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FOREWORD

Because of the spectacular growth of the robotics industry and the signif-
icance this holds for future industrial growth, there must be textbooks and
courses on all levels to teach the technological principles involved. Among
the significant publications that have already appeared, none so far has
described the structural elements of robots in their totality. This book makes
an important contribution to filling the need for such a comprehensive book.

At the GMI Engineering & Management Institute in Flint, Michigan, we
have given courses and workshops on robotics for several years. Werner
Holzbock was one of my students. He has followed to a large extent the
general outline of such a course. His coverage of the subject is excellent.
It can be expected that this text will find widespread use in the robotic
community and become the basis for the study of the subject in coming
years.

JACK D. LANE

Director of Robotics Center at GMI.
Chairman of the Education and
Training Division and Member of
the Technical Council of

Robotics International of SME.
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PREFACE

Robotic technology refers to the design and application of robots, and spe-
cifically of industrial robots that are used for manufacturing or construc-
tion purposes with the intent of handling, processing, assembly, and
inspection of materials and parts.

Robotic technology embraces mechanics, hydraulics, pneumatics, elec-
tronics, and so on. This is an exceptionally wide spread for any specialized
technology. A total treatment of all aspects of these various categories could
never be given in a single book, and that is not the object of this book. The
aim is rather to describe the principles that control behavior, operation,
selection, and development of robotic technology.

Robots are a kind of automation. There are many automatic devices in
factories; a bottling plant, for example, is a miracle of interacting, auto-
mated mechanical devices. However, they differ from robots in that they
are not easily reprogrammable; and, hence, such automation is usually re-
ferred to as hard automation as compared with the soft, flexible automation
of the robot.

Another kind of industrial automation is a machining center under com-
puter control, which may hardly need human attention. The robot differs
from this type of automation too because the robot is capable of working
in relation to other production machinery and is capable of bringing about
the coordination of various pieces of production equipment in a way that
is readily reprogrammable. Thus, it is either the easy programming or the
coordinating ability or both that mark the robot as a very particular au-
tomation tool. Robots are not humanoids. They are practical mechanisms
designed to grasp and move objects; that is, they are manipulators. But
they are manipulators of a special kind because they can be programmed
to operate in a specific manner to execute repetitive tasks. They are designed
to move in a variety of ways and to be capable of carrying workpieces as
well as tools, such as welding torches and paint spray guns and other im-
plements. In other words, they are flexible enough to be truly multifunc-
tional.

If all this is considered, one arrives at the ‘‘official’’ definition, as for-
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mulated by The Robot Institute of America (now the Robotic Industries
Association):

A robot is a programmable, multifunctional manipulator designed to
move material, parts, tools, or specialized devices, through variable pro-
grammed motions for the performance of a variety of tasks.

The definition speaks of a ‘‘programmable, multifunctional manipula-
tor.”” Many manipulators, like the robot, have sliding and rotating joints
for the purpose of grasping and moving objects. But it should be well
understood that the robot is a programmable, multifunctional manipulator,
and that not every manipulator can be considered a robot.

Note also the concept of ‘‘variety of tasks.”’ If only a single task is in-
volved, a robot is hardly required. There are plenty of mechanisms that fall
under the category of hard automation and that can perform the task more
efficiently than any robot, even when reprogramming from time to time
may be required. As always in life, it is paramount to consider the simplest
approach for the performance of the specific task or tasks. Only when a
variety of tasks is involved should the robot be considered.

H. R. Leep and D. K. Hagan' made a random survey of 24 companies
and found that fewer than one-third of the robots discussed used more than
one computer program, an indication that they were applied in repetitive
operations that do not necessarily require a robot.

They also stated that since ‘‘robots are not assigned flexible tasks . . .
they relieve people from hazardous or repetitive work.’’ This is correct, but
it leaves unresolved whether these are tasks for a robot or for a mechanism
with suitable linkages to perform this work.

Furthermore, the variety of tasks to be performed determines structure
and complexity of robots. Again utmost simplicity—and that spells econ-
omy—is the goal.

The judgment about which robot is the most suitable for a given job
requires a knowledge of the capabilities of the many ways in which robots
can be built, a knowledge of their principle and their transformation into
practice. If this knowledge is the task of our endeavors, then the logical
first question is: What does a robot consist of? How do the parts work by
themselves? And then how do they operate as an integrated whole? It is
this kind of analytical approach to the subject matter of robotic technology
that is applied in this text.

An attempt has been made to illustrate as many concepts of robotic tech-
nology as possible by actual products of a variety of manufacturers. The
selection has been arbitrary. Many manufacturers should have been in-
cluded, and the author extends his apologies to those that were overlooked.
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In some subject areas (vision, touch sensors, etc.), developments are in
such flux that it was necessary to include some of the ongoing research to
give a wider spectrum of the potential offered by these techniques.

Many manufacturers, institutions, and researchers have given their active
support to the preparation of this text. The author can only hope to have
done justice to all the advanced technology they represent. It is hoped that
no misrepresentations have occurred. However, if mistaken statements of
published data have been made, they are the author’s sole responsibility.

International licensing and agreements between robot manufacturers can
lead to confusion: Unimation is now part of Westinghouse, which also is
involved with Olivetti, Kawasaki, Mitsubishi, and Kamatsu; General Elec-
tric has license agreements with Hitachi, Volkswagen, and DEA; GMF Ro-
botics Corp. is a combined venture of General Motors and Fujitsu Fanuc;
IBM is associated with Sankyo Seiki, and so on. Little or no attention has
been given in this book to where the different technologies were originally
developed. Robotic technology is, at least for the engineer, a welcome ex-
ample of international coordination and cooperation.

Customary U.S. units have been used throughout this book, wherever
feasible. This means inches, pounds, and so forth. In some isolated case,
however, use of the metric system seemed preferable.

With regard to terminology, extensive use has been made of the glossary
for robotic terms of the National Bureau of Standards,? the dictionary of
electronics by Graf,? and the microcomputer dictionary by Sippl.*

REFERENCES

1. Hagan, D. K. A survey of flexible manufacturing methods applied in metalworking in-
dustries. M. Eng. thesis, Dept. of Industrial Engineering, University of Louisville, Louis-
ville, KY, 1982.

2. Smith, B. M., et al. A glossary of terms for robotics—revised. SME Paper MS83-914.
Dearborn, MI: Society of Manufacturing Engineers, 1983.

3. Graf, R. F., Modern Dictionary of Electronics. Indianapolis, IN: Howard W. Sams &
Co., 1977.

4. Sippl, C. J. Microcomputer Dictionary. Fort Worth, TX: Radio Shack, 1981.

Bloomfield Hills, Michigan WERNER G. HoLzBOCK



CONTENTS

Foreword by Jack D. Lane / vii
Preface / ix

1. Statics and Dynamics / 1

Accuracy and Errors / 1
Static Errors / 2
Position Accuracy and Repeatability / 2
Causes of Static Errors / 4
Dead Zone, Static Friction, and Resolution / 4
Offset Errors, Angular Errors, and Linearity / 6
Measurement of Static Errors / 6
Dynamic Errors / 9
Joints and Systems / 9
Mass / 11
Moment of Inertia / 12
Friction and Damping / 12
Stiffness and Compliance / 13
Time Response / 14
Single-Capacity Systems / 14
Series-Connected Lags / 19
Dead Time / 20
Systems with Sinusoidal Response / 21
Instability of Dynamic Systems / 23
Damping Ratios and Oscillations / 23
Gain and Velocity Feedback / 26
Reducing Weight and Compliance / 28
Acceleration and Deceleration / 29
ASEA / 29
Digital Automation Corporation / 29
Further Developments in Dynamic Analysis / 31
Measurement of Dynamic Errors / 33

xiii



xiv. CONTENTS

Summary / 34
References / 35

2. Configurations / 36

Degrees of Freedom / 36
Work Envelope, Payload, and Coordinates / 40
Main Axes / 40
Coordinate Systems for Work Envelope and Programming / 41
Cartesian Coordinates / 42
Cylindrical Coordinates / 44
Scara Robots / 45
Spherical Coordinates / 49
Balanced Arms / 53
Parallelogram Linkages / 55
Pantograph Linkages / 57
Wrists / 58
Design Concepts / 58
The Three-Roll Wrist / 61
Electrohydraulic Wrist / 63
Wrist Mounting Surface / 65
References / 66

3. Mechanical Parts / 68

End Effectors / 68
Support Grippers / 68
Mechanical Grippers / 70
Jaw-Type Grippers / 71
Gripper Pads / 74
V-Notch Grippers / 74
Dual Grippers / 77
Automatic Changers / 78
Multi-position End Effectors / 80
Articulated Hand / 81
Vacuum Cups / 87
Electromagnets / 89
Remote-Center Compliance / 90
Motion Mechanisms / 97
Transmissions / 97
Cables / 97



Belts / 98
Roller Chains / 99
Link-Rod Systems / 100
Rotary-to-Linear Motion Conversion / 100
Rack-and-Pinion Drives / 100
Acme Screws / 101
Ball-Bearing Screws / 102
Speed Reducers / 103
Gear Reducers / 103
Planetary Gearing / 105
Trochoidal and Cycloidal Drives / 106
Harmonic Drives / 109
References / 111

4. Hydraulic Concepts / 112

Electric, Pneumatic, and Hydraulic Robots / 112
Characteristics of Hydraulic Fluids and Flow / 113
Pressure, Force, and Head / 113
Transmission of Pressure / 115
Friction / 117
Coulomb Friction / 117
Static Friction / 117
Viscous Friction / 118
Consequences of Friction / 118
Acceleration / 119
The Continuity Equation / 120
Volumetric Flow / 122
Flow Through Restrictions / 122
Energy and Power / 124
Density and Specific Gravity / 125
Expansion / 127
Compressibility / 127
Viscosity / 128
Fluid Flow / 131
Laminar and Turbulent Flow / 131
Reynolds Number / 132
Pressure Drops / 133
Darcy’s Formula / 133
Resistance Coefficients / 134
Flow through Orifices / 134
Summary / 137

CONTENTS xv



xvi CONTENTS

5. Hydraulic Systems and Components / 140

Graphic Symbols / 140
Systems / 141
Valves / 147
Basic Valve Concepts / 147
Seating Action / 147
Shear Action / 147
Flapper Action / 147
Jet Action / 148
Valves with Seating Action / 148
Valves with Shear Action / 151
Flapper-Nozzles / 154
Jet Pipes / 157
Rating of Valves / 160
Directional Control Valves / 161
Servovalves / 164
Actuators / 169
Linear Actuators / 169
Rotary Actuators / 174
Pumps / 178
Pump Performance / 178
Rated Pressure, Rated Speed, and Life / 179
Volumetric Displacement / 179
Overall Efficiency / 180
Response and Recovery / 180
Performance Data / 181
Types of Pumps / 182
Gear Pumps / 182
Vane Pumps / 184
Piston Pumps / 187
Leakage / 190
Reservoirs, Filters, and Maintenance / 191
Summary / 194
References / 195

6. Pneumatics / 196

Air Characteristics / 196

Gas Laws for Air / 196

Flow of Air / 199

Flow Through Restrictions / 200
Pneumatic Control Systems / 202



Components / 205

Pressure Regulators / 205

Filters / 209

Lubricators / 211

Directional Control Valves / 213

Mufflers / 215

Pneumatic Actuators / 215
Control of Air Motors / 217
Summary of Gas Laws / 218

7. Servomotors / 221

Ac Induction Motors / 222

Synchronous Reluctance-Type ac Motor / 225

Commutator-Type dc Motors / 229
Wound-Field and Permanent-Magnet Motors / 231

Brushless Magnets / 233

Pancake Motors / 235

Dc Servomotor Characteristics / 238

Selection of a dc Servomotor / 242

Torque Motors / 247

Stepper Motors / 248

Stepping Control for dc Motors / 251

Summary / 252

References / 253

8. Feedback Sensors for Velocity and Position / 254

Commutation Sensors / 254

Potentiometers / 256

Tachometers / 259

Resolvers / 262

Comparison between Resolvers and Encoders / 266
Optical Absolute Encoders / 267

References / 271

9. Electronic Hardware / 272

Bits, Words, Bytes, and Clocks / 272
Circuit Elements / 273
Semiconductors / 273
Gates / 278
Flip-flops / 282

CONTENTS  xvii



xviii CONTENTS

FETs and MOSFETs / 283
Integrated Circuits / 287
CMOS / 288
Silicon Controlled Rectifiers / 289
RC Networks / 291
Network Insulation and Other Precautions / 292
SCR Speed Control / 294
PWM Speed Control / 296
Control of Acceleration and Deceleration / 298
Digital-to-Analog and Analog-to-Digital Conversion / 301
DAC / 301
ADC / 303
Braking Circuits / 305
Power Supplies / 306
Rectifiers / 306
Chokes / 308
Regulation and Regulators / 308
Unregulated Power Supplies / 309
Series Regulator / 309
Servo Controllers / 311
Microcomputers / 315
Bit Sizes / 316
Memories / 317
ROMs / 318
RAMs / 321
Mass Storage / 323
Standards / 324
Printed-Circuit Boards / 324
STD Bus / 324
Eurocard / 325
16- and 32-Bit Bus Systems / 325
Multibus II / 325
Interfaces / 326
Bitbus / 328
Ethernet / 330
MAP / 331
References / 332

10. Programming and Controllers / 334

Programming Methods / 334
Teach Coordinates / 335



Robot Controllers / 337
MCS-60 / 339
VALE®II / 340
Teach Pendant / 343
Teaching by Pendant and Control Console / 346
Teach Mode / 348
Data Display, Copy, and Modify / 349
Decision Making / 350
Palletizing / 350
Relocatable and Indexed Sequences / 350
Stationary-Base Tracking / 352
Expanded Instruction Capabilities / 353
Programmable Controllers / 355
Programming Languages / 356
Program Preparation / 357
A Teach-Pendant Language / 359
Off-Line Programming / 369
RoboTeach / 369
Robographix / 370
Artificial Intelligence / 372
References / 373

11. Robot Vision / 375

Principles / 376
Pixels and Processing / 376
Cameras / 377
Vidicon Cameras / 377
Solid-State Cameras / 378
Structured Light / 383
Grey-Scale Vision / 384
VS-100 / 385
Associative Pattern Processor / 387
Stereo Vision / 392
Triangulation / 392
National Bureau of Standards / 392
Laser-Based Triangulation System / 394
Automatix, Inc. / 397
Bin Picking / 399
Six-Dimensional Vision System / 405
Eye-in-Hand Vision / 405
References / 407

CONTENTS  xix



xx CONTENTS

12. Proximity and Tactile Sensors / 408

Proximity Sensors / 408
Gripper-Integrated Proximity Sensors / 408
Three Sensors Compared / 408
Eddy-Current Sensors / 410
Optical Position Indicators / 411
Optocator / 411
Op-Eye / 413
Sensing of Position and Orientation / 414
Tactile Sensors / 415
Strain Gages / 416
Silicon Strain Gages / 416
Skins / 419
Conductive Membranes / 419
LSI Sensors / 421
Silicon Touch Sensors / 422
Magnetoresistive Skin / 423
Ultrasonic Force Sensors / 425
Magnetoelastic Sensors / 426
References / 431

13. Safety / 433

Perimeter Protection / 433
Collision Protection / 437
References / 438

14. Selected Application Topics / 439

Arc Welding / 439
Contact and Non-contact Sensors / 441
Through-the-Arc Sensing / 443
The Cincinnati T3> Welding Robot / 445
Cross-seam Mode / 446
Perpendicular Mode / 447
Dual Mode / 447
Further developments / 447
CRC’s M-1000 / 448
Optical Sensing / 448
Lasers / 451
Water Jet Cutting / 452



