORT 105

specifies that the variable VOLT1 will be used with output port 105. At some point
in the program, that variable could be computed to be a particular value (e.g., 4.5 V),
and that value could be sent to the designed device in the cell by the statement

SIGNAL VOLTI

The value of VOLT1 would be signaled to the external device through output
port 105. Similar use can be made of the WAIT command for an analog input signal.
Specification of the variable name and associated input port is done by

DEFINE VOLTS3 = INPORT 115
Subsequent use of the variable can be made in a WAIT statement as follows
WAIT VOLT3

which indicates that the program execution should wait for the value of the signal on
input port 115 to have a value that is greater than or equal to VOLT3. The programmer
must keep in mind what the normal signal level is likely to be (whether it is normally
greater than or less than VOLT3) since this may influence the logic of the program.
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9.6.3 The REACT Statement

The REACT statement is a statement in VAL and VAL II used to continuously
monitor an incoming signal and to respond to a change in the signal in some manner.
It will serve to illustrate the types of commands used to interrupt regular execution
of the robot program in response to some higher priority event. A typical use of this
kind of command is when some error or safety hazard has occurred in the workcell
and the condition is detected by one of the sensors.

In our discussion, we will expand the scope of the REACT statement slightly
beyond its use in VAL or VAL II in order to be consistent with our other language
statements. (Readers should refer to the VAL II Manual 3 for clarification of the exact
use of the VAL statement.) A typical form of the statement would be as follows:

REACT 17, SAFETY

The statement is interpreted as follows: Input line 17 is to be continuously
monitored, and when a change in its signal value occurs, branch to a subroutine
called SAFETY. (We will discuss subroutines in Sec. 9.8.) The input signal on line
17 is a binary signal which is at either of two levels (e.g., on or off). Input line 17
could be identified by some variable name if the programmer wishes (e.g., DEFINE
VAR17 = INPORT 17). The change in the signal value which invokes the REACT
statement is a change from one level to the other. If the signal is normally off, and
it suddenly comes on, then REACT transfers program control to the subroutine
identified in the statement.

The normal use of the REACT or equivalent types of statements in textual
languages is to complete the current motion command before interrupting. In some
cases, an immediate reaction is required. This is accomplished by the REACTI
statement

REACTI 17, SAFETY

This causes immediate suspension of the regular program execution, so that a
transfer to SAFETY is done at once. Manipulator motion stops immediately.

It is possible to define various levels of priority which would govern whether one
REACT command takes precedence over another. This could be accomplished in the
following way:

REACT 17, SAFETY (PRIORITY 1)

IfaREACT command with a lower priority, say (PRIORITY 4), were encountered
while executing a higher priority REACT, say (PRIORITY 1), the current subroutine
would be completed before transferring control to the new subroutine. On the other
hand, if a subroutine were being executed at PRIORITY 4, a REACT at PRIORITY
1 would interrupt the current subroutine.

Analog 1/0O signals can be used with the REACT or REACTI commands (but
not in VAL or VAL II). The analog signal level at which the reaction occurs must be
specified in the statement. This might be done as follows:

REACT 117, 4.5, SAFETY (PRIORITY 3)
This indicates that the transfer to subroutine SAFETY must occur if and when the

input signal on port 117 becomes greater than or equal to 4.5 V. When variable names
are used, the relevant statements are
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DEFINE VAR17 = INPORT 17

REACT VAR17, SAFETY (PRIORITY 3)

The REACT command facilitates the design of an ‘interrupt’ system in the
ROBOT program. The purpose of an interrupt system is to transfer control from one
part of the program to another (or to a subroutine) in response to conditions that take
priority over regular program execution. In our case, the interrupt would be invoked
upon receipt of an incoming signal as a result of the REACT instruction. Perhaps the
incoming signal is expected to stay within specified limits for safe operation of the
cell. If it did not, the interrupt system would halt the regular program and branch to a
special subroutine. We shall illustrate the use of this command as part of an interrupt
system in Example 9.3.

9.7 COMPUTATIONS AND OPERATIONS

The need arises in many robot programs to perform arithmetic computations and
other types of operations on constants, variables, and other data objects. The standard
set of mathematical operators in second generation languages are

+ addition

— subtraction

* multiplication
/ division

** exponentiation
= equal to

Precedence rules are established that evaluate an expression from left to right,
with parenthesis used to indicate that expressions within parenthesis should be
evaluated first.

Some of the languages also have the capability to calculate the common
trigonometric, logarithmic, exponential, and similar functions. The following is a list
of these functions that we can make use of in some of the problem exercises:

SIN(A) Sine of an angle A

COS(A) Cosine of an angle A
TAN(A) Tangent of an angle A
COT(A) Cotangent of an angle A
ASIN(A) Arc sine of an angle A
ACOS(A) Arc cosine of an angle A
ATAN(A) Arc tangent of an angle A
ACOT(A) Arc cotangent of an angle A
LOG (X) Natural logarithm of X
EXP(X) Exponential function e X
ABS(X) Absolute value of X
INT(X) Largest integer less than or = X

SORT(X) Square root of X
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In addition to the arithmetic and trigonometric operators, relational operators are
also used to evaluate and compare expressions. The common relational operators are
listed below.

EQ  Equalto

NE  Notequal to

GT  Greater than

GE  Greater than or equal to
LT Less than

LE Less than or equal to

These relational operators are used to evaluate a relational expression to be true
or false. They typically evaluate to —1 if the expression is true and 0 if the relation
is false. Some of the languages allow more complex comparisons to be made in a
single statement. For example, the AML language includes the following relational
operator

VS

The VS relational operator evaluates to —1, 0, or + 1, based on whether the first
argument in the expression is less than, equal to, or greater than the second argument.
Logical operators are also sometimes useful in robot programming; however, not
all of the second generation languages possess this capability. The common logical
operators include;
AND Logical AND operator
OR Logical OR
NOT Logical complement
These operators are sometimes limited in their use to integer constants and
variables. The AND and OR operators work on two values while the NOT operator
works with only one value.
Examples of expressions which make use of these various operators include the
following:

3+(5*N) Arithmetic expression
N=N+1 Arithmetic expression
TAN(30) Trigonometric function

COUNT GT 10  Relational expression

9.8 PROGRAM CONTROL AND SUBROUTINES

In writing a robot program it is often necessary to exercise control over the sequence
in which the statements are executed by means of branches and subroutines. A variety
of instructions are available in the textual robot languages to control the logical flow
of the program and to name and use subroutines in the program.

9.8.1 Program Sequence Control
Before considering subroutines, let us examine some of the possible instructions that
can be used to control logic flow in the program. The following types of statements
are available in the second generation languages.

GOTO 10
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This indicates an unconditional branch to statement 10. The GOTO statement can
be used with a logical expression as follows:

IF (logical expression) GOTO 10

This indicates that if the logical expression is true, then the program branches
to statement 10. Otherwise, it continues to the next statement in the program. An
example will serve to illustrate some of the arithmetic expressions and program
control commands.

iﬁ9 1 This program is for the same palletizing operation as in
xample 7. Examples 8.7 and 8.8 of the previous chapter. To review, the

robot must pick up parts from an incoming chute and deposit them onto a pallet. The
pallet has four rows that are 50 mm apart and six columns that are 40 mm apart. The
plane of the pallet is assumed to be parallel to the xy plane. The rows of the pallet are
parallel to the x axis and the columns of the pallet are parallel to the y axis. Figure 9.2
shows the arrangement of the pallet. The objects to be picked up are about 25 mm tall
(approximately 1.0 in.). We will use the following constants and variables in our
program:

Variables:

ROW The row number (integer value)
COLUMN  The column number (integer value)
X An x-coordinate value
Y A y-coordinate value

¥ Columns

40 mm
4
3
50 mm ) Rows
2 '
1
1 2 3 4 5 6 x
Corner

Fig. 9.2  Pallet configuration for Examples 9.1 and 9.2.

Location constants:

PICKUP  The pickup point on the chute
CORNER  The corner starting point on the pallet

Location variables:
DROP The dropoff point

The program to perform the palletizing operation is as follows (we provide
commentary about some of the statements in the right margin):
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PROGRAM PALLETIZE

DEFINE PICKUP = JOINTS(1, 2,3,4,5)
DEFINE CORNER = JOINTS(1, 2,3,4,5)
DEFINE DROP = COORDINATES(X,Y)

OPENI
ROW =0 Initialize ROW

10 Y =ROW *50.0 Compute y for dropoff point
COLUMN =0 Initialize COLUMN

20 X = COLUMN* 40.0 Compute x for dropoff point
DROP = CORNER +({X,Y) Define DROP for each iteration
APPRO PICKUP, 50 Pickup sequence
MOVES PICKUP Pickup sequence
CLOSEI Picku psequence
DEPART 50 Picku psequence
APPRO DROP, 50 Dropoff sequence
MOVES DROP Dropoff sequence
OPENI Dropoff sequence
DEPART 50 Dropoff sequence
COLUMN = COLUMN + 1 Increment COLUMN variable
I[F COLUMN LT 6 GOTO0 20 Check if COLUMN limit reached
ROW =ROW + 1 Increment ROW variable
I[fROW LT 4 GOTO 10 Check if ROW limit reached
END PROGRAM

We see a further reduction in the number of logic steps that must be programmed.
In our program above, the number of steps has been reduced to 26. There is also a
reduction in the number of points in the workspace that must be taught using the
teach pendant. In Example 8.8, the number of taught points was 27. In the above
program the number of points that must be taught is two; the remaining positions are
calculated in the program.

The IF statement provides the opportunity for a more complicated logical structure
in the program, in the form of an IF... THEN...ELSE...END statement. This might
be written in the following way:

IF (logical expression) THEN

(group of instructions)
ELSE
(group of instructions)

END

If the logical expression is true then the group of statements between THEN and
ELSE are executed. If the logical expression is false then the group of statements
between ELSE and END are executed. The program continues after the END
statement.
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DO loops can be accomplished in robot programs. The VAL II language will be
used to illustrate the concept. The statement sequence would read as follows:

DO
(group of instructions)

UNTIL (logical expression)

The DO statement indicates the beginning of the DO loop. The group of instructions
following the DO statement form a logical set whose variable value(s) would affect
the logical expression associated with the UNTIL statement. On each execution of
the group of instructions, the logical expression is evaluated. If the result is false the
DO loop is executed again; if the result is true then the program continues at the first
statement following the UNTIL step.

There are occasions during the program when it is necessary to delay or stop the
execution of the program. The commands can take several different forms, depending
on the circumstances that are foreseen by the programmer. The DELAY command
can be used to delay the continuation of the program by a specified time, as indicated
in Chap. 8.

DELAY 5 SEC

The reason for the use of DELAY might be to ensure that some action has taken
place before proceeding with the execution of the program.

The typical reasons for invoking a STOP command are related to unsafe conditions
that have developed during workcell operation. The simplest form of stop command
tells the controller to immediately stop execution of the program and the manipulator
movement. We shall refer to this as

STOP1

command. The next form of STOP command is one that stops the motion of
the robot immediately, but permits continued execution of the program with the
exception that no further moves of the manipulator are permitted. We shall call this

STOP2

This permits other instructions following the STOP2 command to be executed.
For example, in an emergency stop situation, it might be necessary to turn off other
pieces of equipment in the workcell.

The third stop level permits the robot to complete the current motion instruction
and then stop. This is

STOP3

It permits continued execution of the program except for motion commands.
Finally, a fourth level of stop would be a temporary pause in the execution of the
program. We shall differentiate this from the previous stop commands by use of the
instruction word
PAUSE
which stops the program execution and reverts control back to the monitor mode.
The program can be resumed by the operator using

RESUME
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command, which causes the program execution (including motion commands) to
continue with the statement immediately following PAUSE. For convenience, the
RESUME instruction could be abbreviated with an ‘R’ or actuated with a special
switch set up for the purpose. The PAUSE and RESUME statements might be utilized
when a robot cell includes a human worker whose actions are variable and there is
need to regulate the robot’s cycle.

9.8.2 Subroutines

Subroutines were discussed in Chap. 8 under the heading of branching, but only
elementary subroutines were considered. We used the statements

BRANCH FETCH

END BRANCH

to indicate the start and the ending of a branch or subroutine and to name the
subroutine (FETCH). To call the branch during program execution, we simply used
the name of the branch

FETCH

In the present chapter, we will refer to branches by the more appropriate name
SUBROUTINE. An advantage of the textual robot languages is that they generally
permit subroutines to have arguments which can be named in a CALL statement and
used within the subroutine. A subroutine with a single argument would be shown as
follows:

SUBROUTINE PLACE(N)

END SUBROUTINE

The argument N would be used somehow during the subroutine. We will
demonstrate this capability in Example 9.2. The subroutine would be called using a
statement that would identify the value of the argument, for example,

CALL PLACE(5)
Another statement used with subroutines is
RETURN

This statement results in termination of the subroutine and returns control of the
program back to the statement following the CALL statement for the subroutine.
The RETURN statement has a similar effect as the END BRANCH statement in the
subroutine. The reason of its use is that there might be more than one place in the
subroutine that the programmer might want to use to exit back to the main program.

The subroutine (branch) capability demonstrated in Chap. 8 was relatively simple
with a minimum of logic. Subroutines of greater complexity are possible with the
instruction set we have discussed in this section. Let us reconsider the previous
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example, this time using a subroutine with several arguments that can be called to
perform the palletizing sequence.

iﬁg 2 The palletizing operation is the same as in Example 9.1. We
ZAINERL will use the same variable names as before except that the

program will be more general so that it might be used for other pallet sizes. This can
be done by defining the number of positions on the pallet in each direction and the
pallet location spacing. Accordingly, we will need to define the following additional
parameters:

MAXCOL The number of columns on the pallet

MAXROW The number of rows on the pallet

YSPACE  The spacing in the y direction (spacing between rows)
XSPACE  The spacing in the x direction (spacing between columns)

The main program is used with a PALLET subroutine. The subroutine uses the
above parameters as arguments that must be identified when the subroutine is called.
We organize the program as if it were used in production with empty pallets being
brought into position in front of the robot and removed when they have been filled.
The SIGNAL and WAIT commands are used for this purpose. SIGNAL 1 (output
line 1) is used to initiate the delivery of an empty pallet into the loading position, and
WAIT 11 (input line 11) is used in conjunction with a sensor device to ensure that the
pallet delivery has been accomplished. After loading, SIGNAL 2 (output line 2) is
used to initiate the removal of the filled pallet from the loading position, and WAIT
12 (input line 12) tests to make sure that it has been removed.

PROGRAM PALLETIZE

DEFINE PICK UP = JOINTS(1,2,3A,5)
DEFINE CORNER = JOINTS(1,2,3A,5)
DEFINE DROP = COORDINATES(X,Y)

OPENI
5  SIGNAL1
WAIT 11
CALL PALLET (MAXCOL = 6, MAXROW = 4, XSPACE = 40,
YSPACE = 50)
SIGNAL 2
WAIT 12
GOTO 5
END PROGRAM
SUBROUTINE PALLET (MAXCOL, MAXROW, XSPACE, YSPACE)
ROW =0
10 Y=ROW * YSPACE
COLUMN = 0

20 X =COLUMN * XSPACE
DROP = CORNER + (X, Y)
APPRO PICK UP, 50
MOVES PICK UP
CLOSEI
DEPART 50
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APPRO DROP, 50

MOVES DROP

OPENI

DEPART 50

COLUMN = COLUMN + 1

IF COLUMN LT MAXCOL GOTO 20
ROW =ROW + 1

IF ROW LT MAXROW GOTO 10
END SUBROUTINE

I'ﬁg 3 This program is not complete, but it contains the statements
2L