e SSTY) plle. £
(ilis ol lgilaloais /s Lua oliSil Ludigh o sle 6 paaiio g S £d 50

ELECTRUN

4electron.com vg uSJVI pllc auSo o aﬁﬁl =

a3 g AT QIS 13 15 )

Lhda | jlma alal) zual g ccilaglaall g sl g Gla ¥l may alle B (huad Uagal S
dadi a5 rna) By (g g A e GaAEY) 5 Classall g Jsall g ?.A;ﬂ Jualdil
OF dad (lady) dauay (Jola oo daadi Apll 3 gkl g Ban allal) JSLia JiSY aag
s3] g dBlall g (U Jola (o diad Gluddd Lpalul dala JSa3 AN 3 ) gally Jsla
Ga Gl old Lt Jatadl aag ¢ Jalang 0¥ Lggay B alad) iy cilpaad Lgases slally

Tla ga (i g € alad) 12

Jaa s IS sl Om s oY www.delectron.com O AN alle abga B s
Cra ol 138 A saelud <l gl (e pokaiad La cibpaadil) oglal (a3 e Alile o
dsalall S8Y) g o) Y1 JaLtl clalug gl laal daaaly Aol gl sy dgale auil ga
Bliad) cililal aa JAIAT AN cealad) Cliaa  adY 7 g g cApigl) Libag ddagi jall g
Ol g Coalhaigall g oal) (0 of gl Sad 8 oot Uil g eLant) 5 ApapalsYl
adluy aadae (B 1sas (168 O alagy caaadl Baildlly adil) Gadl Ul e @
¢ Ay alad Jg8 ¢ 3N 5 Sletayly ol sall Luad Aoy (s,

ol gall sda) (B gt y Baildy ¢ ealad) & Syl od (e A g B SEy abbed () J gl
JS (b Baildl) uatlin @il asls Lﬁu-u.\.\b @,@Auuuhm;umum salal)
o Gra Wl AGE G 305 (L ghdli 5 ghad

(gl alad) Udle B i€ il dadhe USH 1 0S5 of sa8 (g AN (A
1Al 4l §d gial) cililay) JS; ww.delectron.com ¢S alle aSad ga ¢y oo g
Audigh agle B calla i Caly JS Ade daay o3 281 gl g Adnd) (glay oY Al gl o
25 s Sl s I8 5I A s

Ales (315 a8 gall 513 cilial aa

@ www.4electron.com

www.4electron.com s S alle a8 5



Lewis, F.L.; et. al. “Robotics”

Mechanical Engineering Handbook
Ed. Frank Kreith

Boca Raton: CRC Press LLC, 1999

©1999 by CRC Press LLC



Frank L. Lewis
University of Texas at Arlington

John M. Fitzgerald

University of Texas at Arlington

lan D. Walker

Rice University

Mark R. Cutkosky

Stanford University

Kok-Meng Lee
Georgia Tech

Ron Bailey

University of Texas at Arlington

Frank L. Lewis
University of Texas at Arlington

Chen Zhou
Georgia Tech

John W. Priest

University of Texas at Arlington

G. T. Stevens, Jr.

University of Texas at Arlington

John M. Fitzgerald
University of Texas at Arlington
Kai Liu

University of Texas at Arlington

© 1999 by CRC Press LLC

Robotics

141
142

143

144

145

146

147

148

149

Introductian
Commercial Robot Manipulators...........cccccceeeviinnn 14-3
Commercial Robot Manipulators « Commercial Robot
Controllers

Robot Configuratios.............ccccceveveeiiinieinieeeen 14-15
Fundamentals and Design Issues ¢ Manipulator Kinematics
Summary

End Hfectors ad TooliNg .........cccovvvieeeniiiiiiiinieeene 14-24
A Taxonomy of Common Endffectors « End Eector Design

Issues ¢« Summary

Sensors ahACtUALOS. .......oicuvereiiiieee e 14-33
Tactile and Proximity Sensorgerce Sensors Vision ¢
Actuators

Robot Programming Language..........cccccoecvvveernne 14-48
Robot Control « System Control ¢ Structures and Logic ¢
Special Functions ¢ Progranxécution « Example Program ¢
Off-Line Programming and Simulation

Robot Dynamics and Contro...........ccceeeeeeeniiinnes 14-51
Robot Dynamics and Properties « 8tdariable

Representations and Computer Simulation « Cartesian
Dynamics ad Actuator Dynamics « Computetbrque (CT)

Control and Feedback LinearizatieAdapive and Rbust

Control « Learning Control « Control of &ible-Link and
Flexible-Joint Robots force Controk Teleoperation

Planning and Intelligent Control................cccvee.. 14-69
Path Planning ¢« Error Detection and Reery « Two-Arm
Coordinatione Workcell Control  Planning ahArtifical

Intelligence « Man-Machine Interface

Design of Robotic Systems...........ccccvveiicieennnn, 14:77
Workcell Design and LayoutPart-Feeding ash Transfers

14.10 Robot Mantiacturirg Applicatiors..............ccccceeenee. 14-84

Product Design for Rolhdutomation « EconongiAnalysis ¢
Assembly

14.11 Industrial Material Handling and ProssSpplications of

RODOB.....ceiiiii 14-90
Implementation of Manufacturing Process Robots ¢ Industrial
Applications of Process Robots

14.12 Mobile, Flexible-Link, andParallel-Link Robos.....14-102

Mobile Robots ¢ Fxible-Link Robot Manipulators Parallel-
Link Robots

14-1



14-2 Section 14

14.1 Introduction

The word “robot” was introduced by the Czech playright Karéhpek in his 1920 plajRossuris
Universal RobotsTheword “robota” in Czech means simplywbrk.” In spite of such practicaldgin-
nings, science fiction writers and early Hellyod novies have gven us a romantic notion of robots.
Thus, in the 1960s robots held out great promises for miraculasligtionizing industryovernight.
In fact, may of the morefar-fetchedexpectations from robotsahe failed to materializefor instance,
in undewater assembly and oil mining, teleoperated robotssamng difficult to manipulate anddie
largely been replaced or augmented by “smart” gtiickouplings that simplify the assembly task.
However, through good design practices and painstaking attention to detail, engiasesitceeded
in applying robotic systems to a widariety of industrial and mafacturing situations where the
environment is structured or predictabl®day, through dvelopments in computers and fidial intel-
ligence techniques and often rivated by the space program, we are owvége of another breakthrough
in robotics that will #ord some évels of autonomy in unstructuredvironments.

On a practicaldvel, robots are distinguished from other electromechanical motion equipment by their
dexterous manipulation capability in that robots eeork, position, and mve tools and other objects
with far greater ekterity than other machines found in tlaetor. Process robot systems are functional
components wittgrippers, end féectors,sensors, and process equipmengiaaized to perform a con-
trolled sequence of tasks égecute a process —ejrequire sophisticated control systems.

The first successful commercial implementation of process robetissin the U.S. automobile
industy. The word “automationwas coined in the 1940s lbrd Motor Compay, as a contraction of
“automatic moivation” By 1985 thousands of spot welding, machine loading, and material handling
applications weravorking reliaby. It is no longer possible to mass produce automobiles while meeting
currently accepted quality and coetdls without using robots. By thesdinning of 1995 there were
over 25,000 robots in use in the U.S. automobile ingiluMore are applied to spot welding thamy a
other processkFor all applications and industries, thrld’s stock of robots igxpected toexceed
1,000,000 units by 1999.

The single most importarfactor in robot technologyedelopment to date has been the use of
microprocessebased control. By 1975 microprocessor controllers for robots made programming and
executing coordinated motion of corepl multiple dgrees-of-freedom (DOF) robots practical and
reliable The robot industrexperienced rapid gwth and humans were replaced@aesal mantdacturing
processes requiring tool and/aorkpiece manipulationAs a result the immediate and cumivat
dangers oexposure ofworkers to manipulation-related hazards once accepted as necessargeosts h
been reroved.

A distinguishing feature of robotics is its multidisciplinary nature — to successfully design robotic
systems one muste a grasp of electrical, mechanical, industrial, and computer engineering, as well
as economics arfalisiness practice3he purpose of this chapter is t@yde a background in all these
areas so that design for robotic applications may be confronted from a position of insightfetehcen
The material overed herdalls into wo broad areas: function and analysis of the single robot, and
design and analysis of robot-based systemsnamkKcells.

Section 14.2 presents tlaailable configurations of commercial robot manipulators, with Section
14.3 poviding a follow-on in mathematical terms of basic robot geometric isJuresrext four sections
provide particulars in endfectors and tooling, sensors and actuators, robot programming languages,
and dynamics and real-time control. Section 14.8 deals with planning and intelligent. ddrercext
three sectionsaver the design of robotic systems for miawturing and material handling. Spezlly,
Section 14.9 aversworkcell layout and part feeding, Section 14.b0ers product design and economic
analysis, and Section 14.11 deals with nfaawring and industrial process&#e final section deals
with some special classes of robots including mobile robots, lightwibééghtle arms, and theersatile
parallel-link arms including the &tvart platform.
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14.2 Commercial Robot Manipulators

John M. Fitzgerald

In the most active segments of the robot market, some end-users now buy robots in such large quantities
(occasionally a single customer will order hundreds of robots at a time) that market prices are determined
primarily by configuration and size category, not by brand. The robot has in this way become like an
economic commodity. In just 30 years, the core industrial robotics industry has reached an important
level of maturity, which is evidenced by consolidation and recent growth of robot companies. Robots
are highly reliable, dependable, and technologically advanced factory equipment. There is a sound body
of practical knowledge derived from a large and successful installed base. A strong foundation of
theoretical robotics engineering knowledge promises to support continued technical growth.

The majority of the world’s robots are supplied by established stable companies using well-established
off-the-shelf component technologies. All commercial industrial robots have two physically separate
basic elements: the manipulator arm and the controller. The basic architecture of all commercial robots
is fundamentally the same. Among the major suppliers the vast majority of industrial robots uses digital
servo-controlled electrical motor drives. All are serial link kinematic machines with no more than six
axes (degrees of freedom). All are supplied with a proprietary controller. Virtually all robot applications
require significant effort of trained skilled engineers and technicians to design and implement them.
What makes each robot unique is how the components are put together to achieve performance that
yields a competitive product. Clever design refinements compete for applications by pushing existing
performance envelopes, or sometimes creating new ones. The most important considerations in the
application of an industrial robot center on two issues: Manipulation and Integration.

Commercial Robot Manipulators

Manipulator Performance Characteristics

The combined effects of kinematic structure, axis drive mechanism design, and real-time motion control
determine the major manipulation performance characteristics: reach and dexterity, payload, quickness,
and precision. Caution must be used when making decisions and comparisons based on manufacturers’
published performance specifications because the methods for measuring and reporting them are not
standardized across the industry. Published performance specifications provide a reasonable comparison
of robots of similar kinematic configuration and size, but more detailed analysis and testing will insure
that a particular robot model can reach all of the poses and make all of the moves with the required
payload and precision for a specific application.

Reachis characterized by measuring the extents of the space described by the robot motion and
dexterityby the angular displacement of the individual joints. Horizontal reach, measured radially out
from the center of rotation of the base axis to the furthest point of reach in the horizontal plane, is
usually specified in robot technical descriptions. For Cartesian robots the range of motion of the first
three axes describes the reachable workspace. Some robots will have unusable spaces such as dead
zones, singular poses, and wrist-wrap poses inside of the boundaries of their reach. Usually motion test,
simulations, or other analysis are used to verify reach and dexterity for each application.

Payload weighis specified by the manufacturer for all industrial robots. Some manufacturers also
specify inertial loading for rotational wrist axes. It is common for the payload to be given for extreme
velocity and reach conditions. Load limits should be verified for each application, since many robots
can lift and move larger-than-specified loads if reach and speed are reduced. Weight and inertia of all
tooling, workpieces, cables, and hoses must be included as part of the payload.

Quicknessis critical in determining throughput but difficult to determine from published robot
specifications. Most manufacturers will specify a maximum speed of either individual joints or for a
specific kinematic tool point. Maximum speed ratings can give some indication of the robot’s quickness
but may be more confusing and misleading than useful. Average speed in a working cycle is the quickness
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characteristic of interest. Some méauiurers iye cycle times for well-described motiaycles These
motion profiles gze a much better representation of quickness. Most robotfaciarers address the
issue by conducting application-sgecifeasibility tests for customer applications.

Precisionis usually characterized by measuring repeatgbfiittually all robot mantacturers specify
static position repeatabpit Usuall, tool point repeatability isigen, but occasionally repeatability will
be quoted for each inddual axis.Accuracyis rarely specifiedbut it is likely to be at least four times
larger than repeatabiit Dynamic precision, or the repeatability and acguria tracking position,
velocity, and acceleration on a continuous path, is not usuallyfisgeeci

Common Kinematic Configurations

All common commercial industrial robots are serial link manipulators with no more than six kinemat-
ically coupled &es of motion. By cavention, the ges of motion are numbered in sequence asdbe
encountered from the base on out to the wrike first three xes account for the spatial positioning
motion of the robot; their cdiguration determines the shape of the space through which the robot can
be positionedAny subsequentx@s in the kinematic chain @uide rotational motions to orient the end

of the robot arm and are referred to as wr&salhere are, in principleyo primary types of motion

that arobot axiscan produce in its dfen link: eitherevoluteor prismatic It is often useful to classify
robots according to the orientation and type of tfiegt three &es There are founvery common
commercial robot configurationérticulated Type 1 SCARA Type 2 SCARA, and Cartesiaiiwo

other configurations, Cylindrical and Spherical, av& much less common.

Articulated Arms. The variety of commercial articulated arms, most of whiekehsix xes, isvery
large All of these robotsaxes are evolute The second and thirdkes are parallel andiork together

to produce motion in ®ertical planeThe first axis in the base\ertical and evolves the arm sweeping
out a lagework volume The need for impved reach, quickness, and payloagecontinually matated
refinements and impvements of articulated arm designs for decadeswyMifferent types of dve
mechanisms dve been evised to albw wrist and forearm dve motors and gearkes to be mounted
close in to the first and second axis rotation to minimizesttended mass of the ardrm structural
designs bve been refined to maximizeffitiess and strength while reducing weight and inertia. Special
designs bBve been dveloped to match the performance requirements of nearly all industrial applications
and processe3 heworkspace #iciency of well-designed articulated arms, which is tlegrde of quick
dexterous reach with respect to arm size, is unsurpassed by other digurations when ¥ie or more
degrees of freedom are needed. Soraeehwide ranges of angular displacement for both the second
and third axisexpanding the amount @iverheadvorkspace and aiving the arm to reach behind itself
without making a 180base rotation. Some can werted and mountedverhead on mving gantries

for transportatiorover large work areasA major limiting factor in articulated arm performance is that
the second axis has teork to lift both the subsequent arm structure and payload. Springs, pneumatic
struts, and counterweights are often useektend useful reach. Historicgllarticulated armsdve not
been capable of aaking accuray as well as other arm cfigurationsAll axes have joint angle position
errors which are multiplied by link radius and accumulated for the entire axmevet, new articulated

arm designs continue to demonstrate ioapd repeatabilit and with practical calibration methodsth

can yield accury within two to three times the repeatalyilidn example ofextreme precision in
articulated arms is the Staubli Unimation RX arm (Begire 14.2.1L

Type | SCARA.The Type | SCARA (selectely compliant assembly robot arm) arm uses parallel
revolute joints to produce motion in the horizontal plaflee arm structure is weight-bearibgt the

first and secondxas do no lifting The third axis of th Type 1 SCARA povideswork volume by

adding avertical or Z axisA fourth revolute axis will add rotation about the Z axis to control orientation

in the horizontal planéhis type of robot is rarely found with more than foxesaThe Type 1 SCARA

is usedextensvely in the assembly of electronic components aedcds, and it is used broadly for

the assembly of small- to medium-sized mechanical assemblies. Competition for robot sales in high
speed electronics assembly haiwelt designers to optimize for quickness and precision of mdation
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FIGURE 14.2.1 Articulated arms. (a) Sixxa@s are required to manipulate spare wheel into place (courtesy Nachi,
Ltd.); (b) fou-axis robot unloading a shipping pallet (courtesy Fanuc Robotics, NA).3ix-axis arm grinding
from a casting (courtesy of Staubli Unimation, Inéd); multiple exposure s@iew of five-axis arc welding robot
(courtesy ofFanuc Robotics, N.A.).
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FIGURE 14.2.1 continued
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well-known optimal SCARA design is #AdeptOne robot sbwn in Figure 14.2.2a. It canave a 20-
Ib payload from pointA” up 1 in.over 12 in. and own 1 in. to point “B” and return through the same
path back to pointA” in less than 0.8 sec (séggure14.2.9.

@)

FIGURE 14.2.2 Type 1 SCARA arms (courtesyf ddept Technologies, Inc.). (a) High precision, high speed
midsized SCARA(b) table top SCARA used for small assemblies.

Type Il SCARA. The Type 2 SCARA, also a fataxis configuration, diers fran Type 1 in that the

first axis is a longyertical, prismatic Z stike which lifts the wo parallel evolute aes and their links.

For quickly moving heavier loads ¢ver approximately 75 Ibdver longer distancesoer about 3 ft),

the Type 2 SCARA configuration is mordfieient than tle Type 1 The trade-& of weight vs. inertia

vs. quickness$avors placement of the mags vertical lift mechanism at the basghis configuration is

well suited to lage mechanical assembly and is most frequently applied to palletizing, packaging, and
other hevy material handling applications (sEgure 4.2.3.

Cartesian Coddinate Robots. Cartesian coordinate robots use orthogonal prismadis, ausually
referred to as XY, and Z, to translate their enéfextor or payload through their rectangularkspace.

One, wo, or threeevolute wrist xes may be added for orientation. Commercial robot companies supply
several types of Cartesian coordinate robots witirkspace sizes ranging from ewf cubic inches to
tens of thousands of cubic feet, and payloads rangingyévas hundred pounds. Gantry robots are the
most common Cartesian stylehey have an edvated bridge structure which translates in one horizontal
direction on a pair of rumay bearings (usually referred to as the X direction), and a carriage which
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FIGURE 14.2.2 continued

moves along the bridge in the horizontal “Y” direction also usually on linear beaifiihgsthird
orthogonal axis, which aves in the Z direction, is suspended from the carriage. More than one robot
can be operated ongantry structure by using multiple bridges and carriages. Gantry robots are usually
supplied as semicustom designs in size ranges rather than set sizes. Gantryavebtiis bnique
capacity for huge accurateork spaces through the use of rigid structures, precisivasjrandvork-
space calibratianThey are well suited to material handling applications whengelareas and/orrige
loads must be servicels process robots ¢ are particularly useful in applications such as arc welding,
waterjet cutting, and inspection ofd@, compdx, precision parts.

Modular Cartesian robots are also commaubilable from sveral commercial sources. Each module
is a self-contained completely functional single axis actudtandard liner axis modules which contain
all the dive and feedback mechanisms in one complete structural/functional element are coupled to
perform coordinated three-axis motidrhese modular Cartesian robotvéwork volumes usually on
the order of 10 to 30 in. in X drY with shorter Z strkes, and payloads under 40 They are typically
used in may electronic and small mechanical assembly applications whewrr performance than
Type 1 SCARA robots is suitable (sEgure14.2.4.

Spherical and Cylindrical Cadinate Robots. The first tvo axes of the spherical coordinate robot are
revolute and orthogonal to one anathend the third axis pvides prismatic radiaxtension The result

is a natural spherical coordinate system anwk volume that is spherical he first axis otylindrical
coordinate robots is a&wolute base rotatiormhe second and third are prismatic, resulting in a natural
cylindrical motion.
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FIGURE 14.2.3 Type 2 SCARA (courtesyfddept Technologies, Inc.).

Commerical models of spherical aadindrical robots were originallyery common and popular in
machine tending and material handling applications. Hundreds are still butusav there are only a
few commerciallyavailable modelsThe Unimate model 2000 hgdraulic-ppwered spherical coordinate
robot,was at one time the most popular robot model imibrdd. Several models ofylindrical coordinate
robots were alsavailable, including a standard model with thegkst payload ofry robot, the Prab
model FC, with a payload @iver 600 kg The decline in use of thesed configuations is attuted to
problems arising from use of the prismatic link for raditkension/retraction motiorA solid boom
requires clearance to fully retract. Hydrawytinders used for the same function can retract to less than
half of their fully extended lengthType 2 SCARA arms and othavolute jointed armsdve displaced
most of thecylindrical and spherical coordinate robots (§égure14.2.9.

Basic Performance Specificationgigurel14.2.6sumarizes the kinematic diogurations just described.
Table 14.2.1is a table of basic performance sfiieations of selected robot models that illustrates the
broad spectrum of manipulator performamailable from commercial sourcebhe information con-
tained in the table has been supplied by the raspaatbot manfacturersThis is not an endorsement

by the author or publisher of the robot brands selected, nor iwetification orvalidation of the
performancevalues.For more detailed and spéciinformation on thewvailability of robots, the reader

is advised to contact the Robotic Indugtessociation, 90 Victors Way, PO. Box 3724 Ann Arbor,

MI 48106, or a robot industry trade association in your country for a listing of commercial robot suppliers
and system imgrators.
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(o)

FIGURE 14.2.4 Cartesian robots. (&pour-axis gantry robot used for palletizing boxes (courtesy of C&D Robotics,
Inc.); (b) three-axis gantry for palletizing (courtesy of C&D Robotics, Iifc))three-axis robot constructed from
modular single-axis motion modules (courte$yAdept Technologies, Inc.).

Drive Types of Commerical Robots

Thevast majority of commerical industrial robots uses electrieoserotor dives with speed-reducting
transmissions. BotAC and DC motors are populé&some sem hydraulic articulated arm robots are
available row for painting applications. It is rare fond robots with seo pneumatic dve aces All
types of mechanical transmissions are used,the tendeey is toward low and zero backlash-type
drives. Some robots use directvér methods to eliminate the anffation of inertia and mechanical
backlash associated with otheivéis The first axis of th AdeptOne ad AdeptThre Type | SCARA
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FIGURE 14.2.4 continued

(b)

FIGURE 14.2.5 Spherical and cylindrical robots. (a) Hydraulic-powered spherical robot (courtesy Kohol Systems,
Inc.); (b) cylindrical arm using scissor mechanism for radial prismatic motion (courtesy of Yamaha Robotics).
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FIGURE 14.2.6 Common kinematic configurations for robots.

TABLE 14.2.1Basic Performance Specifications of Selected Commercial Robots

Payload Reach Repeatability
Configuration Model Axes (kg) (mm) (mm) Speed
Articulated Fanuc M-410i 4 155 3139 +/-0.5 axis 1, 85 deg/sec
axis 2, 90 deg/sec
axis 3, 100 deg/sec
axis 4, 190 deg/sec
Nachi 8683 6 200 2510 +/-0.5 N/A
Nachi 7603 6 5 1405 +/-0.1 axis 1, 115 deg/sec
axis 2, 115 deg/sec
axis 3, 115 deg/sec
Staubli RX90 6 6 985 +/-0.02 axis 1, 240 deg/sec
axis 2, 200 deg/sec
axis 3, 286 deg/sec
Type 1 SCARA  AdeptOne 4 9.1 800 +/-0.025 (est.) 1700 mm/sec
Fanuc A-510 4 20 950 +/-0.065 N/A
Type 2 SCARA  Adept 1850 4 70 1850 X,Y +/-0.3 axis 1, 1500 mm/sec
Z +/-0.3 axis 2, 120 deg/sec
axis 3, 140 deg/sec
axis 4, 225 deg/sec
Staubli RS 184 4 60 1800 +/-0.15 N/A
Cartesian PaR Systems XR225 5 190 X 18000 +/-0.125 N/A
Y 5500
Z 2000
AdeptModules 3 15 X 500 +/-0.02 axis 1, 1200 mm/sec
Y 450 axis 2, 1200 mm/sec
axis 3, 600 mm/sec
Cylindrical Kohol K45 4 34 1930 +/-0.2 axis 1, 90 deg/sec
axis 2, 500 mm/sec
axis 3, 1000 mm/sec
Spherical Unimation 2000 5 135 +/-1.25 axis 1, 35 deg/sec
(Hydraulic, not in axis 2, 35 deg/sec

production)

axis 3, 1000 mm/sec
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robots is a direct drive motor with the motor stator integrated into the robot base and its armature rotor
integral with the first link. Other more common speed-reducing low backlash drive transmissions include
toothed belts, roller chains, roller drives, and harmonic drives.

Joint angle position and velocity feedback devices are generally considered an important part of the
drive axis. Real-time control performance for tracking position and velocity commands and precision is
often affected by the fidelity of feedback. Resolution, signal-to-noise, and innate sampling frequency
are important motion control factors ultimately limited by the type of feedback device used.

Given a good robot design, the quality of fabrication and assembly of the drive components must be
high to yield good performance. Because of their precision requirements, the drive components are
sensitive to manufacturing errors which can readily translate to less than specified manipulator perfor-
mance.

Commercial Robot Controllers

Commercial robot controllers are specialized multiprocessor computing systems that provide four basic
processes allowing integration of the robot into an automation system. These functions which must be
factored and weighed for each specific application are Motion Generation, Motion/Process Integration,
Human Integration, and Information Integration.

Motion Generation

There are two important controller-related aspects of industrial robot motion generation. One is the
extent of manipulation that can be programmed; the other is the ability to execute controlled programmed
motion. The unique aspect of each robot system is its real-time kinematic motion control. The details
of real-time control are typically not revealed to the user due to safety and proprietary information
secrecy reasons. Each robot controller, through its operating system programs, converts digital data into
coordinated motion through precise coordination and high speed distribution and communication of the
individual axis motion commands which are executed by individual joint controllers. The higher level
programming accessed by the end user is a reflection of the sophistication of the real-time controller.
Of greatest importance to the robot user is the motion programming. Each robot manufacturer has its
own proprietary programming language. The variety of motion and position command types in a
programming language is usually a good indication of the robot’s motion generation capability. Program
commands which produce complex motion should be available to support the manipulation needs of the
application. If palletizing is the application, then simple methods of creating position commands for
arrays of positions are essential. If continuous path motion is needed, an associated set of continuous
motion commands should be available. The range of motion generation capabilities of commercial
industrial robots is wide. Suitability for a particular application can be determined by writing test code.

Motion/Process Integration

Motion/process integration involves methods available to coordinate manipulator motion with process
sensor or process controller devices. The most primitive process integration is through discrete digital
I/0. For example, an external (to the robot controller) machine controller might send a one-bit signal
indicating whether it is ready to be loaded by the robot. The robot control must have the ability to read
the signal and to perform logical operations (if then, wait until, do until, etc.) using the signal. At the
extreme of process integration, the robot controller can access and operate on large amounts of data in
real time during the execution of motion-related processes. For example, in arc welding, sensor data
are used to correct tool point positions as the robot is executing a weld path. This requires continuous
communication between the welding process sensor and the robot motion generation functions so that
there are both a data interface with the controller and motion generation code structure to act on it.
Vision-guided high precision pick and place and assembly are major applications in the electronics and
semiconductor industries. Experience has shown that the best integrated vision/robot performance has
come from running both the robot and the vision system internal to the same computing platform. The
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reasons are that data communication is much miiceat due to datdus access, and computing
operations are coordinated by one operating system.

Human Integration

Operator intgration is critical to theexpeditious setup, programming, and maintenance of the robot
system Three controller elements most important fffieetive human irggration are the humaiiO
devices the informatioravailable to the operator in graphic form, and the modes of opertilable

for human interaction. Position and path teachifigrieis dramatically influenced by the type of manual
I/O devicesavailable A teach pendant is needed if the teacher mag& &ccess toegeralvantage points

for posing the robot. Some robotavha teleoperatestyle input @vices which albw coordinated manual
motion command inputsThese areextremely useful for teaching multiple coreplposes. Graphical
interfacesavailable on some industrial robots, aegy dfective for caweying information to the operator
quickly and éficiently. A graphical inteface is most important for applications which require frequent
reprogramming and setup changesve®al very useful &f-line programming softare systems are
available from third-party supplier§hese systems use computer models of commeragdiyable
robots to simulate path motion andwade rapid programming functions.

Information Integration

Information inegration is becoming more important as the tremeatd increasing éibility and agility
impacts roboticsAutomatic and computeaided robot task planning and process control functions will
require both access to data and the ability to vesakvant information from CAD systems, process
plans and schedules, upstream inspections, and other sources aécdat@land information. Mg
robot controllers aw support information irgration functions by empying integrated PC intéaces
through the communications ports, or in some through direct connections to the robot contrdiles.data
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14.3 Robot Configurations

lan D. Walker

Fundamentals and Design Issues

A robot manipulator is fundamentally a collectionlioks connected to each other fmints, typically

with an end effector(designed to contact thenéronment in some usefifashion) connected to the
mechanismA typical arrangement is taae the links connected serially by the joints in an open-chain
fashion. Each joint prvides one or moreadree of freedom to the mechanism.

Manipulator designs are typically characterized by the number of indeperdesesiof freedom in
the mechanism, the types of jointsoyading the dgrees of freedom, and the geometry of the links
connecting the jointsThe degrees of freedom can bevolute (relaive rotational motiorf between
joints) or prismatic (relate linear motiord between joints)A joint may reve more than oneedree of
freedom. Most industrial robotse a total of six independenegtees of freedom. In addition, most
current robots &ve essentially rigid links (we will focus on rigid-link robots throughout this section).

Robots are also characterized by the type of actuatorewgsdplypically manipulators &ve hydraulic
or electric actuation. In some cases where high precision is not important, pneumatic actuators are used.

A number of successful manipulator desigesehemeged, each with a fferent arrangement of
joints and links. Some “ethv” designs, such as the PUMA robots and tRARS Remote Manipulator
System, bve afairly anthropomorphic structure, witevolute joints arranged into “shoulde‘elbow,”
and “wrist” sectionsA mix of revolute and prismatic joints has been adopted in the Stanford Manipulator
and the SCARA types of arms. Other arms, such as those produced by IBM, feature prismatic joints for
the “shoulde” with a spherical wrist attached. In this case, the prismatic joints are essentially used as
positioning a@vices, with the wrist used fdime motions.

The alwve designs &ve six or Bwer degrees of freedom. More recent manipulators, such as those of
the Robotics Research Corporation series of arms, feaga sr more egrees of freedomThese
arms are termed kinematically redundant, which is a useful feature as we will see late

Key factors that influence the design of a manipulator are the tractability of its geometric (kinematic)
analysis and the size and location ofvitsrkspace The workspace of a manipulator can bdided as
the set of points that are reachable by the manipulator {fixét base). Both shape and tatalume
are important. Manipulator designs such as the SCARA are useful fofanaming since thy have a
simple sentylindrical connected/olume for theirworkspace (Spong drVidyasaga 1989), which
facilitatesworkcell design. Elbw manipulators tend toakie a widernvolume ofworkspace, bwever the
workspace is often morefticult to characterizeThe kinematic design of a manipulator can tailor the
workspace to somextent to the operational requirements of the robot.

In addition, if a manipulator can be designed so that it has a Sedpkinematic analysis, mga
planning and control functions will in turn be greatly sifipti. For example, robots with spherical
wrists tend to Bve much simplerriverse kinematics than those without this feature. Sfioglion of
the kinematic analysis required for a robot can Siicamtly enhance the real-time motion planning and
control performance of the robot systdfor the rest of this section, we will concentrate on the kinematics
of manipulators.

For the purposes of analysis, a sejaifit variables(which may contain bothevolute and prismatic
variables), are augmented intawvectorq, which uniquely defines the geometric statecamfiguration
of the robot. ldwever, task description for manipulators is most naturdfyressed in terms of aftirent
set oftask coodinates These can be the position and orientation of the robotféextae, or of a special
task frame, and are denoted hereybyhusY most naturally represents the performance of a task, and
g most naturally represents the mechanism used to perform the task. Each of the coordinate systems
andY contains information critical to the understanding ofdherall status of the manipulatdMuch
of the kinematic analysis of robots therefore centers on transformations betweemidhe sets of
coordinates of interest.
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Manipulator Kinematics

The study of manipulator kinematics at the position (geomei€l separates naturally intove
subproblems: (1) finding the position/orientation of the effiectr, or task, frame, igen the angles
and/or displacements of the jarfEorward Kinematicy, and (2) finding possible angles/displacements
of the joints gven the position/orientation of the enfieetar, or task, framélnverse Kinematigs At

the velocity level, the Manipulator Jacobiarrelates jointvelocities to end féector velocities and is
important in motion planning and for identifgisingularities In the case oRedundant Manipulators
the Jacobian is particularly crucial in planning and controlling robot motgaswill explore each of
these issues in turn in the falling subsections.

Example 14.3.1

Figure 14.3.1stows a planar threeedrees-of-freedom manipulatorhe first tvo joints are evolute,
and the third is prismatidhe end &ector position X, y) is expressed with respect to thfixéd) world
coordinate framex, y,), and the orientation of the enfextor is defined as the angle of the second
link @ measured from the, axis as sbwn. The link lengthl, is constantThe jointvariables are igen

by the angle®, and6, and the displacement, and are defined asain. The example will be used
throughout this section to demonstrate the ideas behingatlmis kinematic problems of interest.

é

(x.,Y) «,‘.‘

FIGURE 14.31 Planar RRP manipulato

Forward (Direct) Kinematics

Since robots typically dve sensors at their joints, makiagpilable measurements of the joint tign-
rations, and we are interested in performing tasks at the robotffenttre a natural issue is that of
determining the endffector position/orientatio Y given a joint configuratiom. This problem is the
forward kinematicsproblem and may bexpressed symbolically as

v = (q) (143.1)

The foward kinematic problem yields a unigue solution Yogiven g. In some simple cases (such
as theexample bedw) the foward kinematics can be deed by inspection. In generalpwever, the
relationshp f can be quite comek. A systematic method for determining the funatiofor any
manipulator geometrwas proposed by Demit and Hartenbey (Deravit and Hartenbeg, 1955).

The Dervit/Hartenbeg (or D-H) technique has become the standard method in robotics for describing
the foward kinematics of a manipulatdEssentiall, by careful placement of a series of coordinate
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frames fixed in each link, the D-H technique reduces the forward kinematics problem to that of combining
a series of straightforward consecutive link-to-link transformations from the base to the end effector
frame. Using this method, the forward kinematics for any manipulator is summarized in a table of
parameters (the D-H parameters). A maximum of three nonzero parameters per link are sufficient to
uniquely specify the mafp Lack of space prevents us from detailing the method further. The interested
reader is referred to Denavit and Hartenberg (1955) and Spong and Vidyasagar (1989).

To summarize, forward kinematics is an extremely important problem in robotics which is also well
understood, and for which there is a standard solution technique

Example 14.3.2

In our example, we consider the task space to be the position and orientation of the end effextor, i.e.,
=[xy, @ as shown. We choose joint coordinates (one for each degree of freedgm)[®y 6., d;]™
From Figure 14.3.1, with the values as given it may be seen by inspection that

x =1, cos(@,) +d, cos(6, +6,) (1432)
y=1,sin(6,)+d,sin(6, +6,) (1433)
©=6,+6, (1434)

Equations (14.3.2) to (14.3.4) form the forward kinematics for the example robot. Notice that the
solution forY =[x, y, @7 is unique giverg = [0;, 6,, d;]™.

Inverse Kinematics

Theinverse kinematicproblem consists of finding possible joint configuratignsrresponding to a
given end effector position/orientatidhThis transformation is essential for planning joint positions of
the manipulator which will result in desired end effector positions (note that task requirements will
specify Y, and a corresponding must be planned to perform the task). Conceptually the problem is
stated as

q=f7(Y) (1435)

In contrast to the forward kinematics problem, the inverse kinematics cannot be solved for arbitrary
manipulators by a systematic technique such as the Denavit-Hartenberg method. The relationship (1)
does not, in general, invert to a unique solutiongfand, indeed, for many manipulators, expressions
for g cannot even be found in closed form!

For some important types of manipulator design (particularly those mechanisms featuring spherical
wrists), closed-form solutions for the inverse kinematics can be found. However, even in these cases,
there are at best multiple solutions épfcorresponding to “elbow-up,” “elbow-down” possibilities for
the arm to achieve the end effector configuration in multiple ways). For some designs, there may be an
infinite number of solutions fag given'Y, such as in the case of kinematically redundant manipulators
discussed shortly.

Extensive investigations of manipulator kinematics have been performed for wide classes of robot
designs (Bottema and Roth, 1979; Duffy, 1980). A significant body of work has been built up in the
area of inverse kinematics. Solution techniques are often determined by the geometry of a given
manipulator design. A number of elegant techniques have been developed for special classes of manip-
ulator designs, and the area continues to be the focus of active research. In cases where closed-form
solutions cannot be found, a number of iterative numerical techniques have been developed.
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Example 14.3.3

For our planar manipulatpthe nverse kinematics requires the solution do= [0,, 6,, d;]T given Y =
[x, v, ¢]". Figurel4.3.2illustrates the situation, witfx, y, @™ given as sbwn. Notice that for they
specified in Figure 14.3.2, there anmtsolutions, correspondingvd distinct configurations.

(x,y)

g tan’ ({/x)

AY

2 2
sqrt(x +y )

FIGURE 14.32 Planar RRP arnmverse kinematics.
The to solutions areketched in Figure 14.3.2, with the solution for thefiguration in bold the
focus of the analysis b®l. The solutions may be found in a numbemalys, one of which is outlined

here. Consider the triangle formed by the finks of the manipulator and thector §, y) in Figure
14.3.2 We see that the angtecan be found as

e = @-tan"(y/x)

Now, using the sine rule, weabe that

|, /sin(e) = (\;W)/sin(n— 6,)= (\W)/s n(6,)

and thus
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n(0,) = (7 + 7 )an(e),

The above equation could be used to solveBfoAlternatively, we can find, as follows.

DefiningD to be (sz +y?) sin€)/l, we have that co8f) = +1- D?. Then#, can be found
as

9, =tan™"

D/++1- DZ] (1436)

Notice that this method picks out both possible value®,aforresponding to the two possible inverse
kinematic solutions. We now take the solution@gcorresponding to the positive root af(~1— D?)
(i.e., the bold robot configuration in the figure).

Using this solution foB,, we can now solve fod, andd, as follows. Summing the angles inside the
triangle in Figure 14.3.2, we obtain— [(t—6,) +€ + 3] = 0 or

0=6,-¢
From Figure 18.2 we see that
8, = tan"(y/x) -3 (143.7)

Finally, use of the cosine rule leads us to a solutiordfor

d2 =12 +(x* +y?) —2I1(\/x2 + yz)cos(é)

or

d3 = \f:|12 + (x2 + yZ) - 2|1(JW)COS(5) (1438)

Equations (14.3.6) to (14.3.8) comprise an inverse kinematics solution for the manipulator.

Velocity Kinematics: The Manipulator Jacobian

The previous techniques, while extremely important, have been limited to positional analysis. For motion
planning purposes, we are also interested in the relationship between joint velocities and task (end
effector) velocities. The (linearized) relationship between the joint velociies and the end effector
velocities Y can be expressed (from Equation (14.3.1)) as

Y =[J(a)]a (143.9)

whereJ is the manipulator Jacobiarand is given byf/dg. The manipulator Jacobian is an extremely
important quantity in robot analysis, planning, and control. The Jacobian is particularly useful in
determining singular configurations, as we shall see shortly.

Given the forward kinematic functidnthe Jacobian can be obtained by direct differentiation (as in
the example below). Alternatively, the Jacobian can be obtained column by column in a straightforward
fashion from quantities in the Denavit-Hartenberg formulation referred to earlier. Since the Denavit-
Hartenberg technique is almost always used in the forward kinematics, this is often an efficient and
preferred method. For more details of this approach, see Spong and Vidyasagar (1989).
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The Jacobian can be used to perfomreise kinematics at theslocity level as folbws. If we define
[JY] to be the mverse of the Jacobian (assumih square and nonsingular), then

=[37()]v (143.10)

and the abve expression can be sad iteraively for g(and hence by numerical inggration) gven
a desired endfector trajectoy Y and the current st of the manipulato This method for determining
joint trajectories tyen desired endffector trajectories is kown as Reseoled Rate Control and has
become increasingly populd@he technique is particularly useful when the positiomadrise kinematics
is difficult or intractable for aigen manipulato

Notice, lowever, that the abve expression requires tha is both nonsingular and squakéolation
of the nonsingularity assumption means that the robotassingular configuration, and ¥has more
columns thanaws, then the robot is kinematicallgdundantThese wo issues will be discussed in the
following subsections.

Example 14.3.4
By direct dfferentiation of the farard kinematics déred earlier for ouexample,

ko BH,sin(6,) - d,sin(8, +6,) -d,sin(6, +6,) cos(®, +6,)6, 0
%D acos(e +dycos8, +6,) d,cof6, +0,) sin(p, +6,) 9,0 (14311)

1 1 0 He.H

Notice that each column of the Jacobian represents the (instantaniectspfethe corresponding
joint on the end féector motions Thus, considering the third column of the Jacobian, wéroorhat
the third joint (withvariabled;) cannot causenst change in the orientatio)(of the end Hectar.
Singularities
A significant issue in kinematic analysis surrounds so<tallggular configurationd hese are defined
to be configurations at whichJ(gy) has less than full rank (Spongdavidyasaga 1989). Physicay
these configurations correspond to situations whereathet joints have been aligned in suchveay
that there is at least one direction of mofiresingular diection[s) for the end #ector that pysically
cannot be acbkved by the mechanisrihis occurs atvorkspace boundaries, and when thesaof wo
(or more) joints line up and are redundantly cdmting to an endféector motion, at the cost of another
end dfector dgree of freedom being lost. It is straightfard to slow that the singular direction is
orthogonal to the column spactJfq,).

It can also be slwn thatevery manipulator mustawe singular configurations, i.e., teeistence of
singularities cannot be eliminateslen by careful design. Singularities are a serious caus#iotitiies
in robotic analysis and control. Motionave to be carefully planned in thegion of singularitiesThis
is not only because at the singularities thewesethere will be an unobtainable motion at the end
effectar, but also because myreal-time motion planning and control algorithmskenase of the (verse
of the) manipulator Jacobian. In thegion surrounding aingularity, the Jacobian will become ill-
conditioned, leading to the generation of jaialocities in Equation (14.3.10) which adremely high,
even for relaitvely small end #ector velocities This can lead to numerical instabyjliand urexpected
wild motions of the arm for small, desired erifeetor motions (this type of beaVior characterizes
motion near a singularity).

For the alove reasons, the analysis of singularities is an important issue in robotics and continues to
be the subject of age research.
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Example 14.3.5

For ourexample manipulato we can find the singular configurations by taking the determinant of its
Jacobian found in the @rious section anévaluating the joint configurations that cause this determinant
to become zerdA straightforvard calculation yields

det(J) =1, cos(6, ) (14312)
and we note that this determinant is zexactly when@, is a multiple off/2. One such configuration

(6, =172, 8, = 72) is stown in Figure 14.3.3For this configuration, witty, = 1 = d,, the Jacobian is
given by

1 0 10
O O
alo1oof
B 1 of

and by inspection, the columnédare orthogonal to [0, —1, Lwhich is therefore a singular direction
of the manipulator in this cdiguration This implies that from the (singular) doguration slwn in
Figure 14.3.3 the directim Y = [0, —1, 1] cannot be physically adsied This can be confirmed by
considering the lpysical cevice (motion in the egatve y direction cannot be adwvied while simulta-
neously increasing the orientation ang).

] —L

xal

FIGURE 14.33 Singular configuration of planar RRP arm.

Redundant Manipulator Kinematics

If the dimension ofy is n, the dimension o¥ is m, andn is larger thanm, then a manipulator is said
to bekinematicallyredundantor the task described By This situation occurs for a manipulator with
seven or more egrees of freedom whenis a six-dimensional position/orientation task,for example,
when a six-dgrees-of-freedom manipulator is performing a position task and orientation is néiespeci
In this case, the robot mechanism has megees of freedom than required by the t83ks gves
rise toextra compéxity in the kinematic analysis due to tedra joints. However, theexistence of these
extra joints gves rise to thextremely usefukelf-motionproperty inherent in redundant armsself-
motion occurs when, with the enffextor location held constant, the joints of the manipulator cas m
(creating an “orbit” of the joints)This allows a much widewariety of configurations (typically an
infinite number) for a igen end #Hector location This added maneerability is thekey feature and
advantage of kinematically redundant arms. Note that the human hand/arm has this.prbpdewy
question for redundant arms @hto best utilize the self-motion property while still performing sipedi
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end dfector motionsY. A number of motion-planning algorithmsse been éveloped in the lasteiv
years for redundant arms (Siciliano, 1990). Most of them center on the Jacobianrpseselais fobws.

For kinematically redundant arms, the Jacobian has more columnsotvearifiJ is of full rank, and
we choose J] to be a pseudaverse of the Jacobian suchtdd" = | [for exampleJ* = JT(JJ")7Y),
wher | is them x m identity matrix, then from Equation (14.3.9) a solutiondavhich satisfies end
effector velocity of Y is gven by

a=[3"(a)]y+[1 -3"(a)3(a)]e (14.3.13)

where € isan ( x 1) columnvector whosevalues may be arbitrarily selected. Note thatveational
nonredundant manipulatorsMe m = n, in which case the pseudoéerse becomed? and the problem
reduces to the resed rate approach (Equation 14.3.10). _

The alove solution fo ¢has wo componentsThe first componen{J*(q)] Y, are jointvelocities
that produce the desired enffleetor motion Y (this can be easily seen by substitution into Equation
(14.3.9)) The second term] | J*(g)J(qg)]e, comprises joinvelocities which produce no endfextor
velocities (@ain, this can be seen by substitution of this term into Equation (14 Bi@yefore, the
second term produces a self-motion of the arm, which can be tuned by appropriately alfEnus
different choices o€ correspond to ffierent choices of the self-motion amdrious algorithms dve
been @veloped toexploit this choice to perform useful subtasks (Siciliano, 1990).

Redundant manipulator analysis has been aweastsearch area in the paawfyears A number of
arms, such as those recently produced by Robotics Research Corposaéidredn designed witlaen
degrees of freedom texploit kinematic redundany. The self-motion in redundant arms can be used to
configure the arm tevade obstaclesyoid singularities, minimizeféort, and a great nmg more subtasks
in addition to performing the desired main task describedYb For a good eview of the area, the
reader is referred to Siciliano (1990).

Example 14.3.6

If, for our example, we are only concerned with the position of the &edter in the plane, then the
arm becomes kinematically redundarigure 14.3.4hows sveral diferent (from an infinite number
of) configurations for the armivgen one endféector position. In this casé becomes the & 3 matrix
formed by the topwto rows of the Jacobian in Equation (14.3.1he pseudaversel* will therefore
be a 3x 2 matrix.Formation of the pseuduierse is left to the reader as exercise.

=

FIGURE 14.34 Multiple configurations for RRP arm for specified effié@or position onf.
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Summary

Kinematic analysis is an interesting and important area, a solid understanding of which is required for
robot motion planning and control. A number of techniques have been developed and are available to
the robotics engineer. For positional analysis, the Denavit-Hartenberg technique provides a systematic
approach for forward kinematics. Inverse kinematic solutions typically have been developed on a
manipulator (or class of manipulator)-specific basis. However, a number of insightful effective techniques
exist for positional inverse kinematic analysis. The manipulator Jacobian is a key tool for analyzing
singularities and motion planning at the velocity level. Its use is particularly critical for the emerging
generation of kinematically redundant arms
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14.4 End Effectors and Tooling
Mark R. Cutkosky and Peter McCormick

End dfectorsor end-of-arm tools are thexdces through which a robot interacts with therld around

it, grasping and manipulating parts, inspectingaags, andvorking on themAs such, end féectors

are among the most important elements of a robotic application — not “accesbotiest’ inegral

component of theverall tooling, fixturing, and sensing stgy. As robots gow more sophisticated and

begin towork in more demanding applications, efffbetor design is becoming increasingly important.
The purpose of this chapter is to introduce some of the main types offectdre and tooling and

to cover issues associated with their design and selection. Referencesvatedofor the reader who

wishes to go into greater depth on each tdfic.those interested in designing theim end &ectors,

a number ofexts includirg Wright and Cutosky (1985) povide additionalexamples.

A Taxonomy of Common End Effectors

Robotic end #ectors today includeverything from simplewo-fingered grippers aneacuum attach-
ments to elaborate multigered hands. Perhaps the lvesg to becoméamiliar with end &ector design
issues is to firstaview the main endféector types.

Figure 14.4.1is a taxonomy of common endfexctors. It is inspired by an analogous taxonomy of
grasps that humans adopt wheorking with dfferent kinds of objects and in tasks requirinfiedent
amounts of precision and strength (Wright andk@sky, 1985) The left side includes “pais®” grippers
that can hold partdut cannot manipulate them or izely control the grasp forc@he right-hand side
includes adte sevo grippers andlextrousrobot hands found in research laboratories and teleoperated
applications.

robot grippers

and hands
passive actlve
non-
wra| inch mch
prehensile P P P !
Iadder 2 or 3 fingers number of fingers
vacuum
. Imkages parallel or degrees of freedom
electromagnetic’ angular motion
b i control force and/or
ernoulll fingertip styles: control motion
flat, V. ..
/hybnd types

(e.g., magnetic particles
in rubber bladder)
FIGURE 14.41 A taxonomy of the basic endfector types.

Passive End Effectors

Most end Hectors in use today are pass they emulate the grasps that people use for holdingaayhe

object or tool, without manipulating it in tfiegers. Hwever, a pasiwe end &ector may (and generally
should) be equipped with sensors, and the information from these sensors may be used in controlling
the robot arm.

© 1999 by CRC Press LLC



Robotics 14-25

The left-most branch of the “pags” side of the taxonomy includescuum, electromagnetic, and
Bernoulli-dfect end &ectors Vacuum grippers, either singly or in combination, are perhaps the most
commonly used grippingadice in industry todg They are easily adapted to a widariety of parts —
from suface mount microprocessor chips and other small items that require precise placemgat to la
bulky items such as automobile windshields and aircraft pafibése end féectors are classified as
“nonprehensile” becausedhneither enclose parts nor apply grasp forces across them. Consgquentl
they are ideal for handling tge and delicate items such as glass panelsk&Jglippers with fingers,
vacuum grippers to not tend to “center” or relocate partseyspibk them upAs discussedni Table
14.4.7 this feature can be useful when initial part placement is accurate.

TABLE 14.4.1 Task Considerations in End Effector Design

Initial Accuracy. Is the initial accurey of the part high (as when retring a part from a fixture
or lathe chuck) ordw (as when picking unfixtured componentsacaweyor)? In the former
case, design the gripper so that it will conform to the part position and orientation (as do the
grippers inFigures 14.4.5and14.4.6 In the latter case, make the gripper center the part (as
will most parallel-gw grippers).

Final Accuracy. Is the final accuy of the part high oraw? In the former case (as when
putting a precisely machine@ginto a chamfered hole) the gripper and/or robot arm will need
compliance In the latter case, use an eriféetor that centers the part.

Anticipated Forces What are the magnitudes of teepected task forces and from what
directions will trey come? Are these forces resisted directly by the grippessj or indirectly
through friction? High forces may lead to the adoption of a “wrap”-type Hadter that
effectively encircles the part or contacts it atnypgoints.

Other Tasks Is it useful to add sensing or other tooling at the dfet®r to reduceycle
time? Is it desirable for the robot to carry multiple parts to minimyzée time? In such cases
considercompound endfiectors

Speed and Cya Time. Are speeds and accelerationsgyaenough that inertial forces and
moments should be considered in computing the required grip force?

If difficulties are encountered withvacuum grippe it is helpful to remember that problem can be
addressed inegeral ways, including increasing the suction cup area througfedecups or multiple
cups, redesigning the parts to be grasped so tbaptiesent a smoother $ace (perhaps byffaxing
smooth tape to a daice), and augmenting suction with grasping as discussad Bé&jure 14.4.Zhows
a large gripper with multiple suction cups for handling thermoplastic auto body pahelend &ector
also has pneumatic actuators fooyiding local left/right and upfvn motions.

An interesting noncontaefariation on thevacuum end féector is illustrated irFigure 14.4.3This
end dfector is designed to lift and transport delicate silia@fiers. It lifts thewafers by bbwing gently
on them from atwe so that aerodynamic lift is created via the Bernoffict Thin guides around the
periphery of thavaferskeep them centered beneath the air source.

The second branch of enffextor taxonomy includes “wrap” grippers that hold a part in the same
way that a person might hold agmg hammer or a grapefruit. In such applications, humansvtee
graspsin which the fingersreelop a part, and maintain a nearly uniform pressure so that friction is
used to maximum adntageFigures 14.4.4nd14.4.5show two kinds of end #ectors that acleve a
similar dfect.

Another approach to handlingégular or soft objects is to augmentacuum or magnetic gripper
with a bladder containing particles oflaid. When handling ferrous parts, one can eman electro-
magnet and iron particles underneath a membrane. Still another approach iérigaups filled with
an electrorheological fluid that féns under the application of an electrostéigtd.

The middle branch of the endfector taxonomy includes commowd-fingered grippersThese
grippers emply a strong “pinch” force betweewd fingers, in the sameay that a person might grasp
a key when opening a lock. Most such grippers are sold witfiogertips since #y are the most
product-specific part of the desighhe fingertips are designed to match the size of components, the
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FIGURE 14.4.2 A large end effector for handling autobody panels with actuators for local motions. (Photo courtesy
of EOA Systems Inc., Dallas, TX.)

air pressure
supply

wire guides to
Xc‘enter wafer I
radial

<.|_' e T\ _'|.> ﬁ())(‘p;vanding
/ T T Talrctd)?ninﬁcflift* tt T T
thin wafer

FIGURE 14.4.3 A noncontact end effector for acquiring and transporting delicate wafers.

q

FIGURE 14.4.4 A compliant pneumatic gripper that executes a gentle wrap grasp. (From U.S. Patent No. 3981528,
Simrit Corp., Arlington Hts., IL, 1984.)
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FIGURE 14.45 A gripper with pvoted fingers designed to conform to the position and orientationawf/,he
irregular parts and to hold them secyréFrom U.S.Patent No. 4,545,722, Cutkas andKurokawa, 1985.)

shape of components (e.§at a V-grooved for cylindrical parts), and the material (e.g., rubber or
plastic toavoid damaging fragile objects).

Note that sincewvto-fingered end féectors typically use a single aylinder or motor that operates
both fingers in unison, & will tend to center parts thatay grasp This means that whene grasp
constrained parts (e.g.egs that lave been set in holes or parts heldixtures) some compliance must
be added, perhaps with a compliant wrist as discussed in “Wrists and Other End-TdeAng” below.

Active End Effectors and Hands

The right-hand branch of the taxonomy includesaegrippers and ektrous multifingered hands. Here
the distinctions dependrizely on the number of fingers and the number of jointegregs of freedom
per finge. For example, the compariaely simple wo-fingered seso gripper ofFigure 14.4.6s corfined
to “pinch” grasps, like commercialwo-fingered grippers.

Sewo-controlled end féectors povide adrantages for fine-motion tasks. In comparison to a robot
arm, the fingertips are small and light, which means tlegtdhn nove quickly and precisgl The total
range of motion is also small, which pernfitee-resolution position angtlocity measurementg/hen
equipped with force sensors such as stgaiges, the fingers canguide force sensing and control,
typically with better accuy than can be obtained with robot wrist- or joint-mounted senA®svo
gripper can also be programmed either to control the position of an unconstrained part or to accommodate
to the position of a constrained part as discussddble 14.4.1

The sensors of a ser-controlled endféector also povide useful information for robot programming.
For example, position sensors can be used to measure the width of a grasped component, thereby
providing a check that the correct component has been grasped. §infillen® sensors are useful for
weighing grasped objects and monitoring task-related forces.
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. D.C. motor

1

2. potentiometers
3. timingbelt

4. pulley

5. end plate

6. guide rod

7. fingerbase

8. finger tip

9. mounting flange
Force sensor detail 10. side plate

FIGURE 14.4.6 A two-finger servo gripper with force sensing and changeable fingertips. (From E. Pearce et. al, ME210 Report, Stanford
University, 1987.)
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For applications requiring a combination aéxterity andversatility for grasping a wide range of
objects, a extrous multifingered hand is the ultimate solutidnrnumber of multifingered handswe
been described in the literature (see,&@mple, Jacobsen et al. [1984]) and commeraadions are
available. Most of these hands are frankly anthropomorphic, although kinematic criteria svmtk-as
space andjrasp isotr@y (basically a measure obiv accurately motions and forces can be controlled
in different directions) &ve also been used.

Despite their practical adntages, ektrous hands dve thusfar been confined to @& research
laboratories. One reason is that the design and control of such hands present nufffiecdusatie-
offs among cost, size,oper, flexibility and ease of controlFor example, the desire to reduce the
dimensions of the hand, whileguiding adequate gwer, leads to the use of cables that run through the
wrist to dive the fingersThese cables bring attendant control problems due to elasticity and friction
(Jacobsen et al., 1984).

A second reason forast progress in applyingedtrous hands to manipulation tasks is the formidable
challenge of programming and controlling th@fhe equations associated witlvesral fingertips sliding
and rolling on a grasped object are compt the problem amounts to coordinatireyeyal little robots
at the end of a robot. In addition, the mechanics of the hand/object system areesensitiations in
the contact conditions between tivegertips and object (e.geariations in the object pfite and local
codficient of friction). Morever, during manipulation théngers are continually making and breaking
contact with the object, starting and stopping sliding, etc., with attendant changes in the dynamic and
kinematic equations which must be accounted for in controlling the. Basdivey of the dxtrous
manipulation literature can be found in Pefmecaz (1989).

Wrists and Other End-of-Arm Tooling

In many applications, an aiee sevo gripper is undesirably complicated, fragile, apensve, and yet

it is desirable to obtain some of the compliant force/motion characteristics thaivaty amintrolled
gripper can pavide. For example, when assembling cloBting parts, compliance at the enffeetor

can pevent lage contact forces from arising due to minor position errors of the robot ofanaming
tolerances in the parts themsed.For such applications a compliant wrist, mounted between the gripper
and the robot arm, may be the solution. In particuéanote center of compliance (RC@jists albw

the force/deflection properties of the erfteetor to be tailored to suit a tagkctive wrists lave also
been @veloped for use with endfectors for precise, high-bandwidth control of forces famel motions
(Hollis et al., 1988).

Force sensing and quick-change wrists are also commeraialijable The former measure the
interaction forces between the erffeetor and the miironment and typically come with a dedicated
microprocessor for filtering the signals, computing calibration matrices, and communicating with the
robot controlle. The latter permit endffectors to be automatically gaged or disegaged by the robot
and typically include mvisions for routing air ohydraulic pwer as well as electrical signalBhey
may also contain pwisions foroverload sensing.

End Effector Design Issues

Good end #ector design is in my ways the same as good designmf enechanical evice. Foremost,
it requires:

« A formal understanding of the functional sgaztions and relant constraints. In the authors,
experience, most desigridilures” occurred not througtaulty engineeringbut through incom-
pletely articulated requirements and constraints. In atbeds, the endféector soved the wrong
problem.

« A “concurrent engineering” approach in which such issues as ease of maintenance, as well as
related problems in fixturing, robot programming, etc., are addressed in parallel wiffeetat e
design.
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¢ An attention to details in which issues such @sqy requirements, impact resistance, and sensor
signal routing are not left as an afterthought.

Some of the main considerations are fbyieiscussed beiv.

Sensing

Sensors are vital for some méacturing applications and useful in myaothers for detecting error
conditions Virtually every end &ector design can benefit from the addition of limit switches, proximity
sensors, and forceverload switches for detecting improperly grasped parts, dropped pagsgve
assembly forces, etdhese binary sensors aresipensve and easy to connect to most industrial
controllers The rext level of sophistication includes analog sensors such as gages and thermo-
couples.For these sensors, a dedicated microprocessor as well as analog instrumentation is typically
required to interpret the signals and communicate with the robot conffbliemost compk class of
sensors includes cameras and tactile arraysumber of commercial solutions for visual and tactile
imaging areavailable, and may include dedicated microprocessors andesaff\lthough vision systems
are usually thought of as separate from difector design, it is sometimes desirabléwidd a camera
into the end ffector; this approach can reduggle times because the robot does raveho deposit
parts under a separate station for inspecting them.

Actuation

The actuation of industrial endfectors is most commonly pneumatic, due to #aailability of
compressed air in most applications and the hmtepto-weight ratio that can be obtaindthe grasp
force is controlled byegulating air pressureThe chief dawbacks of pneumatic actuation are the
difficulties in achéving precise position control for &t hands (due primarily to the compressibility
of air) and the need to run air lineswth what is otherwise an all-electric robot arm. Electric motors
are also common. In these, the grasp forceegsilated via the motor currerA variety of dive
mechanisms can be eropéd between the motor oylinder and the gripperjvs, includingworm gears,
rack and pinion, toggle linkages, and cams toexeheither uniform grasping forces or a self-locking
effect. For a comparison of ffierent actuation technologies, with emphasis omoseontrolled appli-
cations, see Hollerbach et al. (1992).

Versatility

Figure 14.4.7shows a low/why diagram for ehypothetical design problem in which the designer has
been aked to redesign an enffector so that it can grasp a wide range of part shapes or types. Designing
aversatile endféector or hand might be the modivious solutionput it is rarely the most economical.

A good starting point in such amercise is toexamine the endféector taxonomy in conjunction with

the guidelinesn Tables 14.4.5and14.4.2to identify promising classes of solutions for the desired range
of parts and task3 he rext step is to considerow best to povide the desired range of solutions. Some
combination of the foliwing approaches iskiely to be &ective.

Interchangeable End EffectorsThese are perhaps the most common solution for grasping a wider array
of part sizes and shapekhe usual approach is togeide a magazine of endfectors and a quick-
change wrist so the robot can easily mount and dismount them as redugiedlar straégy, and a
simpler one if sensory information is to be routed from the &adter cown the robot arm, is to pvide
changeable fingertips for a single erffbeta.

Compound End EffectorsThese are a “Swiss army knife” approach that consists of putting a combi-
nation of end #ectors on a single arm, or a combinatiorfingertips on a single endfecta. As long

as the endféectors or fingertips do not interfere with each other and the ensemble does not weigh too
much for the robot arm, this solution combines theaathge of not &ving to pause to change end
effectors with the aghntages of custom-designed tooliRggure 14.4.&hows a compound endfector

with tools for feeding, measuring, cutting, and layirmgvd wires in a cable harness.
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need to grasp
wide variety
of parts

"how" solutions /

"why" rationale

more flexible \ design special
gripping ability redesign parts pallets for
parnts

universal  gripper with  multiple compound add gripping standardize
gripper changeable grippers gripper tabs or holes part shapes
fingertips

FIGURE 14.47 A “how/why” diagram of solutions and rationale for a design problamlving a need to grasp
a wide range of parts.

TABLE 14.4.2 Part Characteristics and Associated End Effector Solutions

Size, weight
Large, hevy  Grippers using wrap grips, takingwahtage of frictioror vacuumor electromagnetic holding
Small, light Two-fingered grippervacuum cup if smooth surface, electromagnet if ferrous alloy
Shape
Prismatic Two-fingered parallelgw gripper; angular motion if all partsare approximately same
dimensions
Cylindrical Parallel or angular motion two-finger gripper W¥-jaw fingertips if light; wrap gripper if
heavy; consider gripping on end with three-finger gripper if task or fixtures permit
Flat Parallel or angular motion gripper sacuum attachment
Irregular Wrap grasp using linkages or bladder; consider augmenting graspagitbm or
electromagnetic holding for key parts
Surface
Smooth Good forvacuum attachments, simple electromagnets, two-fingered grippers with flat fingertips
Rough Compliant material (e.g.plv durometer rubber) on fingertips or compliant membrane filled
with powder or magnetic particles; grippers that use a wrap grasp are lesssémgitriations
in surface quality
Slippery Consider electromagnet eacuum to help hold onto slippery material; grippers that use a wrap
grasp are less sensi tovariations in friction
Material
Ferrous Electromagnet (mvided that other concerns do not rule out the presence of strong magnetic
fields)
Soft Considervacuum or soft gripping materials

Very delicate

Soft wrap grippers andacuum grippers such as those in Figure 14.4.4 carverjpgently;
compliant fingertips with foam rubheor a membraneovering a pwder, can also be used to
distribute the contact pressure; if the parvasy light and fragile consider lifting it using the
Bernoulli dfect

Redesigned Parts and Fixas. Stepping back from the enffectar, it is useful to recall that the design

of the end #ector is coupled with the design fiktures, parts, and the robot. Perhaps we can design
special pallets or adapters for the parts thaentiaem simpler to grasfnother solution is to standardize

the design of the parts, using Gpoliechnology principles to reduce thariability in sizes and
geometriesWhen it is dificult to reduce the range of parts toea Standardamilies (or when the parts

are simply hard to grip), consider adding special nonfunctional features such as tabs or handles so that
a simple end féector canwork with them.
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FIGURE 14.4.8 A “compound” end effector with tools for feeding, measuring, cutting, and laying down wires in
a cable harness. (Photo courtesy of EOA Systems Inc., Dallas, TX.)

Summary

In summary, we observe that end effector design and selection are inextricably coupled with the design
of parts, robots, fixtures, and tooling. While this interdependence complicates end effector design, it also
provides opportunities because difficult problems involving geometry, sensing, or task-related forces can
be tackled on all of these fronts.
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14.5 Sensors and Actuators

Kok-Meng Lee

Sensors and actuators play an important role in robotic manipulation and its applications. They must
operate precisely and function reliably as they directly influence the performance of the robot operation.
A transducer, a sensor or actuator, like most devices, is described by a number of characteristics and
distinctive features. In this section, we describe in detail the different sensing and actuation methods for
robotic applications, the operating principle describing the energy conversion, and various significant
designs that incorporate these methods. This section is divided into four subsections, namely, tactile and
proximity sensors, force sensors, vision, and actuators.

By definition, tactile sensing is the continuously variable sensing of forces and force gradients over
an area. This task is usually performed bynarx n array of industrial sensors called forcels. By
considering the outputs from all of the individual forcels, it is possible to construct a tactile image of
the targeted object. This ability is a form of sensory feedback which is important in development of
robots. These robots will incorporate tactile sensing pads in their end effectors. By using the tactile
image of the grasped object, it will be possible to determine such factors as the presence, size, shape,
texture, and thermal conductivity of the grasped object. The location and orientation of the object as
well as reaction forces and moments could also be detected. Finally, the tactile image could be used to
detect the onset of part slipping. Much of the tactile sensor data processing is parallel with that of the
vision sensing. Recognition of contacting objects by extracting and classifying features in the tactile
image has been a primary goal. Thus, the description of tactile sensor in the following subsection will
be focused on transduction methods and their relative advantages and disadvantages.

Proximity sensing, on the other hand, is the detection of approach to a workplace or obstacle prior
to touching. Proximity sensing is required for really competent general-purpose robots. Even in a highly
structured environment where object location is presumably known, accidental collision may occur, and
foreign object could intrude. Avoidance of damaging collision is imperative. However, even if the
environment is structured as planned, it is often necessary to slow a working manipulator from a high
slew rate to a slow approach just prior to touch. Since workpiece position accuracy always has some
tolerance, proximity sensing is still useful.

Many robotic processes require sensors to transduce contact force information for use in loop closure
and data gathering functions. Contact sensors, wrist force/torque sensors, and force probes are used in
many applications such as grasping, assembly, and part inspection. Unlike tactile sensing which measures
pressure over a relatively large area, force sensing measures action applied to a spot. Tactile sensing
concerns extracting features of the object being touched, whereas quantitative measurement is of par-
ticular interest in force sensing. However, many transduction methods for tactile sensing are appropriate
for force sensing.

In the last three decades, computer vision has been extensively studied in many application areas
which include character recognition, medical diagnosis, target detection, and remote sensing. The
capabilities of commercial vision systems for robotic applications, however, are still limited. One reason
for this slow progress is that robotic tasks often require sophisticated vision interpretation, yet demand
low cost and high speed, accuracy, reliability, and flexibility. Factors limiting the commercially available
computer vision techniques and methods to facilitate vision applications in robotics are highlights of
the subsection on vision.

Tactile and Proximity Sensors

A review of past investigations (see Nichols and Lee [1989] for details) has shown that a tactile sensor
should have the following characteristics: most important, the sensor surface should be both compliant
and durable, and the response of individual forcels should be stable, repeatable, free from hysteresis.
The response must be monotonic, though not necessarily linear. The forcels should be capable of detecting

© 1999 by CRC Press LLC



14-34 Section 14

TABLE 14.5.1 Advantages and Disadvantages of Diffent Tactile Transduction Methods

Type Advantages Disadvantages
Resisive and condudte Wide dynamic range Hysteresis in some designs
Durability Limited spatial resolution
Goodoverload tolerance Monotonic responséyut often
Compatibility with inegrated not linear
circuitry
Capaciive Wide dynamic range Susceptible to noise
Linear response Temperature-sensie
Robust Limiting spatial resolution
Magnetoelastic Wide dynamic range Susceptibility to stray fields
Low hysteresis and noise as circuitry requires
Linear response
Robust
Optical Very high resolution Some hysteresis, depends on
Compatible with vision elastomer in some designs
technology
No electrical interference
problems
Piezoelectric and Wide dynamic range Difficult to separate
pyroelectric Durability piezoelectric from
Good mechanical properties pyroelectric &ects

Capable of temperature as well asInherently dynamic
force sensing
Thermal Combined force and temperature Slow in response

loads ranging from 0 to 1000 gating a 1-g sensitity, a dynamic range of 1000:1, and a bandwidth

of approximately 100 Hz. Furthermore, forcers should be spaced no more than 2 mm apart and on at
least a 10x 10 grid A wide range of transduction techniqueavén been used in the designs of the
present generation of tactile sensditsese techniques are compamedable 14.5.Jand the principles

of transduction methods are described asvig!

Resistive and Conductive Transduction

This techniquerivolves measuring the resistance either through or across the thickness of aivenduct
elastome As illustrated inFigure 14.5.1the measured resistance changes with the amount of force
applied to the materials, resulting from the deformation of the elastomer altering the particle density
within it. Most commonly used elastomers are made from carbon or silicon-doped, ramdbehe
construction is such that the sensor is made up of a grid of discrete sites at which the resistance is
measured.

A number of the conduiete and resiste designs &e been quite successfAl design using carbon-
loaded rubber originated by Purbrick at MIT formed the basissferal later designs. Was constructed

Conductive
Rubber

Electrode with
Rigid Support

FIGURE 14.51 Resisive tactile element.
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from a simple grid of silicon rubber conductors. Resistance at the electmadesieasured, which
corresponds to loadé novel variation of this designaeloped by Raibeit is to place the conduet

sheet rubbeover a printed circuit board (PCB) which incorpos#& Sl circuitry, each forcel not only
transduces its dataut processes it as well. Each site performs transduction and processing operations
at the same time as all the othéree computer is thus a parallel processo

Capacitive Transduction

Capacitve tactile sensors are concerned with measuring capacitance, which is naagleitaler applied

load A common sensor design is to use an elastomeric separator between the plat@tetogmpliance

such that the capacitance widlry according to applied loatihe capacitance of a parallel plate capacitor

is proportional to its congruous area and the pérityitof dielectric, andrversely proportional to the
separation of the plateslteration of ay of the three parameters causes a change of capacitance. Since

the capacitance decreases with decreasing congruous area, the sensor becomes rather cumbersome for
design of small forcels.

To allow for a more compact design, an alteiveatactile sensor array can be designed based on a
moving dielectric element as illustratedfigure 14.5.2Each sensing element hagtcoaxial capacitor
cylinders, acting as platexed to a PCBA dielectric element is spring-mounted in the space between
the cylinders The dielectric is displaced by contact with esternal stimulus; hence it oaes up and
down between the capacitor plates as contact leags A force-displacement relationship is thereby
established.

Printed Circuit Board

Housing

Moving Dielectric Object

FIGURE 14.52 Mechanical/capadite tactile element.

A novel slip sensor using the change in capacitance caused byerelantact mvement between
sensor and object is described by Luo (Nichols and Lee, IBi89ontacting sensor $ace comprises
a set of parallel rollers. Each roller is a halfinder of condudgte material, and a hatlylinder of
noncondudte material The rollers are mounted in a noncondeetmaterial.

The casing and rollers act asaiable capacitoA slipping object will rotate the rollers, causing the
capacitance to change, which is then measured, théeliyating a slip sensoThe sensor measures
the change of phase angle, with the amount of phase shiftlipg a measure of the scale of skp
highly linear relationship between detected phase shift angle and sensovagmstablished.

Magnetoelastic Transduction

Magnetoelastic sensors are a kind of intkecsensor that ffers from those described @ke; they are

not based on a change of geometry or on the position of coreluctcapacive materials. Instead,

they are based on &Villari effect, consisting ofeversible changes in the magnetizationveuof a
ferromagnetic material when it is subjected to a mechanical stress. It consists of changes of shape and
volume during the magnetization process. Magnetoelastic materialgorat@nges in their magnetic

field when subjected to stress and therefore suggest thvesssl possible transducers in tactile sensors.
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Figure 14.5.3illustrates this transduction principle in tactile sensor dedigis method of tactile
transduction has seen littlevélopment in robotics, although there aegesal papers on the subject
(Fraden, 1993).

Current-carrying wire

Rubber

Substrate

Magnetoresistive element

FIGURE 14.53 Magnetoresiste tactile element.

Fiber Optics Proximity and Tactile Sensors

The development of optical fiber technology and solid-state cameras has led to some inteesting n
tactile sensor design$he capability for high-spatial-resolution images, freedom from electricat inte
ference, and ease of separation of sensor from processing electronics are some of the attractions of
incorporating optical transduction methods into tactile sen3tues following illustrates wo different
fiber optic sensor designs, a proximity sensor and a tactilersenso

Figure 14.5.4llustrates the basic principle Bber optic proximity sensoLight from a light-emitting
diode (LED) is passedodin a fiber optic cable to illuminatenaproximal objectsA second cable picks
up awy reflected light from illuminated objects within a detection zone and directs it onto a photodiode.
This simple technique can bailt into a finge. The finger can sense contacts perpendicular thrtger
axis, radialy, and also axial contact at tfiegertip. Sveral fiber optic cable pairs can éeenly spaced
around the fingers and incorporated into a gripping system. Figure 14.5.4 illustrates this transduction
method for proximity sensing.

Object

Light Source
(LED) —*

s =[N

Housing

FIGURE 14.54 Optical proximity sensing.

Optical fibers are a type of dielectviegveguide Thesewaveguides channel light ergy by “trapping”
it betweercylindrical layers of dielectric materials. In the most simple casdijlibecore is surrounded
by a cladding which has a small refigetindex. Light is lost from the core offéber when a mechanical
bend or perturbation results in coupling between guided and radiation.mbde®ncept of monitoring
light losses due to microbending can be foundeireiml tactile sensor designs (Nichols and Lee, 1989;
Tzou and Fukuda, 1992).

Piezoelectric/Pyroelectric Effect

The piezoelectricféect is the generation ofv@ltage across the sensing element when pressure is applied
to it. Correspondingl the pyroelectric éfect is the generation of wltage when the sensing element

is heated or cooled. Nexternalvoltage is required, and a continuous analog outpatasable from

such a sensoSuch sensors are most suited for sensing pressure changes or vaaatiahs.Figure
14.5.5shows a design based on the piezoelectffect for robotic applications (Fraden, 1993he
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Mounting bolt

Direction
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Rubber skin
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Rubber skin
Piezoelectric strips

Surface contact

FIGURE 14.55 Schematic of piezoelectric sensor for a soft fingertip.

sensor includes piezoelectric strips directly ifaeed with a rubber skin; thus the electric signal produced
by the strips reflects ovements of the elastic rubber which results from the friction forces.

Thermal Tactile Sensors

The thermal sensor (Nichols and Lee, 1989) is based on the detection of the change of thermal properties
through contact of an objecthe main function of the thermal sensor is tovgte information about

the material meeup of objectsThe essential parts of each element of the thermal sensor are a heat
source (such as aower transistor), a layer of material ofdam thermal conduétity (for example,

copper) to couple the heat source to the touched object, and a temperature transducer (thermistor) to
measure the contact-point temperaturee response time of the thermal sensor is ivelgt slow,

typically in the order ofeveral seconds. divever, images representing the material constitution of the
touching objects pvide useful tactile data.

Force Sensors

Force sensors measure the force and represevwdlits in terms of an electrical signal. Examples of
these sensors are strgamuges and load cells.

Strain Gauge-Based Force Sensor

A strain gauge is a resig elastic sensor whose resistance is a function of applied strain or unit
deformation The relationship between the normalized incremental resistance and the strain is generally
known as the piezoresise dfect. For metallic wire, the piezoresistance ranges from 2 t&08.
semiconductogauges, it is between 40 and 200.rnylanetals can be used tabricate strairgauges.
Typical resistancesary from 100 to everal thousand ohms. Stragjauges may be arranged in mpa
ways to measure strains and are used typically Whheatstone bridge circuitds strain gauges are
often sensite to temperaturgariations, intefiacing circuits ogauges must contain temperature-com-
pensating netorks.

Strain gauges are commonly used for sigrdes-of-freedom force/torque wrist sensors, force probes,
flexural assemblies for force control, and micromotion detecliba Scheinman force-sensing wrist is
a Maltese cross design, with one strain guage mounted on each offdeed6f the cross-webbings.
The gauges are operated in eigbltage-dvider pairs to measure distortions, and therefore forces, in
six degrees of freedom in the hand coordinate system.

Other Force Sensors

Other methods include tvacuum diode force sensguartz force sensaand piezoelectric force semso

A piezoelectric sensor oeerts mechanical stress into an electric signal (Fraden, 1993). It iSveensit
to changing stimuli only and inserigé to a constant forcés slown in Figure 14.5.6the sensor
consists of three layers where the PViilf is laminated between a backing material @goample,
silicon rubber) and a plastitm. When the PVDF is stressed, it results in a generation of electrigecha
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I/V convertor

FIGURE 14.56 Piezoelectric force rate semso

flowing out of the film through a current-tmitage (I/V) cawerta. The resulting outputoltage is
proportional to the applied force.

Figure 14.5.7shows a typical structuréabricated by micromachining technology in a silicuafer.
As shown in the figure, the diode sensor has a ¢i@ldi emission cathode, which is a sharp silicon tip,
and a novable diaphragm anod®#/hen a posive potential diference is applied between the tip and
the anode, an electric field is generated whiawallelectrons to tunnel from inside the cathode to the
vacuum The field strength at the tip and quantity of electrons emitted (emission current) are controlled
by the anode potentidlvhen anexternal force is applied, the anod€dldets and changes the field and
the emission current.

Force

Metal or polysilicon

Vacuum microcavity

Silicon tip
FIGURE 14.57 Schematic of aacuum diode force senso

Figure 14.5.8shows a quartz crystal force semsA quartz crystal is often used as a resonator in
electrical oscillatorsThe basic idea behind the quartz force seéasmperation is that certain cuts of
quartz crystal shift the resonant freqaemhen mechanically loaded.

Force

Stem +Elecu'odes Frequency
L1 output

/ Amplifier

FIGURE 14.58 Quartz force senso

Vision

Many industrial tasks require sophisticated vision interpretation, yet densandadst, high speed,
accuray, and fexibility. To be fully dfective, machine vision systems must be able to handle eampl
industrial partsThis includesrerifying or recognizing incoming parts and determining the location and
orientation of the part within a shagtcle time Typical video-based vision systems conform to the RS-
170 standard established in the 1950s, whi¢imee the composite video and synchronizing signal that
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the tekvision industry uses. It spéids a standard frame rate for visual interpretafitie components

required forbuilding a video-based vision system generally include a video camera which outputs
standard RS170 video signal, a frame grabber board which flash analog-to-digital (A/D) cwerter

to change the RS170 video signal into a series of n bit brightaksss (grayevels) andfast memory
components to store them, and a microcomputer which processes the images and computes the location
and orientation of the part. See Ballard andvBr (1982) for information on vision processing tech-
nigues.

In addition to the error resulting from the timing mismatching between image acquisitiovateard
and the computer hanére, the RS170 video signal limits the readout of a complete frame at a rate of
30 fps (frames per secondn image of m ows by n columns ham x n pixels and so requires a
substantial amount of memory and loading titAmong these nx n pixels, only a éw carry the
information on which a vision system will base a decisitnis generally mies “frame grabbing”
inherentlywasteful.

Apart from the lack of appropriate havdre and the high equipment cost for robotic applications, a
major problem often associated with the use of the RS170 video vision systenaisetbive image
processing time which depends on the illumination technique, the edatymf the geometr, and the
suiface reflectance of both the background and the objects to be handled.

Flexible Integrated Vision System

To overcome these problemsgveral vision systems were designed for robotic applicatiémong

these is a [kible Integrated Vision System (FIVS) eé/eloped at Gegia Tech (Lee and Blenis, 1994),
which dfers performance and costvatitages by iegrating the imaging sensaontrol, illumination,

direct digitization, computation, and data communication in a single unit. By eliminating the host
computer and frame grabbé¢he camera is no longer restricted by the RS-170 standard and thus frame
rate higher than 30 fps can be aubd.

Flexible Integratedvision System Haware. As stown in Figure 14.5.9the central control unit of the
flexible integrated vision system is a microprocesisased control board’he design is todve all of
the real-time processing performed using the microprocessor control board without relyiggotitea
system or computeThus, it is desired todue the folbwing features: (1) the microprocessor has an
on-chip program memory and independent on-chip data membhiese memories must leeternally
expandable and accessible with zevait states; (2) it has independesiecution units which are
connected by independeltises to the on-chip memory blocKHgis feature pvides the parallelism
needed for high performance digital signal processing and loighrpd computation of mathematically
intensgve algorithmsFor these reasons, a digital signal processor (DSP) chip has been chosen.

The DSP-based control board is designed to communicate evithak option boards in parallel to
tailor the system for a number of applications. Each of these option boards is controlled independently
by a programmable logicedice (PLD) which reciwes a peripheral select signal, a read/write signal,
and an address signal from the microprocessor control byguidal examples of the option boards for
the FIVS are the digital video head, a real-time video record/display/playback board,eapdratable
memory board.

The video head consists ofrex n CCD arrg, the output of which is conditioned by high bandwidth
amplification circuity. The output is then sampled by f&ash” analog-to-digital cwerter (ADC) The
DSP-based control boardguides a direct softare control of CCD array scanning andegmation time,
the intensity of the collocated illumination, and the real-texecution of a useselectable vision
algorithm imbedded in the EE®M. In operation, the PLD decodes the control signals to initiste r
shifts and column shifts in response to commands from the DSP-based controlPadaalar ow
shifts and column shifts enable reting only a specific relant area from an imag&he PLD also
provides control signalotADC for performing the analog-to-digital meersion synchronized wittow
shifts, and enables the videoffer when the DSP reads or writes data ®\(RAM.
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FIGURE 14.5.9 Schematic of a flexible integrated vision system.

Unlike conventional RS170-based systems which require pixel data to be stored in a video buffer
before processing of pixel data can commence, the FIVS design provides an option to completely by-
pass the video buffer and thus offers a means to process and/or to store the digitized pixel data by directly
transferring the ADC output to the DSP. For real-time vision-based object tracking and motion control
system applications, the scheme represents a significant saving in time and video buffer size required
for processing an image. As an illustration, consider an image array<af pixels. The time needed
to store the entire image (with no computation) in a memory at K MHz srfjifK s and requires (m
x n) bytes of memory. Typical array size of a CCD ranges fromx2D80 to 4096x 4096 of pixels.

The corresponding video buffer and time required simply to store the entire image at a clock rate of 10
MHz would range from 32K btyes to 16 Mbytes and 3.2 to 1600 msec, respectively! Clearly, the option

to completely bypass the video buffer offers a potentially usefu) solution to eliminate the frame storage
prerequisite which is often required in conventional vision systems. Furthermore, this scheme completely
eliminates the special hardware needed in acquiring the digitized pixel data for storage.

Flexible Integrated Vision System Imbedded Softwdrbe vision system imbedded software includes
the following functions. The first function is to give users the flexibility to control the CCD array
scanning, integration time, and the intensity of the illumination. With the CCD under software control,
partial frames can be “captured” instead of the customary full frame, reducing the cycle time required
to capture and process an image. The ability to shift out partial frames is ideal for high-speed tracking
applications where the approximate location is known from a prior image. By reducing the time to
capture an image, the effective frame rate is increased. For example, shifting out 1/4 of an image can
increase the frame rate up to 480 fps, not including the time required for illumination and image
processing. This frame rate is 16 times the rate achievable from the RS-170 standard.

The second function is to offer an option to process the pixel data from the ADC directly without
having to store the pixel data prior to processing. Although windowing process methods have been
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suggested to perform object tracking under software control, these methods required that a partial window
is stored before scanning can begin. The differences between the direct computation and the windowing
process for object tracking are as follows: (1) in windowing process, the entire image must be stored
and analyzed at least once before any subsequent windowing process can be performed in order to
provide a reasonable estimate of the object location. Furthermore, if the initial field of view does not
contain the object, this estimate must be repeated until an approximate area containing the object can
be reasonably found. This prerequisite of storing the image is not necessary if the pixel data are directly
processed; (2) after the initial estimate, a fixed window which must be sufficiently large in order to
include the object in the field of view must be specified in the windowing process. In most conventional
systems which output their ADC to the video buffer directly, a partial frame of the image as specified
by the window must be stored. By providing a direct transfer the ADC output to the DSP and thus
eliminating the windowing storing process, a significant fraction of time can be saved. This function
provides an attractive feature to vision-based motion control applications.

The third function allows image processing to be performed in real time without a host computer.
The algorithm that allows the user to customize the system for a specified task is preprogrammed in the
EEPROM (electrically erasable programmable read only memory). Because it is impractical to prepro-
gram every possible vision processing algorithm into the FIVS camera, it is desirable that the system
can be reprogrammed easily. The main kernel provides a user interface whereby the user can customize
the real-time processing for a particular task, from a library of algorithms. This function also provides
an effective means to resolve software implementation issues prior to an on-line application. By pre-
viewing images of a sample part, the user may select an appropriate vision algorithm for an accurate
computation of the location and orientation in real time. Once the algorithms and data are downloaded
into the on-board EEPROM, the FIVS can function as an intelligent sensor and communicate directly
with the robot controller without a host computer.

The fourth function, which incorporates a real-time display, allows the process controller to set up,
to calibrate the vision system, or to analyze a failure mode (if any).

IHllumination Considerations

Imaging sensors are characterized by their specific bandwidths or wavelengths of light which maximize
the response of the sensor and will provide it an optimum operating environment. It is desired that the
photodetector responds only to the light from the illumination source structured for the object but not
that of ambient lighting. Otherwise, software compensation must be considered. To accomplish the
objective, a typical sensor/illumination system design must consider the spectral matching of the camera
imaging sensor/filter and a spectral illuminator while minimizing the effect of the ambient lighting.

Spectral Responsivity of Sensdrhe two most commonly used camera imaging sensors are the charge-
coupled device (CCD) and the charge injection device (CID). The CCD is responsive to wavelengths of
light from below 350 nm (ultraviolet) to 1100 nm (near infrared) and has a peak response approximately
at 800 nm. The CID offers a similar spectral response and has a peak spectral response about 650 nm.
The relative response of a vidicon camera, however, depends significantly on the materials.

Spectral Characteristic of Typical Ambient Lightinddepending on the spectral emissions of illumina-

tion sources used as general lighting in the factory environment, the influences of the ambient lighting
can be effectively minimized or eliminated by means of spectral filtering. Gas discharge lamps generally
have relatively high emission in the visible range and have little or no emission for wavelengths larger
than 800 nm. Sun, tungsten lamps, and quartz-halogen-type lamps have a wide spectral emission.

lllumination Source. The spectral characteristics of three different spectral sources, namely, laser
diodes, light-emitting diode (LED), and xenon strobes, are of particular interest since the spectral
wavelengths of these sources well match the optimal response of the CCD and/or CID detectors. Pulsed
GaAlAs laser diodes emit single frequency power in the 790- to 850-nm wavelength range. Irradiance
at spectral wavelength in the range of 810 to 830 nm can also be produced from a xenon lamp. An
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TABLE 14.5.2 Comparison Betwea Three Spectral Light Souces

Wavelength  Unitcost

Souce (nm) (UsS $) Life Power
LED 570-630 1.00 5,000,000 hours 100 mw
(MTBF)
Laser diode 790-840 200.00 250,000 hours 1w
(MTTF) (peak pulse pwer)

Xenon flashtubes  830-1000 10.00 1,000,000 flashes 25 W
(0.3-4 flashes/sec) (500V nominal)

AlGaAs LED is designed to concentrate the luminfius into a narow radiation pattern to achie a
narow high peak intensit A comparison of these sources isyided in Table 14.5.2

Object and Backgpund Reflectancelf the orientation of the parts can be characterized bywibe t
dimensional object silhouette and thwieonment can be structured, back lighting can be used to create
silhouettes of the objecAlternaively, retrorefleaive materials (Lee and Blenis, 1994) can be used to
create a unique background. Since most of the incident illuminance from the objigetisder dfused

away from the aperture, whereas that on the backgrouffiaicsuis retroreflected, the object appears as
a dark silhouettegainst a reliable bright-field background.

Retrorefleatve materials can be used as background in part presentation or as a landmark on parts.
The choice clearly depends on the part design and fagnting processThe most common retrore-
flective suface is in the form of sheeting due to its reliability and ease of applicateibl&Iretrore-
flective sheeting is made of countless microcube-corners or spheres enclosed in aressthet
transparent plastic film. Pigment or dye can be inserted inthlther the reflecting sfiace to reflect
color. Four typical retroreflecte sheetings are described asdefi: (1) cube-corner retrdiecive
sheeting, (2kxposed glass beads, (3) enclosed glass beads, and 4) encapsulated glassibtaldsl
study of retroreflecte sensing for robotic applications ivgn by Lee and Li (Lee and Blenis, 1994).

Vision Algorithms for Robotic Applications

Figure 14.5.1dllustrates a vision system for robotic part pickup applications (see also Section 14.9).
Here the camera is mounted along with the gripper on theftsadoe mount of the roboThis allows
complete freedom in positioning and orienting the camera &ring. Placing the camera on the last

link of a six-DOF robot enables the machine vision ®vwbbjects (parts) indidually. The camera is
oriented so that its line of sight is perpendicular to the plane on which the part is plewederHat

each position, the 3D position and orientation of the feature measured by the vision system are only
relaive to the vision sensorhe robot is dven by sensory information from the vision system as well

as inputs from theféline calibration.

CAMERA POSITIONING|
ROUTINE r
;T e T
T T,

CAMERA CALIBRATION| f.k PART-PRESENTATION | : ROBOT KINEMATIC

ROUTINE ROUTINE AND CONTROL
? Position Robot
8
ROUTINE FOR T o
DATA PART/GRIPPER
FILE RELATIONSHIP
CHARACTERIZATION Grasp Part
Off-line Preparation Real-time Computation Robot Execution

FIGURE 14.5.10 Vision system for robotic applications.
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Thus, the basic components of the vision system for robotic part pickup include (1) system calibration,
(2) image sgmentation and featumxtraction, and (3) communication protocol.

System Calibration.In order to determine the 3D position and orientation of the feature with respect
to robotworld coordinate, it is necessary to calibrate the ikgdtomogeneous transformation between

the wo coordinate frames, one centered at the camera and the other at the Dhippethe system
calibration is to establish the relationship between thevBi)d coordinates as seen by the robot and
their corresponding 2D image coordinates as seen by the conihaecalibration algorithm consists

of off-line calibrating the intrinsic parameters of the camera and the camera-gripper relationship and
on-line calibrating the pallet locatiomhe camera calibration technique originally establisheddai

and Lenz (1989) has been the basis &emsl later calibration routines.

Image Segmentation and FedlExtraction. Most existing industrial-vision systems and algorithms
extract features from industrial objectgainst a high contrast background with controlled lightirige
processing of featurextraction usually bgins by generating a binary image from the original gray-
scale image by choosing an appropriate thresfiolétliminate noise caused by electromagnetia-inte
ference, and ignoring the other objects infikekl of view, image sgmentation is performed before the
computation of the part location and orientatian image sgmentation algorithm is written to locate
regions of pkels that are connected and to label eagion (object) so that it can easily be kg#d out
from the otheregions in the imageAfter ssgmentation is complete, only thedast object in the image
is examined for its features.

There are may practical methods for the idefitiation of a gzen object in a scenA part-recognition
system consists of three major components, narfegtureextraction, object modeling, and matching.
Most industrial parts-recognition systems are model-based systems in which recogroti@simatch-
ing the input image with a set of préded models of part. Models based on geometric properties of
an objects visible sufaces or silhouette are commonly used becaleyediscribe objects in terms of
their constituent shape features. Image features such as edge, lawneure, hole, and boundary
cunvature define indidual feature components of an imageved a set of models that describes all
aspects of all parts to be recognized, the process of model-based recognition consists of matching features
extracted from a igen input image with those of the modéléiere are may practical methods for
identification of a en object in a scené\ tutorial on binary image processing for robot-vision
applications is iyen by Kitchin and Pugh (1983) more general compaiaé study of model-based
object-recognition algorithms for robot vision is described by Chin and Dyer (1986).

Communication Botocol. To ensure data iegrity during communications, DE€ Digital Data Com-
munications Message Protocol (DDCMP) is used for communications with the vision system. DDCMP
is an industrial standard communication protocol that is used to communicate with industrial robots.
DDCMP ensures a reliable communications link with a minimum amowunedfiead. DDCMP precedes

all data transmissions with a header block describing the type of message and the lewgthestage

data that folbws.

Actuators

Actuators used for robotic manipulators can be broadly fkedsas folbws: (1) electromechanical
actuators, (2) fluid gver actuators, and (3w alternaive actuatorsTable 14.5.3ummarizes a further
subdvision based on their operating principl€kee choice of actuators for robotic applications depends
on specific tasks. Relae comparisons to guide selection of common actuators\ame g Table 14.5.4
andFigure 14.5.11which stows the force vs. speed comparison for common actuators.

Direct-Drive Joint Motor

The direct-dive joint motor has beereekloped to eliminate the transmission mechanism between the
motor and the links, thus eliminating friction and backlash introduced by gear nfdtmrsesults in
an arm suitable for high-speefine torque controlA direct, dive design also ailvs for ebgant
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TABLE 14.5.3 Lower Power Actuator Principles

Electro-mechanical Fluid power Alternative concepts
Direct Current (DC) motor Hydraulic actuators Piezoelectric
Alternating Current (AC) motor Pneumatic actuators Magnetostrictive
Stepper motor Electrochemical
Electromagnetic Thermo-bimetal
Linear motor Shape Memory Alloy

Electrostatic

TABLE 14.5.4 Comparison between Common Actuators

Non-linearity Accuracy
Actuator type Static linearity ~ Friction  Backlash ~ Hysteresis mm
AC/DC motor with feed A B-C B-C B-C 0.005-100
Stepper motor with feed A B-C B-C B-C 0.01-50
Hydraulic cylinder C 0.01-100
Pneumatic cylinder C 0.1-100

SymbolsA good, negligible; B: average, common; C: bad, significant.

Pneumatic
ForciN cylinder
10,000 [
AC/DC motor
with feed - Hydraulic
\ cylinder
1000 [~

L g

Stepper motor
with feed

] l |
1 10 100 1,000 10,000

Speed (mm/second)

ot
v

FIGURE 14.5.11 Force vs. speed for common actuators.

mechanical construction. All of the joints in a direct-drive arm are essentially identical in structure,
consisting of a motor, a shaft encoder, bearings, and a housing. These components are mounted on a
single shaft; a single bearing is used in the entire joint assembly. As a result, a direct drive joint generally
has few but compact and more easily manufactured components than a gear-driven joint, an attractive
feature for commercial production of arms.
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Shape Memory Alloy (SMA) Wire

The properties of the shape memorgylire associated with appearance and disappearance of martensite
in the alby structure There arewo kinds of martensites, namethermal martensite which is generated
by cooling the shape memory@llbelow martensite transition temperature, and stress-induced marten-
site which is generated by loading the stress on a shape menwyryaihg an austenite structure.
Shape memoryfect (SME) is associated with the fortnand superconduetty (SE) is associated
with the latte. By making use of SME and SE, it is possible to use the shape merprysadin element

of the actuator of a joint mechanism asveh in Figures 14.5.12nd14.5.13 In Figure 14.5.12, mass

1 is diven bward the right side by heating the SMA &k and cooling SMA wire B. Similayl by
reversing the direction of the heating and cooling, mass 1 can be madwddomard the left An
alternaive SMA wire-actuatedevolute joint using an ordinary spring isan in Figure 14.5.13The
shape memory ay joint mechanism has theahtage of being light in weight and simpleoéver,

it generally has a reliaely low efficiency and is sbw in response.

Shape Shape
Memory Memory
Alloy A Alloy B

FIGURE 14.5.13 Schematic illustrating SME wire foewlute joint.

An increasing need for high performance robotic applications hasatsat sveral researchers to
direct their nvestigation &orts to rew actuator concepts. In some applications such as high-speed
plasma,wata-jet and laser cutting, age joystick, and coordinate-measuring machines, the demands
on workspace and the wrist force/torque ane, Ibut the end #ector must be oriented quigklcontin-
uousy, and isotropically in all direction3he performance of the popular three-conseetrtational-
joints wrist, which possesses singularities withimitskspace, is less than optimunav&ral alternave
designs bve been dveloped, which present some attreetpossibilities by combining pitch, roll, and
yaw motion in single balljoint-ke actuatorsAmong these design concepts are the spherical induction
mota, the DC spherical ses mota, and thevariable-reluctance (VR) spherical mpotMajor develop-
ments for robotics areiygen as folbws.

Spherical Induction Motor

In a spherical induction matathree sets of windings are necessary to realize rotation about an arbitrary
axis The three windings are positioned twegrotations about the ¥, and z #es. By independently
controlling the strength and phase of awo windings, one can realize a rotatiegctor at ay point

in the rotation plane of thevb windings Analyses of fields and torques in the spherical induction motor
have been performed;dwever, realization of a prototype spherical induction motor remains to be
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demonstratedThe mechanical design of a spherical motor is cexaglaminations are required to
prevent urwanted eddy currents. Complicated three-phase windings must be mounted in recesssd gro
in addition to the rolling supports for the rotor in a staticfigumation.

Spherical DC Servo Motor

The rotor of a spherical DC ser motor is a disk comprising a k® with four permanent magnets
attached to its periphgrThe pvot bearing is constructed of three small radial ball bearings and has
three D@ Therefore, the rotor can incline and rotate around the thxes &f Cartesian coordinates
relaive to the stato The inclined and rotated angles are detected by rotary encoders attached to each
axis Three sets of windings are set & &part around the z axis such that four electromagnetic force
vectors can be obtained at the locations where the currents intersect the nflagn€tiey are controlled

like three separated brushless motithough the DC spherical motor is characterized by its construc-
tional simplici, the range of inclination and the torque constant are rather limited.

Variable-Reluctance (VR) Spherical Motor

The structure cAVR spherical motor is glwn in Figure 14.5.14which consists of three subassemblies:

a rota, a statg and a measuring systeirhe rotor is a smooth sphere in which m magnetic poles are
embeddedThe stator is a hallv sphere with n stator coils radially mounted on its inndiaser It also

sewnes as a structure that holds together all the other functional elements which include the stator coils,
the bearing, and the measurement system.

Roter

Stator
Y—-guide —
Y—~encoder
ST caili
Bearing L - Magnet

FIGURE 14.5.14 Schematic illustratig VR spherical moto

In the operation of #VR spherical motg the stator coils are emgzed indvidually using the control
circuitry. A magnetic field is established which stores magnetigygrie the aigaps The stored enrgy
is a function of the relate position of the rotor and the statbhe motion of the spherical motor is
thus generated as the rotor tends twerto a position such that the egpein the aigap is minimized.
The VR spherical motor is characterized by thedelhg features: (1) itffers a potential agintage of
distributing the input pwer among everal coils, each of which corlttites a small fraction of the total
mmif’s required to generate a spgex torque, and, thus, it alls a relatsely low current per coibut
a lage suface area for heat dissipation; (2) there are multiple solutions to the selectioredfitations,
which allow an optimal electrical inputector to be chosen to minimize a preselected cost function.
As compared to its counterpae, VR spherical motor has a relaly large range of inclination,
possesses isotropic properties in motion, and isivelatsimple and compact in desigrhe tradeff,
however, is that a sophisticated control scheme is required.
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Multi-DOF Microactuators

Silicon exhibits very useful mechanical properties and its applications to microsensors and actuators
have been extensively researched around the world. The fabrication of silicon-based components typically
employs micromachining. Thin film and photolithographic fabrication procedures make it possible to
realize a great variety of extremely small, high precision mechanical structures using the same processes
that have been developed for electronic circuits. This technology has enabled the realization of many
innovative microactuators operating on the basis of electrostatic to mechanical transduction.
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14.6 Robot Programming Languages

Ron Bailey

The earliest industrial robots were simple sequential machines controlled by a combinatiom of ser
motors, adjustable mechanical stops, limit switches, and programmable logic confrbeesmachines
were generally programmed by a record and play-back method with the operator using a teach pendant
to move the robot through the desired path. MHI, filngt robot programming languageas dveloped
at MIT during the early 1960s. Was an interpreted language which raradrX-O compute WAVE,
developed at Stanford during the early 1970as a general-purpose language which ran as an assembler
on a DEC PDP-10 minicomputeMINI, developed at MIT during the mid-1970sas anexpandable
language based on LIPSIt allowed programming in Cartesian coordinates with independent control of
multiple joints AL (Mujtaba, 1982), dveloped at Stanford, included some programming features of
ALGOL and Pascal VAL and VAL Il (Shimano et al., 1984),aeloped by Unimation, Incwas an
interpreted language designed to support the PUMA series of industrial. robots

AML (A Manuacturing Language)raylor et al., 1982)vas a completelyaw programming language
developed by IBM to support the R/S 1 assembly robetalf a subroutine-oriented, interpreted language
which ran on the Series/1 minicomputkater versions were compiled to run on IBM-compatible
personal computers to support the 7535 series of SCARA robots. M&tlppged by McDonnell
Douglas,was anextension of te APT language (Automatic Programming Tols) originally written
for numerically controlled machine tools. RAILevéloped ly AUTOMATIX, Inc., was anextension of
Pascal designed to control robot welding and vision systesver&® additional languages (Ger et
al., 1984; Lozano-Perez, 1983) were introduced during the late 1980s to support a wide range of n
robot applications which wereaeeloped during this period.

V+, developed ly Adept Technologies, Inc., is a represeitatmodern robot programming language.
It has gveral hundred program instructions and reseikeywords V+ will be used in the fotiwing
sections to demonstrate important features of robot programming.

Robot Control

Program instructions required to control robot motion specify location, trajesfmed, acceleration,
and obstaclevoidance. Examplesf &+ robot control commands are as €alb:

MOVE Move the robot to aew location

APPRO Move to a location set back from a named position

DEPART_  Backaway from the current location

DELAY Stop the motion for a spdied period of time

SPEED Set the speed for subsequent motions

ACCEL Set the acceleration and deceleration for subsequent motions

SINGLE Limit motion of a joint
MULTIPLE Allow full motion of the wrist joints

OPEN_ Open the hand
CLOSE. Close the hand
RELAX_ Turn df air pressure to the hand

System Control

In addition to controlling robot motion, the system must support program editing larghaey, program
and data manipulation, program and data storage, program control, syStetioe and control, system
status, and control/monitoring ekternal sensors. Example§\é+ control instructions are as fols:

EDIT Initiate line-oriented editing
SEE Initiate screen-oriented editing
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STORE. Store information from memory onto a disk file
LOAD Read the contents of a disk file into memory
COPY Copy an existing disk file into a new program
SPEED Set the overall speed of robot motions
EXECUTE Initiate execution of a program

ABORT Stop program execution

DO Execute a single program instruction

WATCH Set and clear breakpoints for diagnostic execution
WHERE Display current robot location

TEACH Define a series of robot location variables
CALIBRATE Initiate the robot positioning system

STATUS Display the status of the system

TIME Set and display current date and time
ENABLE Turn on one or more system switches
DISABLE Turn off one or more system switches

Structures and Logic

Program instructions are needed to organize and control execution of the robot program and interaction
with the user. Examples include the following:

FOR Execute a group of instructions a number of times

WHILE Continue execution of a group of instructions until a condition is satisfied
DO Execute a group of instructions until a condition is satisfied

IF Control whether a group of instructions is executed

TYPE Output a message to the terminal

ATTACH Make the control pendant active

WRITE Output a message to the manual control pendant

PENDANT Receive input from the manual control pendant

PARAMETER Set the value of a system parameter

Special Functions

Various special functions are required to facilitate robot programming. These include mathematical
expressions and instructions for data conversion, manipulation, and transformation. Examples are as
follows:

ABS Absolute value

COos Cosine function

SOQRT Square root

BCD Convert from real to Binary Coded Decimal
DCB Convert from binary to real

FRAME Compute the reference frame based on given locations
TRANS Compose a transformation from individual components
INVERSE Return the inverse of the specified transformation

Program Execution

Organization of a program into a sequence of executable instructions requires scheduling of tasks, control
of subroutines, and error trapping/recovery. Examples include the following:

PCEXECUTE Initiate the execution of a process control program
PCABORT Stop execution of a process control program
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PCRROCEED Resumeexecution of a process control program
PCRETRY After an erro, resumesxecution at the last step tried
PCEND Stopexecution of the program at the end of the curexetutioncycle

Example Program

This program demonstrates a simple pick and place operation.

1 .PROGRAM move.parts()
2 ; Pick up parts at location “pick” and put thermwah at “place”
3 parts = 100 ; Number of parts to be processed
4 heightl = 25 ; Approach/depart height at “pick”
5 height2=50;
Approach/depart height at “place”
6 PARAMETER.HAND.TIME = 16 ; Setup for sbw hand
7 OPEN ; Make sure hand is open
8 MOVE start ; Move to safe starting location
9 Fori=1TO parts ; Process the parts
10 APPRO pick, heightl ; Go oward the pick-up
11 MOVES pick ; Move to the part
12 CLOSEI ; Close the hand
13 DEPARTS heightl ; Backaway
14 APPRO place, height2 ; Go oward the put-dwn
15 MOVES place ; Move to the destination
16 OPENI ; Release the part
17 DEPARTS height2 ; Backaway
18 END ; Loop for the ext part
19 TYPE“ALL done”, /13, parts, “parts processed”
20 STOP ; End of the program
21 .END

Off-Line Programming and Simulation

Compute-integrated maniacturing operations requiréfdine programming and simulation in order to
layout productionfacilities, model andvaluate design concepts, optimize motion eficks, avoid
interference and collisions, minimize procegsle times, maximize produetty, and ensure maximum
return on vestment. Commerciallgvailable sofivare (e.g.ROBCAD and SILMA [SILMA Inc., 1992])
provides support for 3Dwvorkable layouts including robots, enffeetors, fixtures, aweyors, part
positioners, and automatic guideehicles. Dynamic simulation alvs df-line creation, animation, and
verification of robot motion programs.oitever, these techniques are limitedvterification ofoverall
system layout and preliminary robot prograsvedlopment With support for dataxchange standards
(e.g.,IGES[International Graphics Exchange Spieztion} VDAFS[Virtual DatAcquisition and File
Specification],SET [Specification for Exchangef dext]), these softare tools can pass location and
trajectory data to a robot control program which, in turn, musfige the additional functions (operator
guidance, logic, error regery, sensor monitoring/control, system management, etc.) required for full
operation.
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14.7 Robot Dynamics and Control

Frank L. Lewis

This section deals with the real-time motion control of robot manipulators. In Section 14®8eezic
highe-level planning and control functions, including the generation of the prescribed trajectory that is
assumed igen in this section. Robot manipulatoraé compéx nonlinear dynamics that might ke
accurate and kmist control dificult. Fortunatey, robots are in the class of Lagrangian dynamical systems,

so that tley have sveral extremely nice pysical properties that rka their control straightfevard. In

this section will be discussedveral control techniques including computed torque (deggback
linearization), classical joint control, digital contrahdaptve contro| robust contro) learning contro)

force contro] and teleoperation. More information may be found éwik et al. (1993)The adances

that made possible this modern approach to robot control were made by Craig (1985), Slotine and Li
(Slotine, 1988), Spong and @yh (Spong athVidyasagg 1989), and others.

Robot Dynamics and Properties

A robot manipulator canéue either evolute joints or prismatic jointsThe latter are actuators that
function like an automobile antenrextending and contracting on a linear aXisevalues of the angles,
for revolute joints, and link lengths, for prismatic joints, are callelittk variables,and are denoted
g,(t), g,(t), ..., q4(t) for joints one, wo, and so onThe number of links is denoted for complete
freedom of motion in space, siegtees of freedom are needed, three for positioning and three for
orientation Thus, most commercial robotsMe six links We discuss here robots whicteaigid, that
is which rave no fexibility in the links or in the gearing of the jointBexible robots are discussed in
the section on control ofeftible-link and fexible-joint robots.

The dynamics of robot manipulators with rigid links can be written as

M(a)d +V,,(a.6)g + F(4) + G(a) + 1, = T (14.7.1)

where M(q) is the inertia matrix V. (9,q) isthe coriolis/centripetal matrjxF(q) are the friction terms,
G(q) is the gevity vecta, 14(t) represents disturbancesdar(t) is the control input torqueThe joint
variabk q(t) is ann-vector containing the joint angles favolute joints and lengths for prismatic joints.
It is often cawenient to write the robot dynamics as

M(a)d+N(a.q)g+1, =T (14.7.2)

N(q,G) = V,(a,6)g + F(q) + G(q) (14.7.3)

wher N(g,q) represents &ector of the nonlinear terms.

The objedtve of robot control is generally to select the control tosqu® sothat the robot foliws
a desired prescribed motion trajectory exerts a desired force. Examples include spray painting,
grinding, or mantacturing assembly operatiorihe position control objeiste can be achved by first
defining a desired trajecton, (), which is avector containing the desiraglues vs. tire g, (t) of
each of joint of the manipulatdrhis desired trajectoryectorqy(t) is determined in a highdaevél path
planne, based on &ven highe-level task decompositiognd then fed to the real-time motion control
system This section discusses the real-time motion control problem assuming, aor a similar
desired forcevecta, is gven.

The robot dynamics in Equation (14.7.1) da#ssome importantysical properties as a consequence
of thefact that tley are a Lagrangian systeifhese properties significantly simplify the robot control
problem The main properties of which one shoulddaare are the fotwing.
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Properties of Robot Arm Dynamics

P1 The inertia matrixvi(g) is symmetric, posie definite, and bounded so thal < M(q) < p,l for
all g(t). For revolute joints, the only occurrences of the joiatiablesqg are as sinf), cos(,).
For arms with no prismatic joints, the bosnd, p, are constants.

P2 The coriolis/centripetalecta V, (q,9)q is quadraticn ¢ and bounded so thdlV_ dll < v ||g|P.

P3 The coriolis/centripetal matrix carvays be selected so that the mati(q) — 2V, (q,q) is
skew symmetricThis is a statement of tHact that the fictitious forces in the robot system do
no work.

P4 The friction terms ve the approximate for F(q) = F,q+ F,(q), with F, a diagonal matrix
of constant cdéicients representing the viscous frictionddfy(-) avector with entries ke

K, sgn(g;), with sgn(-Xhe signum function, ah K, the codficients of dynamic frictionThese
frlctlon terms are bounded so thgF(g)|| < vl + kg for constantwg, k.

P5 The grvity vector is bounded so thd&(q)|| < gs. For revolute joints, the only occurrences of
the jointvariablesq, are as sim), cos€}). For revolute joint arms the boung}, is a constant

P6 The disturbances are bounded so thgft)|| < d.

P7 The nonlinear robot termsedlinear in the parametersf mass and friction so that one can write

M(a)d +V,,(a,6) g+ F(a) + G(q) = W(q,9,6) @ (14.7.4)

where W(q,q,g) is a matrix of krown robot functions ang is avector of mass and friction cifieient
parameters, often unkwn. The regression matrix (V) can be computed fomg specified robot arm.

The last propeyt P7, is especially useful in adeqgt control approache3he bounding properties
are especially useful inlpast control approachethe skew-symmetryproperty P3 is vital fokyapurov
control proofs, which mvide guaranteed tracking motion and oftemegthe structure of the control
loops. It essentially alvs somevery nicelinear systems technigsi¢go be used with the timearying
robot dynamics.

State Variable Representations and Computer Simulation

The nonlinear stateariable representatio x = f (x, 1), with x(t) the internal state ana(t) the control
input, isvery cawenient for may applications, including the deation of suitable controlavs and
computer simulation. Once the system has been put into state-space form, it can easyabedirno
obtain simulation time plots using, for instance, a Rufgga inegrator; may standard softare
packages &e such inggration routines, including MTLAB, MATRIX,, and SIMNON.

It is supposed for ewenience in this subsection that the disturleap¢t) is equal to zerolhere are
three cowvenient state-space formulations for the robot dynamics in Equation (14.7.1f podh
tion/velocity state-space forrane defines the state as thevecta x = [q" q']" and writes

.. 0O q 0 0 0

= 14.7.5
B ana e a7
which is in state-space form Witi(t) = T ().

For computer simulation purposes, the matriversionM-(q) is required aevery integration time
step.For arms with simple dynamics, it is often possiblent@iit the inertia matrix analyticallyffeline,
reducing the on-line computatiorfalrden. Otherwise, it is more suitable toveoEquation (14.7.2) for
g, required by the imgration routine, using least-squares techniquesdil the inversion ofM(qg).

An alternaive linear state-space equation in therforx = Ax + Bu can be defined as

kzg OHH-HBJ (14.7.6)
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with u(t) = -M-¥q) N(g,q) + M(g)t. This is known as thBrunovsky Canonical Form

The third state-space formulation is tHhamiltonian formwhich derives from Hamilton’s equations
of motion. Here the state is defined as thev@ctorx = (g7 pT)", with p(t) = M(q)q the generalized
momentumThen the state-space equation is

M™(q)p B
%(In O pT)aMaq(q)

0

o = u o (14.7.7)
nl]

p

imifra Yo
mBOoo

with the control input defined by = 1 — G(q) andO the Kronecker product (Lewis et al., 1993).

Cartesian Dynamics and Actuator Dynamics

Cartesian Dynamics

The dynamics in Equation (14.7.1) are known asjai@-space dynamigghey are expressed in the
joint-space coordinateg. Cartesian coordinates referred to some frame, often the base of the robot
manipulator, may be used to describe the position of the end effector of the robot arm. Denote the
Cartesian coordinates of the end of the arM{Bs= h(qg), whose first three coordinates represent position
and last coordinates represent orientation. The nonlinear furtipgives the end effector Cartesian
coordinates in termexcepts of the current joint positiparsd is called the arkinematics transformation.

The arm Jacobiarrelates joint and Cartesian velocites and is definel{cas= dh(g)/oq so that

aﬁsﬁ(: I(q)g (14.7.8)

wherev(t) is the linear velocity andxt) the angular velocity of the end effector. Both these velocities
are 3-vectors. Differentiating this equation givesaheeleration transformatiorly = Jq + Jg.

By differentiating Equation (14.7.1) one discovers that the dynamics may be written in Cartesian form
as

MY+N+f =F (14.7.9)

where M = J™MJ:, N = JT(N-MJtJJy), and the disturbance is= J1,. In the Cartesian
dynamics the control input is F, which has three components of force and three of torque.

The important conclusion of this discussion is that the Cartesian dynamics are of the same form as
Equation (14.7.2). Furthermore, it can be shown that the properties of the robot dynamics hold also in
Cartesian form. Therefore, all the control techniques to be described in this section can be used for either
the joint-space or the Cartesian dynamics.

Actuator Dynamics

The robot manipulator is driven by actuators which may be electric, hydraulic, pneumatic, and so on.
Considering the case of electric motors it is direct to show that if the armature inductance is negligible,
the dynamics of the arm plus actuators can be written as

(3, + R*M)d+ (B, + RV, ) g+ (RF, + R*F) + R?G = RK,v (14.7.10)

where the robot arm dynamics are describeMfy), V, (g,0), F(q), G(q), andJ,, is the motor inertia,
B, is given by the rotor damping constant and back emf,Rahds diagonal elements containing the

© 1999 by CRC Press LLC



14-54 Section 14

gear ratios of the motor/joint couplingshe control input is the moteoltagev(t), with K, the diagonal
matrix of motor torque constants.

The important conclusion is that the dynamics of the arm-plus-actuators has the same form as the
dynamics (Equation (14.7.1) and can bewsh to enpy the same properties of boundedness and
linearityin-the-parameter$herefore, the control methods to be described herein apply to this composite
system as well. Similar comments hold for other sorts of actuators siwlraslic. If the armature
inductances of the electric motors are nagligible, then the arm-plus-actuatoravl a coupled form
of dynamics such as those discussed in the section on confielilble-link and fexible-joint robots.

Then special control techniques must be used.

Computed-Torgue (CT) Control and Feedback Linearization

For may years during the 1960s and 1970s the major techniques for robot dynamics control were based
on thecomputed-toque methodwhich has may variants, including classical independent joint control.
Recenty, adranced mathematical techniques baseteedback linearizatiohave been déved.For the
rigid-link arms, these are ealent.

It is assumed that the desired motion trajectory for the manipagjatd, as determined, for instance,
by a path planmeis prescribed. Define theacking eror as

eft) = 4(t) — at) (14.7.11)

and dfferentiate twice to see that the Bousky canonical form in Equation (14.7.6) can be written in
terms of the state= [e' €']" as

dEd_ 0 Ioeo o0

«BE B oRdAE (14.7.12)

with

u=g, +M™*(q)(N(a.9)-1) (14.7.13)

A two-step design procedurevm suggests itself. First, use linear system design techniques to select
a feedback contral(t) that stabilizes the tracking error system in Equation (14.7.12), then compute the
required arm torques using theérse of Equation (14.7.13), namel

T = M(q)(d, - u) + N(a.0) (14.7.14)

This is anonlinear feedback comdl law that guarantees tracking of the desired trajgctorelies on
computing the torque that m&es the nonlinear dynamics of Equation (14.7.1)jwedent to the linear
dynamics of Equation (14.7.12), which is tethfeedback linearization.

Selecting proportional-plus-deative (PD) feedback fou(t) results in thePD computed-tmue
contoller

1= M(q)(qd +K e+ er) +N(q,9) (14.7.15)

and yields the tracking error dynamie = -K & — K, which is stable as long as the igetive gain
matrix K, and the proportionajain matrixK, are selected posie definite. It is common to select the
gain matrices diagonal, so that stability is ensured as long gairal are selected pasi.
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The PD computed-torque controller isoam in Figure 14.7.1which hasa multiloop structue, with
a nonlinear inner feedback linearization loop and an outer gaitytracking loop. Note that there are
actuallyn outer loops, one for each joint. In ttiigure q=[q" q']", e=[e" e']", q,= [a7 a31"

* Nonlinear Inner Loop
N(g,9)
a
Q e l ¥yt q
'-‘——PA———* K, KJ»—»M(q ——m{Robot System L

Tracking Loop

FIGURE 14.71 PD computed-torque controtle

To improve steady-state tracking errprsintegrators can be added, one to each joint contrdtie
place an irggrator in the outer tracking loop in tfigure. Infact, selectingi(t) asa proportional-plus-
integral-plus-deivative controller yields th@ID computed-toque contoller

g=e
(14.7.16)
T = M(q)(d, + K&+ K e+ Kie) + N(a,)

which has itewn dynamics andiges stable tracking as long as thegnal gainkK; is not chosen too fge.

Example 14.7.1 (Performance of PD and PID Computed-Torque Controllers)

The sort of performance to leepected from PD and PID CT controllers is illustrated here. It is desired
for a 2-link robot arm to fotlw, in each of its joints, sinusoidal trajectargg (t) with period of 2 sec.

Ideal PD CT Contol. Since CT is theoretically asxact cancellation of nonlinearities, under ideal
circumstances the PD CT controller yields performarke that sbwn in Figure 14.7.2 where the
initial tracking errors go to zero quigkiso that each joint perfectly tracks its prescribed trajgchbor
this figure are stwn the plots for joint 1 tracking eme,(t) and joint 2 tracking erroge(t).

PD CT Conrol with Constant Unknown DisturbanceNow a constant unlown disturbance is added
to the robot armAs shown in Figure 14.7.3the PD controller ow exhibits steady-state tracking errors
of e, = -0.01 rade, = 0.035 rad.

PID CT Contol. If an integral term is ow added to the outer loop to aele PID CT controlgven

with a constant unlawn disturbance, the simulation results loagkcy much lke the original plots in

Figure 14.7.2; that is, the ggral term has reduced the steady-state tracking errors to zero. O
A class of computed torqueké controllers is igen by selecting

T=M(G, —u)+N (14.7.17)

where M, N are approximations, estimates, or siriptl expressions foM(g), N(g,9). An example
is thePD-gravity controller
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FIGURE 14.7.2 Joint tracking errors using PD computed-torque controller under ideal conditions.

FIGURE 14.7.3 Joint tracking errors using PD computed-torque controller with constant unknown disturbance.

which selectsM = | and only includes the gravity nonlinear terms, so that it is very easy to implement

0.10

0.08

0.06 ez

0.04 \

0.02

0.00

-0.02

-0.04

-0.06

-0.10

!

s
Time (s)

1=K e+Ke+G(q)

(14.7.18)

compared to full CT control. This has been used with good results in many applications.

If M, N are selected, not as the actual inertia matrix and nonlinear terms, but only as approximations
or simplified values, it is not always possible to guarantee stable tracking. In fact, the error dynamics
of Equation (14.7.12re then driven bsnodeling mismatch errorsvhich can degrade or even destabilize

the closed-loop system.
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Another computed torquek controller iSPID classical joint conbl, where all nonlinearities of the
robot arm are eglected and one selects simply

e=e
. (14.7.19)
1=KetKetKe

with the gain matrices diagonal, so that all the joints are decouple® classical joint controller is
shown in Figure 14.7.4which may seerfamiliar to may readersThe same figure may beadm for
each joint. In this figurel(t) represents theeglected nonlinear couplingfects from the other joints,
and r is the gear ratioThe motor angle i§(t) and q(t) is the joint angleThe dfective joint inertia and
damping are] andB, respedtely.

-
Y
v

Y

s]+B

FIGURE 14.74 PD classical joint controlte

The simplified classical joint controller igery easy to implement, as no digital computations are
needed to determine nonlinear terms. It has been found suitableynamgalications if the PQains
are selected high enough, particularly when the gear rasi small. Unfortunate), if the gains are
selected too high, the control macite vibratory modes of the links andgilade performance.
Moreover, practical applications often beitéby including additional terms such asgty G(q), desired
acceleration feedfarard E]d(t), andvarious additional nonlinear terms.

Example 14.7.2 (Performance of PD-Gravity and Classical Joint Controllers)

The sort of performance to legpected from PD-gwity and classical joint controllers is@hn in this
example It is desired for a 2-link robot arm to &l in each of its joints, sinusoidal trajectarig, (t)
with period of 2 sec.

PD-Gravity Contoller. The joint 1 and 2 tracking errors areosim in Figure 14.7.5 Note that the
errors are smalbut notexactly zero, a reflection of tHfact that the nonlinear coriolis/centripetal terms
are missing in the controlleHowever, the DC error is equal to zero, sinceMifly compensation is used.
(The gavity terms are #ectively the “DC terms” of the robot dynamics.)

Classical PD Convpller. The sort of betwvior to beexpected from classical (independent joint) control

is illustrated inFigure 14.7.61n thisfigure, the tracking errors are nonzduat, using lage-enough PD

gains can often nk& them small enough. Note that the DC error is no longer equal to zerdistite o

is due to ignoring the gvity terms. ]
Another important T-like controller is the P@igital contoller given by

T = M(qk)(ddk +K&+ erk) +N(a,.q,) (14.7.20)

where the control input can only be computed atsdmple times, t= KT, with T the sample period
ard k taking on inégervalues. Digital control is usually required in modern applications, as robot control
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FIGURE 14.7.5 Joint tracking errors using PD-gravity controller.
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FIGURE 14.7.6 Joint tracking errors using classical independent joint control.

laws are generally implemented using microprocessors or digital signal processors. Unfortunately, the
stability of robot digital controllers has not been generally addressed, so that the traditional approach
relies on designing continuous-time controllers, meticulously proving stability, then sampling “fast

enough” and holding one’s breath.

In practice there are many other problems to be faced in robot controller implementation, including
actuator saturation, antiwindup compensation, and so on. See Lewis et al., (1993).
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Example 14.7.3 (Performance of Digital CT Controllers)

The performance of digital robot controllers hagesal idiosyncrasies of which one shoulddneare.
In thisexample, it is desired for a 2-link robot arm to éol| in each of its joints, sinusoidal trajectories
gy (t) with period of 2 sec.

Digital CT Contoller. Using a sample period @ = 20 msec yields the tracking error plotewh in
Figure 14.7.7There the performance is quite good for the dfmechoice of PDgains The associated
control input for joint 2 is sbwn in Figure 14.7.8
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0.006 M~
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00 05 10 15 20 25 30 35 40 435  s0
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FIGURE 14.7.7 Joint tracking errors using digital computed-torque controlles 20 msec.

Limit Cycle of Digital Robot Comller. Unacceptable bekior in digital robot controllers can be due

to integrator windup problems, selecting tooga a sample period, selecting too small a sample period
(so that there is not enough time to perform all control calculations in each period), or the ocurrence of
limit cycles If the sample period is selectesiTa= 100 mseceverything seems acceptable according

to Figure 14.7.9 where the tracking errors are savhat increasedut still small. Fowever, Figure
14.7.10shoves the control torque for link 2, which hamwnentered a limitycle-type bebvior due to

too large a sample period. ]

Adaptive and Robust Control

Computed-torque contratorks very well when all the dynamical teeM(q), V,,(a,9), F(a), G(q)

are krown. In practice, robot manipulator parameters such as frictidfiests are unkown or change

with time, and the masses kéd up by the arm are often umkvn. Moreover, computing nonlinear
terms is dificult to do withoutexotic microprocessebased handare Therefore, in applications sim-
plified CT controllers that do not compute all nonlinear terms are used (e.g., classical joint control).
These methods rely on increasing the gins to obtain good performanceodtbver, large control
signals may result and stability proofs of such controllersearandfar betweenAdapive and rbust

control techniques are useful in such situations to égmgpupon the performance of basic PD control
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FIGURE 14.7.8 Joint 2 control torque using digital computed-torque controller, T = 20 msec.
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FIGURE 14.7.9 Joint tracking errors using digital computed-torque controller, T = 100 msec.

techniques, providing good performance that can be mathematically proven and so relied upon in
applications. Such advanced techniques also extend directly to more complicated control objectives such

Time (s)

40 45 5.0

Section 14

as force control for grinding, polishing, and so on where straight PD methods are inadequate.

There are many sorts of adaptive and robust controllers (Lewis et al., 1993). A unifying design
technique is presented here that extends as well to intelligent control using neural network and fuzzy
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FIGURE 14.7.10 Joint 2 control torque using digital computed-torque controller, T = 100 msec.

logic techniques. Thus, given the desired trajectp(t), define the tracking error affittered tracking
error r(t) by

e=q,-q (14.7.21a)

r=e+Ae (14.7.21b)

with A a positive definite design parameter matrix. Common usage is to Aediémgonal with large
positive entries. Then Equation (14.7.21b) is a stable system se(th& bounded as long as the
controller guarantees that the filtered en(@y is bounded.

Differentiating Equation (14.7.21b) and invoking Equation (14.7.1), it is seen that the robot dynamics
are expressed in terms of the filtered error as

MF ==V r+f(x)+1,-1 (14.7.22)

where thenonlinear robot functions defined as

f(x) + M(q)(qd + /\é) +Vm(q,(:1)(c'1d + /\e) +F(q) + G(q) (14.7.23)

Vector x contains all the time signals needed to comiduf@nd may be defined, for instance xas
= [e' € q] q] g;]". Itis important to note thd(X) contains all the potentially unknown robot arm
parameters, except for ther term in Equation (14.7.22), which cancels out in the proofs.

A general sort of controller is now derived by setting

T=f+Kr-vt) (14.7.24)

with f anestimateof f(x), Kr =K, e +KAe anouter PD tracking loopandv(t) an auxiliary signal
to provide robustness in the face of disturbances and modeling errors. The edtimate  and robustifying
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FIGURE 14.7.11 Adapive filtered error controlte

signd v(t) are defined dierently for adaptve control, rdust control, neural net contrdljzzy logic
control, etc The multiloop conbl structue implied by this scheme is@hn in Figure 14.7.11

Adaptive Controller

Using nonlinear stability proofs basedlofapurov or pas#vity techniques, it can be aln that tracking
error stability can be guaranteed by selecting one\afriaty of specific controllers. One such is the
adaptive combller stown in Figure 14.7.1hAnd described by the equations

T=W(W)o+K,r
) (14.7.25)
@=TWT"(w)r

wherel is a tuning parameter matrix, generally selected diagonal withiygoslements. Matri¥\V(x)
is the (krown) regression matrix chosen suchtthé&x) = W(X)¢, with all the unkieswn parameters placed
into the vector ¢; W(X) must be computedffeline in a design phase for the sgacirobot arm to be
controlled (lewis et al., 1993)In the adapte controlle, the second equation representsitiiernal
dynamie of the controlle, where the estimat® of the unkwn parametevector is produced by
dynamic on-line tuningThe robot control inpwr (t) is then dven in terms b @ by the first equation.
Though it need not be computed to produce the control inputs, the estimate of the nonlinear function is
given by f(x) = WT(x) o.

The adapte controller sbwn in Figure 14.7.1has a multiloop structure with an outer PD tracking
loop and an inner nonlinear adiaptloop whose function is to estimate the nonlinear function required
for feedback linearization of the robot arm.

Robust Saturation Controller
Another filtered error controller is elrobust saturation cormatler

T:f+er—v

%rﬂ, [rize
g | (14.7.26)
v=0
P, [ri<e
€
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where f is an estimate fdir(x) that is not changed on-line — for instance, a P&itr-based roust
controllerwould ug f = G(q), ignoring the other nonlinear terms. In computing thaisb control
tem v(t), € is a small design paramegtd-|| denotes the norm,daf(x) is a krown function that bounds
the uncertaintig ||f — f||. The intent is thaE(x) is a simplified function that can be computedn if
the exactvalue of the complicated nonlinear functifx) is unkrown.

Variable Structure Robust Controller
Another rdoust controller is theariable structwe robust contoller

T=f+ K, —-v
(14.7.27)
v= —(F(x)+ r])sgn(r)

where sgn(-)s the signum function anB(x) is a krown function computed to bound the uncertainties
[[f — f]l. The design parametey is selected as a smathlue This controller thes adantage of the
properties of sliding mode mariable structure controllers togeide its rdoustness. R

In adapive controllers the primary desigiff@t goes into selecting a dynamic estimdt that is
tuned on-line. By contrast, intast controllers, the primary desigficet goes into selecting the lhast
tem v(t). An advantage of rbust controllers is that 8y have no dynamics, so ¢ are generally simpler
to implement. On the other hand, adaptcontrollers are soavhat more refined in that the dynamics
are learned on-line and less contrffo is usually needed. Furthermore, in adaptcontrol it is
necessary to compute thegression matrixMx), while in rdoust control it is necessary to compute the
bounding functior(x).

Example 14.7.4 (Performance of Adaptive and Robust Robot Controllers)

This example illustrates the sort of performance tcekgected from adapte and rbust controllers. In
this example, it is desired for a 2-link robot arm to | in each of its joints, sinusoidal trajectories
gy (t) with period of 2 sec.

Adaptive Conol. In adapive control, the controller dynamics @il for learning of the unkown
parameters, so that the performance owgsover time Typical plots are ke those irFigure 4.7.12
where the errors start outrdgg but then caoverge to zero, and the parameter (mass) estimatesrge
to constanvalues.

Position Errors

0

g 01
-0.2
-0.3; T T T

0 1 2 3 4 S

-—

2 Velocity Errors

Mass Estimates
20
kg 10
¢ 0
-1o§ T T
0 1 2 3 4

w

FIGURE 14.7.12 Typical befavior of adapive controlle.
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Robust Combl. In typical rdoust controllers, there are no controller dynamics so that the performance
does not impove with time. However, with good designs (andre-enough contrajains) the errors

are bounded so thatehare small enoughlypical plots are ke those inFigure 14.7.13where the
errors are lavays small, though nonzeroyt do not become smaller with time. ]

05— T
Pie
04!

03

02

FIGURE 14.7.13 Typical befavior of rabust controlle.

Learning Control

In many industrial applications robot manipulators are used to perform the same task rgpsattdl
as in spray painting, short assembly operations, component insertion, and so on. In sugk rapgtih
situations, information from one iteration can be recorded and used twverthe performance on the
next iteration This is termedepetitive motion learning comd. Using the filtered error approach of the
section on adapte and rbust control, it is direct to dee the learning controller of Segh et al. for
the robot arm in Equation (14.7.1).

Let € = 1, 2, ... denote the iteration number of the trajectory repefitioen, using information from
the ¢ — Llktiteration, the controller for ¢h¢th iteration is gven by

¢ v
V= —(er+ KSHeHZr) (14.7.28)
ﬂ = f,_l +K.r

where the filtered errosir = € + Ae, e = gy — g, with q,(t) the specified trajectory to be falled
repeatedl. The gairs K,, K, K, are positve diagonal design matrices,ca, is a positve diagonal
learning gain matrixThe function f, is alearning term that uses W#slue on the m@vious iteration to
improve on an estimate for a nonlinear function appearing in the error analysis.
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Control of Flexible-Link and Flexible-Joint Robots

If the robot arm has dkible links, flexible joints, orfast motor dynamics, the control schemes just
discussed must be modifi€there arewo basic cases to considéexible-link robotsand fexible-joint
robots;fast motor dynamics can be considered a special case of the latte

Flexible-Link Robots

In the case of &ible-link robots, the links dve significant vibratory modes that cannot leglected.

In this case one may perform an analysis using, for instance, the Bernoulli-Euler model, obtaining an
infinite dimensional (partial fferential equation) model, which can then be truncateditota dimen-

sional (ordinary dferential equation) model using, for instance, assumed mode shape techtigues
result is a model such as

Mrrdr + Mrfdf +Vrrqr +Vrqu + Ff(qf)+Gf(qf) =BTt

r

. .. . . (14.7.29)
M Q. +Mgq, +V,q +Vq, +Keq =BT

which describes the coupling between the rigid sagiét) and the fixible modesg(t). In these
equations, the quantiseM, V, F, G are defined basically as in Equation (14.7.1J lépis a matrix of
flexible mode sffness constants.

The complete dynamics arevn described by theectorq = [qg g{]". The control objedte is to
control the link-tip positions to falv a desired trajectorg, (t) while making small théexible modes
g - In the pinned-pinned modes shape method, for instance, the link-tip positiomgearbygy,(t). The
major problem is that there areesnmare degees of feedom in ¢) than contol inputs available irr.
This complicates the control problem greatlgwiver, akey property is that the maxrB, is nonsingular
in flexible-link manipulators.

It can be sbwn by using a singular perturbation approachofedid by the filtered error approach of
the section on addpe and rbust control, that all the basic controllers just described can be used for
flexible-link arms if anadditional inner conol loop is added for vibration managemeihat is, to the
control toquet (t) generatedby Equation (14.7.24), is added the boundary-layer corredtst) control
term, manéactured by an inner loopjwgn by

K K,. K, _
Ur = —S—Sqf —?dqf +—1q, (14.7.30)
wher ¢ is a small parameter (determined according to the time-scale separation imposed by the elements
of the stifness matrix<;). The sbw manifold tem ¢, is a function of the slv contrd U (which is
found as before), theariableq(t), and some system parameters. It is possibevd@ measurements
of the fiexible mode ratesq, .

Flexible-Joint Robots

The case of éxible-joint robots is in somavays the “dual’ problem to that dfexible links. The
dynamics of a robot armigen by motors through rigid joints arevgn by Equation (14.7.10) for which
the controllers described inguious subsections can be us&tie dynamics of a robot armiden by
motors through joints witfiexibility that is not regligible are gven by

M, +V,G, +F(3)+G (a) = Ky(a, ~a) (14.7.31)

Juds + By +FM(qf)+KJ(qf —q,):v
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whereq(t) is the robot joint variable vectog (t) are the motor angles, and quantities are defined as per
the discussions on Equations (14.7.1) and (14.7.10). It is assumed for simplicity that the gedR ratio is
= 1. The stiffnesses of the joint motor couplings are on the diagonals of the joint stiffnessKmatrix

The flexible-joint controller problem can be confronted using either a singular perturbation approach
(work by M. Spong) or &dacksteppingpproach. Using backstepping, it is found that the same basic
structure of controller can be used as in Figure 14.7.30, but now the controller has multiple loops, with
two adaptive systems required. The extra loop arises since the control(ipmantrols directly the
motor angles, which provide indirectly an input into the arm dynamics to cop(tjolthe quantity of
actual interest.

Force Control

In many industrial applications it is desired for the robot to exert a prescribed force normal to a given
surface while following a prescribed motion trajectory tangential to the surface. This is the case in
surface finishing etc. A hybrid position/force controller can be designed by extension of the principles
just presented.

The robot dynamics with environmental contact can be described by

M()§ +V,,(a.0)a+ F(q) + G(q) + T4 = T+ 37 (g)A (14.7.32)

where J(q) is a Jacobian matrix associated with the contact surface geometry éhd so-called
“Lagrange multiplier”) is a vector of contact forces exerted normal to the surface, described in coordinates
relative to the surface.

The prescribed surface can be described by the geometric egpfgtio®, withy = h(q) the Cartesian
position of the end of the arm ah(j) the kinematics transformation. The constraint Jacobian matrix
J(@) = A @dh(g)]} 0gq describes the joint velocities when the arm moves on the surface; in fact, the
normal velocity isJ(q) g = 0. According to the implicit function theorem, on the surfa@@ = 0 one
may find a functiony(-) thatq, = y(q,), where the reduced varialdg(t) corresponds to motion in the
plane of the surface argy(t) represents dependent variables. The robot, constrained for motion along
the surface, satisfiesraduced-orderdynamics in terms of,(t). Defining the extended Jacobib(y,)
= [I T dy"/dq,]", the relation ofy, to the full joint variabley is given viag =L(qg,) §,. For further details
see McClamroch and Wang (1988) and Lewis et al. (1993).

The hybrid position/force control problem is to follow a prescribed motion trajecg(y) tangential
to the surface while exerting a prescribed contact gt normal to the surface.

Define the filtered motion erroy, = €, +Ae,, wheree, = 0, —0,; represents the motion error in
the plane of the surface andis a positive diagonal design matrix. Define the force errok asA, =
A, whereA(t) is the normal force measured in a coordinate frame attached to the surface. Then a hybrid
position/force controller has the structure

1= f+K,L(q)r, +J"

A, +K,X]—v (14.7.33)

This controller has the basic structure of Figure 14.7.11, but with an inner force control loop. In this
controller, the nonlinear function estimate inner lobp and the robustifyingvierean be selected
using any of the techniques mentioned heretofore, including adaptive control, robust control, intelligent
control, and so on. A simplified controller that may work in some applications is obtained by $etting
= 0,v =0, and increasing the PD motion g#inand force gairk;.
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Teleoperation

In teleoperation, a human operator conducts a taskinma master robot manipulator and thuSrdeg

motion and force commandBhe master is connected through a communication channelaeeaabot
manipulator in a remote location whose purpose is to mimic the mnaste performing the commanded
motions andexerting the commanded forces on itsvieonment A typical teleoperation system is
depicted inFigure 14.7.14Task performance is enhanced if the human operator has information on the
contact force beingxerted by the slve manipulato A convenientway of pioviding this information

is to “reflect” the contact force to the motors on the master so the operator can feelve fests
indicaive of the contact force.

F, Vi Vea
— L L —-
Master Communication Slave
System - Channe! » System l—
Fmd Fs Fc

FIGURE 14.7.14 Typical robotic teleoperation system.

To focus on the issues peculiar to teleoperation, one can considefisoinjinamics for the master
and séve arms g/en, respedtely, by

MV, =F, +1, (14.7.34)
My, = -F, +T, (14.7.35)

where the human operator input torgaeé-j and the contact foroexerted by the sle isF,. In actual
systems, one should include the nonlinear coriolis, centripetal, friction, arty germs (see Equation
(14.7.1)), so that a preliminary feedback linearization (computed torque control) is needed to get the
dynamics in this simplified form. Mooeger, the Jacobians associated with the force inputs should also
be considered (see Equation (14.7.32)).

The control problem is to pvide motor control torqueex,,, T, So that the sle velocity v, = g, equals
the commanded (mastemlocity v, = q,,and the avironmental contact foeeF, is proportional to the
commanded forc&, (therecould be a desired force anfpiation). In Figure 14.7.14 is the sensed
force resulting from the contact f&€,, the reflected force pvided to the master robat ., andv,y
is the desiredrelocity command for the ate. A straightfoard control scheme for teleoperation is
given by

Tm = —Kme - Fmd
(14.7.36)
Ts :_sts+Fs_afFe

wher K, K, are posilve master and ale control gains and; is a positve force gainThe selection
of 1, closes a local force control loop around theesimanipulato

Thekey to successful controbw lies in the appropriate faition of F, F.4, andv,, A naive definition
of the sensed force I§ = F,, the contact force. It has been olvegl inexperiments that this definition
is unsuitable and results in instalyiliTherefore, a&coadinating taque F, is defined based on thexst
velocity errore(t) = v4(t) — vi(t) so that

g=e =V, —V,

(14.7.37)
F=Kg +tKe
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Though it may seem odd tofitee F, in terms of thevelocity errg, it can be sbwn that, taking into
account the impedance relationship of tha@renment,F, = Z.v,, this definition mies the coordinating
torque dependent on the contact &@Fg. In fact, this definition results in thgassivityof the shve
dynamics referred to theariables ¥, F,).

Now, it can be sbwn that stable teleoperation results if one selects

(14.7.38)

Unfortunatey, if there is ay delay in the communications channel, this simple scheme is doomed to
failure and results in unstable control. One technique for repairing this problem iscie riére force
reflection and let the operator rely on transmitted visual information to infer the contact forces. In
practical applications, this can result in #xertion ofexcessve forces that break tools afidtures.

It has been ghwn in Anderson and Spong (1989) that if there is a timeydEla the communications
channel, one may modify the controller asveh in Figure 14.7.15t0 obtain stable teleoperation
regardless of the magnitudé @. In this figureN is a positve scalingfactor introduced since the force
andvelocity signals may tfer by orders of magnitud&his modification mies all blocks in the diagram
strictly passive so that stability can be swn using circuit analysis techniqueBhe teleoperation
controller with time delay compensation isvgn by the torques Equation (14.7.36), the coordinating
torque in Equation (14.7.37), and the niiedl reflected force andagk velocity commandsigen by

Fy Vin Vsd
— Lo
Master n? Communication U Slave
System | ? Channel -n2 System t————
Fmd Fs F‘

FIGURE 14.7.15 Passve robotic teleoperation system usingieetcontrol.

Foa(t) = Fu(t=T) + 07V, (t) = vy (t = T)]
L (14.7.39)
v, (t)=v (t-T)+ ?[Fmd (t-T)-F.)]

It is noted that in this mofied controlle, part of the reflected force is dexd from the slve velocity
error and part of the ale velocity command is dared from a force error term.
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14.8 Planning and Intelligent Control

Chen Zhou

The pevious section dealt with ser-level joint control of robot manipulatar$his section deals with
highe-level functions of planning and control, including generation of the prescribed joint trajectories
that are required for ses-level control. Robots are designed to accomplitious tasks such as spot
welding in assemlg| part loading in material handling, orlaering in processingA task consists of a
series of comgk motions ofvarious joints and the enffecta. Theexecution of robot tasks is controlled

by robot programs. Robot programming can be diaskinto threedvels: (1) joint evel, (2) manipulator

level, and (3) taskelel (see Leu, 1985At the joint and manipulatoelels, a task is decomposed into

a set ofexplicit paths The robot program is essentially a series ofenstatements to instruct the robot

to pass through a sequence of pailhe programming at thesed levels nvolves tedious specification

of points, paths, and motions.

The dfficulties nvolved at the firstwo levels of programming led to research amsleliopment for
task bvel programmingAt the task ével, a robot program is a sequence of goals or abgestates of
the tasks, such as insertingeg pr déourring an edge. Due to the omissioregplicit path and kinematic
instructions by the programmehe robot must kaw its configurations, itsr&ironment and the goal
locations, such as the location of materials, as well as the obstacles withiwvélepe The robot
controller has to construct a set of collision-free paths that are optimized in terms of time, motion, or
other control characteristics.

Task plannings a process in which the detailed motion contmeblived in a task (or a subtask) is
determined by softare or algorithmsThe objedtves can include proper grasp figarations, collision-
free paths, minimum @vel distance, minimum &el time, andavoidance ofingularities.In a singular
configuration, the robot may lose egcee of freedom or lose the ability toopide designed gwer. For
compkx tasks, task decompositi@an be performed to @ride more specific control of the rob&ath
planning is a process of finding a continuous path from an initial robdigumation to a goal config-
uration without collision. It is aery important component in task planning.

Task planning includesgeral special cases. First, errors can occur daxagution of a task/arious
sensors &ve been dveloped to detect error conditions. Since the occurrence of an error is random, there
is uncertainty associated with task planning when error and errorergcare concerned. Second,
multiple robots are often used in robotic applicatidiee simplest casenolves tvo armsAn important
issue in wo-arm task planning and control is the coordination of the arms Third, in robotic
manudacturing cells, robots must coordinate with other equipment in the cell and the control of the robot
can often #ect the performance of the entire c&herefore, cell control is also discussed in this section.
At the end of this section, we also mentionfiitil intelligence as applied to planning and man—-machine
interface.

Path Planning

Path planning rivolves finding a continuous path from an initial robot fmurationC,,; to a goal
configurationCy,, without collision. Figure 14.8.lillustrates anexample of path planning inwb-
dimensional spacelThe small rectangular object representmabile robotor an end fector of a
manipulate, and the other objects represent the obstacles withindhéng ewelope The dashed line
shows the path of the center point of the robddie four small rectangles @l the orientation of the
robot at the initial, goal, anavb intermediate configurations.

Often, the collision-free path is not unique. In additionatoiding collision, one can also add
requirements for smoother motion, shorteweting distance, shorterareling time, or more clearance
from the obstaclesTherefore, path planning can alswadlve optimization with respect to certain
performance measures.
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Cinit
FIGURE 14.81 lllustration of path-planning problem.

The abstract model of the path-planning problem demdiferent forms depending on the application
characteristics. It can be iwa dimensions or in three dimensiofitie concern can be the erfteetor
alone or the entire robot arfihe end #ector can be considered as a solid body or &nitesimal
point. Different considerations careMe significant implications on the solution methodology and
compkxity. In this handbook, we will only discuss the simplest cases in which a poinffeaibrein
two-dimensional space is concerndthe readers are referred to Latombe (1991) for more @mpl
procedures.

Road Map Approach Based on Visibility Graph

The road map approach is one of the earliest path-planning mellf@®bstacles are modeled as
polygons.A visibility graphis a nondirected grapfihe nodes of the graph are thertices of the
polygons, the initial point and the goal poifhe links of the graphs are straight-lineyments that
connect a pair of nodes without intersecting with @bstaclesA reduced visibility graph for thexample

is shown in Figure 14.8.2A reduced visibility grapliloes not contain links that are dominated by other
links in terms of distancd& he elliptical obstacle is approximated byexdgon. In the visibility graph,
all the paths consisting of successlinks that connect,§; to Cy, represent semicollisionee paths.
The coarse line represents one of these paliesuse of the term “semicollision free” is due to fidoet
the path may actually contact an obstacle. It is clear that the path is not uniqgueelantipde the
possible paths carelC;; ACyap Cinit BCyoar OF Cint CDyoor Some ffer shorter tavel distances while
others &fer smoother path3his method can bextended to include circular enéfector and obstacles
which have lines and arcs as boundaries.

Road Map Approach Based on Voronoi Diagram

For the same problem describedady one can creageVoronoi diagrambased on theertices and line
segments of the obstacles and therking ewelope and use this graph to generate a collision-free path.
A Voronoi diagram is a diagram that consists of linasng equal distance from the adjacent objects.
Obviously, the Voronoi diagram does not touch the obstacles and aadprcollision-free pathsA
Voronoi diagram in a polygonal space with polygonal obstacles is composed of straigegrieats

and parabolasihen both adjacent objectggnents are straight lines wertices, the egment of the
Voronoi diagram is a straight lind/hen one objectegment is a point while the other is a liregiment,

the £gment & Voronoi diagram is a parabolawo additional links need to be created to connect the
Cir and Cy, to the Voronoi diagramAny set of links that connesC,; and C,,, through the diagram
represents a collision-free path. Ukelithe road map approach based on visibility graph, this approach
tends to maximize the clearance between the robot and the obs$tactbe. characteristics and creation
of the Voronoi diagrams, the reader is referred to Okabe et al. (1992).
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FIGURE 14.82 Road map method based on visibility graph.

Cell Decomposition Approach

In thecell decompositiomapproach, the robot free space is decomposed into simple connected geometric
shapes, or cells such that a path can be generated betwaa @oints within a celWhen Euclidean
distance is used (as when using a Cartesian robat)ecpolygonal cells satisfy this requiremenhe
simplestway to generate cells is the line sweeping metAodexample in which thevork enwelope
and the obstacles are polygons isvah in Figure 14.8.3The wo shaded areas are obstacles. In this
example, the decomposition is done by sweepingréical line across thevork envelope A cell is
formed whemver avertex is encountered by the sweeping liddter decomposition, @onnectivity
graphis constructedA connecivity graph is a nondirected grapfhe nodes of the graph are the cells.
If two cells share a common edgegytlare connected and a link isagin between theato nodesThe
existence of a collision-free path can be found by searching the ciuityegtaph to see if therexists
a path that connects/é nodes containingG,,, and C,,. If such a patlexists, one can construct collision-
free paths by determining paths in the cells and connect the paths in adjacent cells.

Apparenty, the path and decomposition are not unique. One can sdfectmli paths and decompo-
sitions to optimize other measuré&sgure 14.8.3(dshows another possible decomposition of the same
space.

Potential Field Approach

The idea of theotential fieldmethod is to represent the rolairk space as a potential field which has
peaks and &alley. The valley is at the goal configuration, while the peaks are at the location of the
obstaclesThe robot, represented by an article, will roll naturallyay from the peaks andward the

valley in such a terrain. Mathematioglthis is done by creating an é&idial potential field with peaks

as obstacles andwalley as the goal, and by using a search procedure to plan a descending path to the
valley. The artificial potential field is composed of an atikecipotential with itsdwest point as the

goal configuration, and a repive potential for each of the obstaclas example is sbwn in Figure

14.8.4 The dimension of the roboteelope is 10 wide and 10 high. HetG is the attradve potential
function ZR s the repuléve potential function for all obstaclesdahis the combined potential function.

In this example, the attrante potential functiorZG is a parabolic well:

ZG(x,y)zggx—Gx)2 +(y—Gy)25 (14.8.1)

where A is a constant used to adjust the magnitude of the atedld, G, = 2 andG, = 1 are the
coordinates oy, ZR represents threeylindrical obstacles with diameters 2, 1, and 1, respegt
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(a) cell decomposition
(2)—C(s)
L @ o Q
o O,

(b) connectivity graph

FIGURE 14.8.3 Cell decomposition method.

The center location of the three obstacles are at (2, 5), (7, 7), and (6,23} hetthe obstacle repulsive
fields ofit" cylindrical obstacle. The repulsive function férobstacle is
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7R ( if \(x— R.) +(y-R,) < % (14.8.2)

otherwise

whereB; is a constant for the adjustment of the height'@feak,D, is the diameter of thi& cylindrical
obstacle, andR,; andR; are the center coordinates of the cylinder. The characteristic of this function
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Z Z

FIGURE 14.8.4 Potential field method example.

is that the potential at any point with distance more than twice the diameter of the closest obstacle is
zero. Also, the potential inside the obstacle is a constant and equal to the potential at the boundary of
the obstacle, wher€, is a constant to accomplish the former andzthie a constant for the latter. The

total potential is the sum of all the terms:

3

z:zc3+Zzpe1 (14.8.3)

There are several techniques for potential guided path planning. The simplest is the depth first planning.
In depth first planning, a prespecified steis predefined. The path will be found iteratively using

Xn+1 = Xn + 6762()(“’)/”)
0X
(14.8.4)
_ +e_)az(xn,yn)
yn+1 yn ay

wherex, andy, are aiC,,;. Depth first planning is very fast for certain situations but may cause trapping
some local point in others.

Error Detection and Recovery

In the execution of a task, errors can occur. The errors can be classified into several categories: hardware
error, software error, and operational error. The hardware errors include errors in mechanical and
electrical mechanisms of the robot, such as failure in the drive system or sensing system. Software errors
can be bugs in the application program or control software. Timing with cooperative devices can also
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be called softare erro. The operational errors are the errors in the robat@ement that arexternal
to the robot system such as jamming of parts or collision with obstacles.

The sensors used in error detection can be fildsnto gveral caggories: tactile sensors for sensing
contact andxistence, proximity sensors for sensing location or possible collision, force/torque sensors
for sensing collision and jamming, and vision for sensing location, orientatiorxistehce.

The occurrence of an error normally causes interruption of the normaidxexskion. Error reavery
can be done at threevkls At the lowest kbvel, the task is not resumable. Upon detection of am,erro
the task is interrupted automatigallhe error must be corrected manually and the task must gaamt a
manualy. At the secondevel, the task can be resumed. Upon detection of am, ¢ne error can be
corrected manually and the task can be continued from the point where the error oAtuheedhird
level, upon detection of an errahe error will be corrected automatically and the tascution is
continued Figure 14.8.5lows anexample of error and regery in an insertion task.

R

FIGURE 14.85 Jamming error detection and owery.

In this insertionexample, a pg is misaligned with the haldhe misalignment can be caused by
wrong location of the fixture, wrong positioning of thegefore pickup, etcThe jamming error can
be detected by weertical force sensor in the grippAt the lowest kvel, this can be used to trigger an
emeagercy stop and an alarnrAn operator can with@w the grippe, renove the gg, and start theycle
again At the seconddvel, the operator can correct the problem and continue the insertion after the error
condition is correctedAt the third bvel, additional sensory information is requirdehr example,
additional force sensors can be used to identify the jamming targedorque information can be used
to redirect the endffector to put the @ in the hole correatl Since the occurrence of error is random
in nature, the incorporation of error ogery introduces uncertainty into task planniagificial intel-
ligence methods are often eroypéd in error reovety.

Two-Arm Coordination

Many robotic applications require multiple arms, such as liftirayyeveights in handling or assembling

two components that require simultaneous motion. In such applications, a special planning and control
issue is the coordination afid arms.Figure 14.8.6shows anexample of wo-arm application. Invo-

arm applicationsyio arms form a closed chain. Each arm acts as a constraint on the other aae can h
different contributions to the motion of the part. In terms of constraints, one or both armaveangid

grasps Two arms may also be controlled to remain in contact at a point, along a line, or daca.sur

In terms of control wo-arm coordination can rely on a mastewslrelationship, a push/pull relationship,

or other relationships. In the masteasl relationship, one arm is controlled in force mode (master)
while the other is controlled in position modesg)). These constraints and control relationships require
different controls from both controllers. Please see Hayati et al. (1989) for more discussion.

FIGURE 14.86 Two-arm coordination.
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Workcell Control

Robots are used in myaworkcells for machine loading/unloading, assemphrtkitting, packaging,
etc The task planning associated witlorkcell control has its unique characteristidsrobot in a
workcell often interacts with other resources in the cell such as a machinwegocoa fixture, or a
containe. These interactions often requiegact coordinationThe coordination is done based on the
clocks or interlocks implemented thrdudisaete inputs(DI) and disaete output{DO). A DO is a
binary signal that can be set in one of tlve states and a DI is a binary sensing that can detect one of
the wo possible states from a DO.
In a flexible robotic mantacturing cell, alternate actions ofterxist for robot control, such as which
assembly task to perforfinst, or which machine to sex first The ordering of theseffierent alternaves
can directly &ect the utilization, throughput, and other measures of the cell. Due to its discrete nature,
the cell control optimization problem is combinatorial in natureexpdnds rapidly with problem size.
As a result, dispatching rules in scheduling are often @raglas rules in rule-based cell controllers.
Additional concerns in cell control relate teat commonly used terms in production system control:
blockinganddeadlock(or locking). Blocking is a condition in which material cannot be transported to
its next location because of a temporary resourcavaitability. This can cause thwaste of capacity
of the current machine. Deadlock is a condition in whiet tesources mutually require the service of
the otherbut neither can mvide the required service at the current stBberefore, the system will be
deadlo&ed. Examples of blocking and locking aigem inFigure 14.8.7

e ® =] e
Ml M2 M1 M2

blocking dead lock

© idle and need unloading @  processing

FIGURE 14.8.7 Example of blocking and locking.

In the figure on the left, the part on M1 needs to be transported to di2vét, M2 is in processing
state and therefore the part in M1 hasvit for its completion. In thégure on the right, both parts
on M1 and M2 are finished and need to be transported to the other machine. Suppose the robot has a
single end Hector; it is not able to transport either part to the other machine. One possible solution to
blocking and deadlock problems is to dudfers. In theexample, if abuffer location is added to the
cell, the blocking and deadlock can be temporarily wesblHowever, the addition obuffers to a cell
can increase the cost of the cell and the cexitgl of the control The real-time solution to blocking
and deadlock problems lies in the idéné&tion of possible blocking or deadlocks anévpnts them
from occurring. Blocking or deadlodwoidance and system optimization are combinatorial in nature.
The number of statexpandsexponentially with the number of states for each resource and number of
part typesTherefore, rule-based systemsl@i techniques find wide acceptance in cell controls.

Planning and Artificial Intelligence

Artificial intelligence (Al) is a branch of computer science studying the characteristics associated with
human intelligence such as reasoning, acquiringvledge, applying kowledge, and peréang the
environment.Path or task planning is the application of reasoningp@dge acquisition, and perception
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of the environment. Therefore, robot planning is closely related to the study of Al and certain Al
techniques can be applied to robot planning and control. Some of the areas of research in Al that apply
to robotic planning are problem solving, expert systems, learning, and machine vision.

The methodologies in path planning can be considered as problem solving. In assembly, when multiple
components are assembled with precedence requirements, Al techniques can also be applied. Expert
systems or rule-based systems solve problems in a discrete space domain based on rules derived from
experts or other sources. Finally, machine vision has enjoyed a rapid increase in robotic applications.
Machine vision can acquire complex environment information rapidly. Various algorithms can be used
to extract useful path planning information such as locations of obstacles, end effectors, tools, etc. and
can be used in real-time robot motion control. The reader is referred to Winston (1984) for more Al
discussion.

Man-Machine Interface

Robots can commonly be programmed or controlled through teach pendants or a computer. A teach
pendant is a small key pad that allows the user to move the robot, record positions, and enter simple
programs. Modern robots are also accompanied by programming and control software that runs in
microcomputers or workstations. The software environment often includes an editor, menu-driven robot
control, and diagnostic utilities. More intelligent robot control programming is commonly supported in
this environment than is available through the teach pendant.

Control programs can also be generated off-lineofidine programmingthe spatial configuration
of the robot and work environment is modeled in the computer. A programmer is presented with a 2D
or 3D world model of the robot and its environment graphically. The programmer will specify the
locations and paths in this model rather than working with a real robot. Off-line programming has the
potential to improve robot productivity and simplify the procedures of creating complex robot programs.
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14.9 Design of Robotic Systems

Kok-Meng Lee

For mandiacturing in which the maracturingfacility is concerned with similarolumes of production
and a wider range of parts, the assembly line/mass production method is often nffecibat. dt is
often desirable to group equipment units together widkcells that can, in composite, perform an
entire family of related operations on the produithe work-in-progress enters theorkcell, remains
while sveral functions are performed, and theavés theworkcell.

The indvidual equipment units that are used in therkcell (for both processing and materials
handling) can consist of combinations of manual, semiautomatic, and fully automated equipment.
However, in this section, the ternworkcell” refers to a grouping of the robot and its peripheral equipment
to assemblery of a lagevariety of products with little or no human intention, diven by electronically
designed dataAn assembly robot is a compavaly simple mechanism whose function is to position
parts and tools in the space ofitsrk volume accuratgl It is a comparately low-cost machine of
high precision of positioning and great reliakilitts simplicity, however, excludes the possibility of
human-type actionske form recognition and its prehensile tools &gy far from taving the number
of degrees of liberty a human hand has. If we concede that an assembly robot can by no means compete
with a human being in a cormgsl task, we alsodve to ackowledge that an assembly robot is capable
of executing monotonous tasks with consistently high precision, thereby increasing the quality of the
product. It can als&eep up dast production line indefinitgl Recognizing this ffierence between a
human and a robot is essential in the design of a robotic system.

The remainder of the section igganized as fotiws. A set of design considerations for designing an
assembly robotvorkcell is first presented. Layouts for a typical robetmrkcell are then discussed.
Experience séar has sbwn that in most instances, it is a feeder fads in theworkcell, not the robot.
Feeding methods must be carefully considered when desigmngkaell and are discussed at the end
of the section.

Workcell Design and Layout

Design Considerations

Assembly systems can be broadly clisdi as manual, X¥ed, and #xible systems in relation to the
compkxity of the product to be assembled and to the produetidunme as sbwn in Figure 14.9.1
Flexible roboticworkcells are typically used for less compbroducts atdw or medium production
volume, while for increasing product coreyity, the cells designed for a single-purpose task can be
linked into assembly line8part from productolume and compgkity, the design of the robotiorkcell
depends oneseral factors: namel number of part types, end-of-arm tooliegchange, as well as
product design.

Number of Parflypes. A typical workcell consists of a robot and its peripherals made up of part-
presentation mechanisms, feederswvegor, and end-of-arm toolindgzor a small number of part types,
parts are presented to the robot by feeders ganiesAs these tke up space, only a limited number
of different parts can be fed to one robot. In mechanical assembly normally a maxirfiuentofsix
different parts can be presented in thay.

To extend the robos accessibility to a tge number of parts, mechanized component feeding systems
can be mounted on dataihdin carousel aweyors spaced around the robot, each wiixed dispensing
point within reach of the robot gripp&he carousel can accommodate upeeral hundred positions
onto which mgazines, tapes, or other modular dispensing systems can be attaftimedultiple
programmable carousels, the robot can acoa&sa thousand €ferent partsThe application of the
mechanized carousel is useful when onlga éf each part type from thousands of styles may be used.
Other alternaves are (1) kitting, in which all components to be assembled are kitted in a loosely
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Prodcut complexity
Number of overations
r
60 N E e dedicated automation
A - assembly machinery
B - assembly lines
40
------- manual assembly
C - station
D - lines with automated transport
20
flexible automation

E - assembly cell
F - assembly lines

Volume number

FIGURE 14.9.1 Classification of assembly systems.

palletized waffle pack, and followed by more accurate location using standard machine vision; and (2)
the use of accurate totes for robot handling.

End-of-Arm Tooling ExchangeMany systems use different gripper exchange systems in order to cope
with different parts. Tool exchanges are often considered as “nonproductive” since they do not contribute
to assembly operations. The exchange is serially coupled to the assembly operations. This means that
the cycle time increases due to the extra time needed for pickup and drop-off for tool changes as well
as travel time between the assembly point and the end-of-arm tooling station. In order to reduce time
loss due to the gripper, exchange should be minimized and/or in parallel with other activities, and the
distance between pick-up point and assembly point should be very short. This problem could be avoided
if a fast-revolving gripper head is used provided that space, weight, and cost of the revolving head do
not pose a problem. Alternatively, the pallet carries batch-specific equipment such as grippers, fixtures,
and end-of-arm tooling and can be presented to the robot on a conveyer in a similar fashion as the parts.

Product Design. Product design for flexible automation cells includes the following criteria: task
operations based on flexible assembly cells for specific product families which must be able to assemble
the variants of these product families using programming, fast changeover from one product to another
within a flexible assembly cell, and reuse of standard elements for new assembly tasks

In addition to product complexity and volume, two other criteria should be considered in the con-
struction of flexible assembly cells. First, since only a few products are generally suitable for fully
automatic assembly, manual working processes are often essential with a large number of products.
Flexible assembly cells must be constructed so that manual work stations can be included following
ergonomic principles. Second, since the type-specific peripheral costs will increase in relation to the
number of individual parts in the product to be assembled, part-specific feeders must be minimized for
the economic use of flexible assembly cells.

Workcell Layout

Workcell design and layout in a flexible automation system depend on the nature of the manufacturing
processes, the product design, and the material handling system as a whole. The manufacturing systems
are classified as electronic product assembly, subassembly of electrical and mechanical components, and
kitting cell for large-scale manufacturing.

Electronic Product AssemblyFlexible workcells are commonly used for the assembly of integrated

circuit boards (PCB), where a combination of interchangeable part-feeding mechanisms are used to
present parts to robots. Since a majority of the processes involved are carried out in the linear, vertical
plane, robots of SCARA or gantry construction are best suited for these assembly tasks. The workcell
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consists of a robot and its peripherals made up of part-presentation mechanisms, fewegos, and
end-of-arm tooling.

Figure 14.9.Xhows the oganization of a typicalvorkcell for assembly of &amily of circuit boards
(Decelle, 1988), which is a part of the in-line component insertion, inspection, and repair assembly line.
Circuit boards to be assembled are secured on paneiarttirough thevorkcell on a caveyor. Each
of the circuit boards is characterized by ad@ded serial number that permits product tracking, data
collection, and testing through the assemBbards requiring assembly are positioedr an edvator
mechanism in thevorkspace of the roboThe mechanism lifts the board slightly and uses the tooling
holes on the panel to locate the circuit boawdb digital signals intéace the caveyor to theworkcell
— one signals the robot that the board is ready for assembly and the other signaiggios tmindx
the board to theext workcell. Components are fed to the robot by using feedéws feeder singles
out components to walking-beam mechanism that transfers parts through lead-cutting, lead-straight-
ening, and leaderification operations and on to the lead-locating nest for robot pitkgpacivities
of the robot and its peripherals inn@rkcell are coordinated by a host compuide workcell is set
up and monitored through the host compuiérough the host computethe operator pvides the
workcell the code to be assembled, the components in the feeders, anditheatmn of the feeders.

I Parts Presentation Base }— r

End-of-Arm Teach
Tooling i

Robot Operator Control
Panel

Feeders

and Controller

Display Monitor and
Keyboard

Bl:refd:e n—‘ Conveyor ]

FIGURE 14.92 Workcell for elctronic assemhly

Subassembly of Electrical and Mechanical Componehttslike PCB assemlp| packaging and
designs of small electrical and mechanical components are generally nonstandBindizetthe problem
of automated éxible assemblyworkcells lies in the presentation of parts and tegrek of fexibility
of assembly of small components oftemolves both product design and layout consideratesten-
sively.

Figure 14.9.3hows a self-containedekible workcell for assembly of small mechanical parts with
a circular indxing table. Modular part-feeding equipment such as vibrator feemds land special-
purpose trays are placed around thesiimdy table to feed and to orient small components to the robot.
Typical mechanical operations such agting, scewing, welding, inserting, pressing, and so on are
achieved through quick changeer end-of-arm toolingThe circular indxing table arrangement is
advantageous where end-of-arm tooling changes are necessary for haniirendparts. It atiws
changes of end-of-arm tooling tdkéaplace while other operations are continuing.

With compkx products, assembly in a sindlexible assembly cell is nothaays feasible. In this
case, a #xible assembly line can be designed to link self-contained independektells (Figure
14.9.3) so that #y can be engaged or digmged as required to alV adaptability in connection with
product model changd@lternaively, standard carriers or pallets can be used to presergeariamber
of different part-types to a robot. Each pallet carriesgelaumber of identical parts, unorientad
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End-of-Arm
Tooling

Parts on Table

FIGURE 14.93 Typical single-purpose workcell

with the right side up, and placed orflat board. Standard machine visimas used to detect the
orientation of the parts.

Kitting Cell for Large-Scale Manufacturing.In the field of lage-scale marfacturing such as automo-

bile mandiacturing, engine assengbhnd machining processes, where the setup time of specialized tools
for each task igxcessve, thework is generally disthuted into sveral cycle zonesAs anexample,
actual cutting time (production time) representalae between 5 and 20%akrage machine utilization

time that includes nonprodune time accountable byorkpiece load/unload, too) change/setting, and
workpiece inspect.

To avoid a high ével of wear and tear on tools due to constanvexsion, thecycle zone is commonly
divided into indvidual operating cells which may be interconnected in series, parallel, or a combination
of series and paralleh typical workcell (Figure 14.9.3) consists of a robot, a part-feeate end-of-
arm tooling section, and the mdacturing process he parts are contained inegularly spaced pallet,
which are transported by means of an automated gweleidle AGV) or a cawveyor to the loading
tables and are fed to process by the robleé most common approach in automated part presentation
for machine loading is the use of specially designed pallets for eacfamést to maintain sfiicient
position accurey for a completely preprogrammed robot picking.

In the case of assenyblpurchased parts or parts to be processed are kitted onto one kit tray in a
single location. Kitting is the process of taking parts fimrtk and placing them on a kit grawhich
is an @ganized group of parts. Concentrating the materiaet®l system and its control to one area is
the main benefit of the kitting cell. In addition tffi@ent use of floor space by eliminating duplicate
equipment at each assembly cell, the feeders and tooling iaezsah — the same equipment is being
used all the time for all parts, thus maximizing utilization while minimizing ca@itenseThe material
delivery equipment is eliminated at the assendghle timesAlso, having all the parts for an assembly
on a carrier permits changes in the process route during maawinérde or blockages.

Figure 14.9.4stows a layout of the kitting celAn overhead gantry ks bins of parts and dumps
them in the appropriate feeders (indicated in Figure 14.9.4 as F1,..Thefeeders fill the lanes with
an initial quantity and replenish them as parts are kifted parts come to rest in nests at the end of
the feeder lanes. Here the vision systamifies the correct pafamily, performs some quality checks,
and determines the position and orientation for the robot to pick the parts. Should the vision reject the
part, the nest will dump the part anderpart will be fed in for an inspection. Using a quick chamge
grippe, multiple parts are kitted onto ayrdnce all the parts are on the kityirthe tray is inexed to
the inspection station forerification that all parts are placethe robot thes the completed kit tray
and places it on the assemblynesyor to an idle station, ready to be liéd up by a AGV.

Part-Feeding and Transfers

The term “part-feeding” refers here to feedingrkpieces from pallets using a preprogrammed robot
for subsequent processes such as machining or agsdmélcost to feed parts to a robot for either
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GANTRY ROBOT

ROBOT 2

FIGURE 14.9.4 Schematics of the kitting cell.

machine loading or assembly irflexible mandacturing system (FMS) has often been underestimated,
which may comprise as high asat thirds of theoverall investment and is usually the source ofrgda
percentage ofvork stoppages and defectsgeneral eview of existing mechanical part feedersan be
found in Lee (1991).

The basic kinds of part-feeding may be clisdias folbws: (1) mechanical feeders which are designed
to feed and to orient the parts-dedicated part-feeding apparatus, (2) dimensionally dedicated pallets
which are specially designed for each ganily to maintain the position/orientation, and (3) machine
vision.

Mechanical Feeders

The commonly used mechanical feeders for robotic assemblyoatddeders, vibratory feeders, and
programmable belt feedefor large volume mantacturing, the emplyment of the dedicated mechan-
ical part-feeding apparatus may be ffistl. However, mechanical feeders consume a lot of room around
the workcell, oftenfail due to jamming, and, most si§inantl, generally require retooling when a
component is changed or tool wear is caused by jamming.

Vibratory Bowl Feeders. Vibratory towl feeders (Boothoyd and Rewhurst, 1985) are most commonly
used as mechanical feeders for robotic asseniibe basic component of awl feeder consists of a
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vibratory bowl, a rotating disk, and an orienting track. Parts to be fed to the robot are separated into a
single line and oriented to move to feeding end. These feeders, in general, are not designed to be easily
converted to feed new part types. The cost of the bowl feeders can be broadly divided into two parts:
special purpose equipment cost and general purpose equipment cost. Typically, changeover would involve
replacing the bowl, orientation track, feed track, and escapement, which contribute to special-purpose
equipment cost. Only the vibratory drive unit could be reused. This general-purpose portion of the feeder
is approximately 30% of the feeder cost.

One way to lower the cost of the bowl feeder per part is to deliver different parts to a robot assembly
station using multiple layer vibratory bowl feeders. A multilayer bowl feeder has several bowls mounted
in stacked fashion, and in each bowl a different kind of part is stored. The design of multipart vibratory
feeders aims at reducing the cost of the vibratory feeders by sharing the general-purpose hardware cost
over several parts and by reducing the special-purpose tooling cost. Two basic forms are available: bowl
type and in-line type.

To change over this multipart vibratory feeder to other part types, the orienting tracks must be replaced.
An effective way to reduce wear is to separate the function of orienting from feeding. The function of
the multilayer vibratory feeders is to restrict feeding parts to a separation unit. Parts of several different
types are fed but not oriented from a vibratory feeder. In most cases, the workpieces must be held by a
mechanical pusher against a pair of orthogonal datum planes on a relatively flat surface with the “right
side up.” A machine vision system is then used to locate and/or to sort the orientation of the parts using
two-dimensional binary images, which is a great deal easier to store and to process.

Vibratory Belt Feeders.In vibratory belt feeders, parts are fed by a vibratory conveyer belt (Boothroyd
and Dewhurst, 1985). The principle of the vibratory belt feeder is to produce a vibratory motion on the
surface of the brushplate. The motion is obtained by pulling the brushplate sharply down and back and
then allowing it to spring up and forward. This action, repeated at high speeds (approximately 3600
times per minute at 60 Hz power supply), produces a definite vibrating movement on the brushplate
surface, permitting parts to be conveyed in a smooth and easily controlled manner.

The orienting systems used on these belt feeders may be a mechanical device, an optical sensor, or
a vision system. A machine vision system is often used to locate and/or to sort the orientation of the
parts using two-dimensional binary images. A line-scan camera is commonly used to create the silhouettes
of the workpieces, and in some cases the product designs can be reviewed to simplify the vision algorithm
and to reduce the system cost. Since a robot gripper can grasp parts from a queue on the feeder itself,
belt feeders do not require any special-purpose tooling for feed track or escapement and thus offer several
advantages over the vibratory bowl! feeder for robotic assembly

Dimensionally Specific Pallets

One of the most common approaches is the use of specially designed trays or totes for each part family
to maintain sufficient accuracy for a completely preprogrammed robot picking. A particular form of
these dimensionally precise feeders is known as tape-and-reel for feeding parts of relatively small sizes,
which can be placed on tapes of standard width. For some devices that are large, heavy, ceramic, or
have fragile leads, tapes are very expensive and impractical.

In general, the dimensionally specific pallets are well suited for large volume production where changes
of part types are not frequent. The operational cost of the design-specific pallets includes packaging
costs for transport, construction cost for pallet alignment, and engineering cost for new pallet designs.

Vision-Based Flexible Part-Feeding

For flexible manufacturing, where a large variety of product sizes and component types are encountered,
the part-feeding system must have the ability to adapt to a changing product design without costly
hardware redesign or time-consuming software reengineering. This need has been addressed as a general
industrial vision-based bin-picking problem by several authors.

In manufacturing automation applications, the processing speed of acquiring and analyzing an image
must be comparable to the speed of execution of the specific task. The attempt to duplicate human
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perception by obtaining a three-dimensional detailed image of the part often calls for time-consuming

computation and does not necessarily determine the location and orientation of a given part with the
accuracy required for successful part acquisition by the robot. Moderate location inaccuracies pose no
difficulty for human operators since they use vision, hand-eye coordination, and sense of touch to locate
and correctly load the part.

However, if the orientation of the parts can be characterized by the two-dimensional object silhouette,
retroreflective materials can be used as a background in generic part presentation (Lee and Li, 1991).
Most surfaces on objects exhibit a combination of diffuse and specular reflection. A point on an ideal
diffuse-reflecting surface appears equally bright from all viewing directions. Surfaces covered with papers
and matte paints may be considered as reasonable approximations. An ideal specular reflector is one
that reflects any incident light ray as a single ray in the same plane as the incident ray and the surface
normal. The basic principle of the retroreflective vision sensing is to structure the surface reflectance of
the pallet or the landmarks so that it is much brighter than objects generally characterized by diffuse or
specular surfaces. In practice, a number of nonpredictable factors such as measurement noise, the
uniformity of the surface reflectivity, and the uniformity of illumination, which occur on both the object
and the background, can be eliminated by a relatively simple technique. If part design can be modified,
brightly illuminated retroreflective landmarks can be intentionally created on objects for location track-
ing. Low cost landmarks could be incorporated in design by using retroreflective liquid paints on existing
features. Alternatively, generic landmarks can be constructed by applying solid glass beads on the
reflected surface of standard fastening devices such as screw heads.
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14.10 Robot Manufacturing Applications

John W. Priest and G. T. Stevens, Jr.

Product Design for Robot Automation

Identifying automation opportunities early in product design is important because product design require-
ments tofacilitate robotic marfacturing are often unique and must begrated early in the product
design process. Sonmerall mandiacturing problems for using robots and some design solutions to
resole these problems are listadTiable 14.10.1

TABLE 14.101 Design Solutionsfor Robots

Problems in Utilizing Robotics Design Solutions o Assist Froduction
Location accurey and repeatability Design forvertical assembly; use chamfered edges for mating
surfaces; tolerancedway for mating parts
Part feedirg ard orientation Design parts which can be easily fedyyide notches, guide pins,

or slots for part orientation; select parts freendors that will
deliver in easy-to-feed packaging

Programming robot and associated Design simplification; use common parts foffetient products,
equipment part reductions; part families
Application problems with fasteners Minimize the use of all fasteners; utilize snap fits where possible

(screws, washers, and nuts)
Downtime caused by jams and misfeeds Selectvendors that produce high-quality parts
due to poor part quality

Rossi highlighted the product desigiserole in robotics stating this problem (Rossi, 1985):

Often designs are made in such a fashion that one cannot access a certain area with a robot. Humans can get around
obstacles and operate within those designsyeasil robots cannot becausesghare not quite aseiible as human

beings. | think that this is the single most important item that has kept us from being further along thait\hatare

happens is that users try to apply a robot to something the¢n designed without robotic assembly in miligy

usually run into a problem. Either the robot cannot handle it at all or the users findathaavehgot to put a lot of

additional engineering design into a particular workcell, or perhaps into arffentirein order to get around the

problem All this does is add to the price tag, and costeiyy much in consideration when one is trying to sell these
systemsA situation arises where robots are no longer ait@because of all the additional things that need to be done.

In summay, the product must be designed for the nfiacturing process and the robBar more
information, the reader shoule/iew Boothioyd (1994), Bralla (1986), Priest (1988)daranner (1994).
Table 14.10.Zhows some design rules for robotic assgmbl

TABLE 14.102 Design Rulesfor Robotic Assembly

Product should &ve a base part on which boild assemblies in a topedn, straight-line motion direction

Base should be stable and facilitate orientation

Parts should be able to be added in layers

Use guide pins, chamfers, and tapers to simplify and self-align the layering of parts

All parts should accommodate handling by a single gripper and be comparable with popular feeding methods

Suficient access isvailable for the gripper

Avoid the use of bolt-and-nut assembly

Parts should be able to be pushed or snapped together; whes ace necessary for repahey should all
be the same size

High quality parts are used

Vendors déVer parts that are compatible with the selected part feeder mechanism
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Economic Analysis

Economic analyses for robotic applications are similar to those Mormeandacturing equipment
purchase and usually use minimum anne&tmue requirements, presemaiue methods, or breaken
analyses. Since robots arftexible method of automation, a unique aspect of robotics is faetuings
ability to reuse the robot after its initial production run for other applications in later Feamnay
companies, this subsequent use of the robot cardaa sh the economievaluation. Some other unique
benefits in robotic economic analysis that may be included arevatpgualiy, higher precision, ability
to run longer shifts, and reducidor space. Unfortunatglsome unique disadntages of robot analysis
are sofivare inegration compéxity, inability to respond quickly to product design changes, and process
reliability.

In general, there ar@seral situations where robots are mokelly to m&e economic sens€hese are

A. Suficient volume to spreadwestment costever many units
1. High volume
2. Stable product design
3. Multishift operations
B. Robot is used on more than one product
1. Limited number of dferent products on same production line
C. Part handling problems occur when performed manually
1. Parts that arevery lage, hevy, or bulky
2. Parts that arevery fragile or easily damaged
3. Parts that arextremely small
D. Extremely dificult mandacturing process without using robot or automation
1. Many processes, especially in electronics, cannot be performed without robots or some type of
automation
E. Safety and health concerns of process
1. Safety and health costs can be digant

The type of data concerning the robot system that is required for an economic analysisigish
Table 14.10.3

TABLE 14.103 Economic Cost and 8vings for Robot Applications

Investment costs
Robot purchase price — for maapplications this is a much smaller part of the costs ¢kpected (25 to 45%)
Other equipment (part feedersneeyors) — this includes the cost of hardware interfaces
Design of end fectar, special fixtures, and other equipment — most applications require the design of a unique end
effector and special fixtures
Software design and mgration — can be a much higher cost tegmected due to the conggity of interfacing diferent
equipment controllers
Installation including facility modifications — usually a small cost for robot system
Technical risk — this is the risk of whether the system will perform up to the specifications in areas such as performance,
quality, precision, etc.
Operating costs
Training — costs of training operators, engineering and maintenance personnel
Product design changes — cost required to modify the robotic software and hardware when design changes or
modifications are made to the product
Operating, utilities, and maintenance — typical costs found for most manufacturing equipment
Savings
Direct labor — labor asings caused by the robotic system
Ergonomic and health — benefits ofver number of job injuries, workers compensation costs, and compliance with
OSHA regulations
Quality — impoved quality may result due tower scrap and waste
Precision — robots can often perform tasks at a much higher precisiorofier.vériability) than manual operations
resulting in éwer defects and better product performance
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Cost Justification for Robots

In this section amxample of a robot justification study is presenfBus example uses the discounted
cash fow method resulting in the calculation of a rate of return (often referred to as the internal rate of
return).

The rate of returni, is defined by Equation (14.10.1) as

n n

X, .
0= ,Z AR Jij(P/FRJ) (14.10.1)

where
X = the net total cashdiv for yearj

]
n = number of years of cagltow

Basicaly, the rate of returnR, is the interest rate that kes the sum of the discounted célsfwvs
equal zero.
The net cashdivs, X, in Equation (14.10.1) can befuted by Equation (14.10.2):

X;=(G-C), - (G-C-D),(T)-K+L, (14.10.2)

where
G; = gross income sings, evenues) for yeay
C, = the total costs for yedrexclusve of book (compay depreciation and debt interest)
D, = tax depreciation for yeqr
T = tax rate (assumed constant)
K = total installed cost of the project (capigpenditure)
L = salvagevalue in yeaj

A numericalexample is ww presented using the dateven n Table 14.10.4The values n Table
14.10.4 should not be considered represmatathey are used only foexample purposes.

TABLE 14.104 Data for Numerical Example

Project costs

Purchase price of robot = $40,000
Cost of end fector = $10,000
Software inégration = $20,000
Cost of part feeders = $10,000
Installation cost = $ 4,000
$84,000
Yearly operating costs = $10,000
Yearly svings
Labor = $60,000
Quality = $10,000
Tax rate =  40%

The first question that must be answered is, what is the capitaérggeriod (life of the economic
study)? In thissxample 3 years is use@ihe rext question is, what is the yearly tax depreciai®his
example uses MCRS (3 years)Therefore, the percentages used to determine the yearly tax depreciation
amounts are thosevgn in Table 14.10.5It should be noted thdable 14.10.5 implies there are 4 years
of tax depreciationThis is because the MCRS system uses a half-year depreciatiowveation. In
this example, it is assumed there idfstient taxable income from other operations thatvalihe use
of the depreciation amount in year 4. In teiample, the sahgevalue is assumed to be zero.
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TABLE 14.105 MACRS Percentages

Year Percentage
1 33.33
2 44.45
3 14.81
4 7.42

Using Equation (14.10.2), it isow possible to generate the cdldws stown in Table 14.10.6

TABLE 14.106 Net Cash Flows

EQY Ké&L G C D X
0 $84,000 — — — 84,000
1 $70,000 $10,000 $27,997 47,199
2 70,000 10,000 37,338 50,976
3 70,000 10,000 12,440 40,976
4 L=0 —_ — 6,224 2,490

Some sample calculations foM:

X, = —$84,000

x, = (70,000 - 10,000) - (70,000 — 10,000 — 27,997)(.40)
= $47,199

X, = —(—6224)(.40)
=$2,490

With the cash @ws in Table 14.10.6 the rate of return can be determined using Equation (14.10.1):

0 = -84,000 + 47,199(P/FR 1) + 50,935(P/FR 2) + 40,976(P/FR,3) + 2,490(P/FR4)  (14.10.3)

To determine R in Equation (14.10.3), a trial-and-error solution is reqAsedming 20%, the right-
hand side of Equation (14.10.3yes $15,619 and with 25%, it is $-17,28BRerefore, the rate of return,
using linear interpolation, is

20%  $15,619
R 0

25% -17,262

R=20+ >0 g
32,881

=22.38%

This rate of return (22.38%) isow compared to a minimum acceptable (ativ@jtrate of return
(MARR). If R = MARR, the project is acceptable. Otherwise, it is unacceptable. It is pointed out that
the definitions of cashdiv and MARR are not independertlso, the omission of debt interest in
Equation (14.10.2) does not, necesgaithply that the initial project cost (capitetpenditure) is not
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being financed by some combination of debt and equity capital. When total cash flows are used, the
debt interest is included in the definition of MARR as shown in Equation (14.10.4).

MARR =k (1-c) +k,(1-T)c (14.10.4)

where
k. = required return for equity capital
ky = required return for debt capital
T = tax rate
¢ = debt ratio of “pool of capital” used for current capital expenditures

In practice, it is not uncommon to adjust (increds@ndk, for project risk and uncertainties in the
economic climate. There are other definitions of cash flow definitions (equity and operating) with
corresponding MARR definitions. A complete discussion of the relationship between cash flow and
MARR definitions is given in Stevens (1994).

Assembly

Assembly is projected to be the largest area of growth for robots. Key design goals for robotic assembly
are to ensure high-quality parts, minimize the use of fasteners and cables, and provide accessibility so
that parts can be easily fed and oriented by automated equipment. Designing to facilitate the use of
robotics requires a review of their capabilities. Although assembly robots are often shown as stand-alone
equipment, they require considerable amounts of support tooling and auxiliary equipment. These include
part feeders, end effectors, special fixturing, and a material handling system. Except in the case of robots
with vision or special sensors, parts with which the robot will interact must be precisely located and
oriented. This may require additional tooling or special vendor packaging.

Assembly is defined as the combining of two parts into one entity. This combining process may
include (1) the use of mechanical fasteners (i.e., screws, snap fits, rivets, etc.); (2) joining processes such
as welding, brazing, soldering, etc.; (3) application of adhesives; (4) the simple process of placing two
parts together to be joined together later.

Robotic assembly is the use of robots to perform one of these assembly processes. A typical set of
tasks for robotic assembly using mechanical fasteners might be

1. Go to locationx;, y,;, ;) and grasp part A (assumed to be properly positioned and oriented).
2. Place part A in a fixtured assembly positign ¥,, z,, including proper orientation).

3. Go to locationX;, v, z;) and grasp part B (assumed to be properly positioned and oriented).
4. Place part B on part A4 Y., z,) including proper orientation.

5. When an additional process is needed, fasten or join part A to part B using process tooling.

As can be seen in this simple list of tasks, developing robotic assembly system focuses on getting
the parts to be assembled in the proper position and orientation and the combining process itself. Because
of this, the rest of this section will describe the parameters of these two aspects: part feeding and
presentation and the combining process.

Part Feeding and Presentation

Robot assembly requires the robot to go to a predefined location and grasp a part. The part may be
positioned and oriented or it may not. Since a positioned and oriented part is preferred, part-feeding
methods that can perform this task are desired. The most popular types are

1. Vibratory bowl feeders

2. Pallets and trays

3. Specialized feeders

4. Special vendor packages
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5. Conveyors

Vibrating bow! feeders are one of the most popular methods due to the large number of parts that it
can feed and its cost effectiveness. Pallets, in turn, are popular for many electronic parts and fragile
parts where the part cannot withstand the forces found in a vibrating bowl feeder. Specialized feeders
are those feeders that are usually designed for a particular type of part. These can include tube feeders,
magazine feeders, and slides. Vendors can often provide parts in specialized shipping packages which
keep the parts in the proper position and orientation. Finally, when the parts are delivered by conveyor,
special fixturing and stops can often be placed on the conveyors to position/orient the part.

When the part is not positioned or oriented, additional sensors must be added to the system. Commonly
used sensors are

Machine/robotic vision
Simple sensors such as photodiodes
Tactile/touch sensors

Robotic vision is becoming more popular in assembly as their purchase, software integration, and
installation costs continue to decrease. Although most robot manufacturers offer vision systems as an
option, they are still an expensive addition to the system. Simple on/off sensors can be used in certain
cases when only limited data are required. Tactile sensors can sometimes be used to touch/feel the part
to identify specific features of the part or to recognize its location.

Combining Process

After the parts are placed together, the combining process will often require the robot to perform some
process operation. This can include an additional equipment such as a fastening gun for a screw, adhesive
applicator and pump for a bonding operation, or a solder gun for soldering. Most robot manufacturers
can offer equipment for the various types of assembly processes.

For more information on robotic assembly, the reader should review Asfahl (1992), Groover (1986),
Klafter et al. (1989), and Sandler (1991).
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14.11 Industrial Material Handling and Process Applications of
Robots

John M. Fitzgerald

Replacing humans with robots to perform processes has often led to failure. The reason is that the robots
are often mechanically capable of the manipulation while being incapable of process planning and
control. Thousands of robot installations have failed because replacing the manual method with the
automatic method lacked adaptability to process related variation. The human operators had been using
their cognitive abilities to do the job. A vast majority of successful robot implementations past and
present have a very important common aspect: repeated execution of fixed programs with little or no
on-line modification of path or position.

Process robot planning and programming still usually require the efforts of highly skilled technicians.
Often, complex programs cost too much and take too long. Continuously controlling and varying path
manipulation parameters for real-time process control is difficult. Many processes are not known well
enough to describe their control algorithmically. In a few applications sensors are becoming more
common for adapting robot plans to changes in the environment. Setup, seam tracking, positioning,
conveyor tracking, and now automatic programming for painting and finishing are becoming practical
as sensor costs and computation costs continue to decline.

In this section robotic material handling and process applications are presented from an automation
system perspective focusing on the robot’s manipulation functions. Manipulation is considered a man-
ufacturing material transformation and a transportation process factor. Programming and control are
viewed as the means of integrating robot manipulation as part of the manufacturing process. The reader
who is interested in a specific application is encouraged to first review the relevant process technology
sections of this book.

Implementation of Manufacturing Process Robots

Manipulation as a Process Requirement

The starting point of automation system design is a thorough understanding of the process to be
automated. Implementation of a process robot requires a focus on manipulation as a process factor. The
pose and path requirements of the process are independent of the manipulator used.

It is useful to conduct a static spatial analysis of manipulation requirements and then examine the
mechanical and dynamic requirements when designing or selecting a process robot manipulator.

A spatial description of the relative positions and orientations of the workpiece and tool during
processing provides the basis for describing the required manipul@doinposesare graphed in an
appropriate reference frame, usually the frame of the workpiece, or in the case of machine loading, the
work holding fixture may be used. Path requirements are secondary for these applications. The path
taken does not affect the process. ¢antinuous path processestire paths must be graphed or mapped.

If continuous analytical descriptions of the path are not available, a sampling of discrete points along
the required path can be used to represent the space occupied by the path. The result in both cases is a
Cartesian mapping of spatial requirements of pose and path. A description of the pose and path precision
requirements should be included. Next the mechanical and dynamic requirements are defined. Payload
and force reactions at each position and along the path must be understood. Other important dynamic
requirements such as acceleration and power should be quantified. The manipulation requirements are
the basis for design and selection of both the robot arm and the controller.

Manipulation Capability of Process Robots

The basic mechanical capability of the robot mechanism to perform the manipulation work is determined
by its mechanical structure, kinematic configuration, and drive mechanism. There are several applications
including painting, palletizing, spot welding, and arc welding for which specific types of robot arm
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designs have evolved driven by process needs. Although predisposed by design to perform a particular
process, these robots have no innate process capability and are not guaranteed to perform in a specific
application. Specifications of gross robot performance characteristics such aseatiability,accu-

racy, and payload are usually readily available from their manufacturers. A well-defined set of process
manipulation requirements when compared with published robot specifications usually isolates the field
of mechanically qualified candidates. It is more difficult to characterize and evaluate a robot’s capability
for complex motion. The exact working of the robot’s trajectory generation software is usually not known
by end users and can only be evaluated by indirect testing. Acceleration and load capacity are usually
specified, and there are some standard methods for specifying path performance, but the robot’s dynamic
behavior and performance are difficult to measure. Specific performance testing is usually required to
prove manipulability for process robot applications.

Integration of Manipulation Control and Process Control

Achieving manipulator and process control integration depends upon robot programming and external
data access. For any given application the required motion execution may be possible, but programming
may be too difficult to be practical. Establishing that the robot is capable of coordinated motion can be
done by reviewing the specifications or by conducting motion tests. As an illustration of the importance
of programmability consider, for example, a situation in which a complex series of twisted curves define
a robot tool path. If two robots with identical kinematic structure and joint trajectory generation capability
differ in their programming in that one is capable of executing paths following user-defined mathematical
functions and the other is only capable of executing paths defined by closely spaced taught poses, the
difference in programming effort could easily amount to hundreds of hours. For each application
encountered the programming methods must be assessed to determine if the required motion is pro-
grammable in a practical sense.

Access by process robot programs to external data is becoming more important. Although most process
robots now work without any external process feedback, this is beginning to change rapidly with the
development of improved low cost sensor systems and methods. Virtually all robots are capable of
discrete digital and analog signal input and output. Most may also be equipped with standard serial and
parallel communication capacity. If sensor information is to be used for set-up positioning or real-time
path adjustment, the robot controller must have the communication and control to convert data into
information that can be used to modify path and position commands. In cases of extreme path complexity,
path planning systems external to the robot controller may be needed to create the paths. Testing will
verify the ability of the robot controller to accept and execute externally generated motion sequence data.

Industrial Applications of Process Robots

Palletizing and Depalletizing

Many products are packaged in boxes of regular shape and stacked on standard pallets for shipping.
Robots are commonly used to palletize and depalletize boxes because they can be programmed to move
through the array of box positions layer after layer. Although palletizing is more common than depal-
letizing, there is no major functional difference in the manipulation requirements. Transport distances
of several feet are common. Stack heights usually do not exceed 5 ft. Payload weight can be in excess
of 100 Ib. When standard servo-driven joint actuators are used accuracy and repeatability will usually
be far better than the required box positioning precision.

Palletizing typically requires four axes of controlled motion — three for translation and a fourth for
yaw to orient the box. Cylindrical coordinate robots are favored in palletizing because they have large
vertical lift and a compact footprint allowing more of the floor area in the workspace for conveyors and
pallets. When larger workspace is needed gantry robots must be used. Continuous duty cycles are not
uncommon and robot power is important for maximizing throughput. The most technically demanding
aspect of system design is the gripper. Vacuum grippers are popular for lifting boxes by their tops, but
other more complex gripping methods are sometimes needed. Payloads must be carefully positioned
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with respect to the robot’s wrist and other links to balance gravitational and dynamic loading. Load
shifting during high acceleration moves can result in dropping or mislocating the box.

Palletizing position arrays are usually taught or programmed relative to a corner or keystone box
position as a reference so that the entire array can be shifted by redefining that one position. Programs
are simple and easily modified to adapt to changes in box dimensions. Monitoring is done by checking
the state of discrete proximity and vacuum sensors. A proximity sensor mounted on a gripper will indicate
if an object is at an expected location; or the same simple proximity sensor may be used to stop the
robot in the correct location to pick up a box from a stack of unknown height when the top of the box
is encountered. Vacuum pressure switches are often used to verify acquisition by suction cup. A simple
proximity switch can be used to signal the presence of an expected package at the pick-up point. With
careful timing and additional sensor inputs, items can be transported to and from moving conveyors.
Packaging
Packaging is often a combination of palletizing and assembly-type actions. A collection of objects which
may not be identical are inserted into a box or other container. The robot may also be required to
assemble, place dunnage, seal, or mark the package. Insertion may simply require positioning the pack
item over the opening of the package and dropping it. Boxes most often are supplied partially assembled,
printed, and folded flat. Usually human operators or a special machine will open and prepare the box
for packing; rarely will the robot be used for this purpose. Often the robot can be used to place cardboard
layer separators, foam, or cardboard holding forms and other protective dunnage in the box. Finally,
sealing and marking operations may be performed by the robot. Pack items may require complicated
assembly-type motions such as rotations and curved moves to clear other packed items.

Three to six axes of motion may be needed. Packing items with a variety of sizes, shapes, and other
varying physical properties into one package have the potential to complicate motion and tooling
requirements. Grippers can be designed with multiple functions or they can be designed to be exchanged
by the robot at tool storage racks. When material throughput is high, a single robot may be dedicated
to each pack item. Simple programming methods are employed such as teach programming. Discrete
sensors are useful for monitoring grip status of pack items.

Machine Tending: Loading and Unloading

Forges, stamping process, some machine tools, and molding machines are now commonly tended by
robots. Historically these types of machines have been loaded by human operators. Now these jobs are
considered to be too arduous and hazardous. An important benefit of robotic machine loading is improved
product quality resulting from consistent machine cycles. Robots eliminate the inconsistencies of human-
paced loading and as a result the cycle can be precisely repeated. For heated molding, stamping, and
forging processes, part formation and release are sensitive to the thermal state of the machine. If a
machine is left open for loading for differing amounts of time each cycle, significant cooling variations
result in potential sticking and geometric flaws. When robots are used, the process can be tuned to the
consistent robot loading cycle.

Machine loading is usually more demanding than other material handling applications because part
orientation and placement are critical and may require locating mechanisms such as tooling pins and
pads and/or sensor logic to guarantee interface between the robot and the serviced machine. Accuracy
is usually not an important factor because the loading stations are permanently located in the robot
workspace, but repeatability requirements may be as small as several thousandths of an inch. Payloads
can range from a few ounces to several hundred pounds. Grippers for machine loading may also require
tooling pins and pads to locate and orient parts and to mate precisely with the machine’s part holding
fixture. The gripper may dock with the holding fixture and then transfer the part when loading clearances
are very tight.

The entire range of robot types, sizes, and configurations is used for machine tending. Articulated
arm robots are needed when dexterous manipulation is required to transport parts through the maze of
clamps and spindles and other protrusions and obstacles found on some machines or when part orientation
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must change for loadingpplications where the robot is dedicated to loading a single part into a single
machine in highvolume production are not uncommon. Position programming is usually done by
teaching. It is common to monitor discrete sensors in the gripper and the loaded machine to insure proper
loading beforecycling the process machine.

Sorting

Discrete parts are often sorted during production, usually as a condition of transferga gneduction
station The sort characteristics are usually disttéd in some unpredictable manner so thatiddal
inspection and handling are requirétie diflference between sorting and other transfer or loading robot
applications is that the disposition of the part is based on infornggionad during the sarThe robot
must tave the programming functions to support multiple preprogrammedepatiution triggered by

the logical sort outcome conditions.

Part Dipping

Many processes require controlled manipulation of parts temporarily sgéthzn somevorking fluid
or coating material. Some common part dipping processes are twvarigll

Investment Casting.Intricately shaped and often delicatax forms are coated with a slurry of stucco
material which cures to form a mold. Later thax is melted and drained from mold which can then
be filled with molten metal'he dipping motion must be carefully controlled tevent trappingoubbles
and distorting thevax shape.

Solder Retinning. Electrical contact pads and component leads are coated by dipping in molten solder
as a preliminary step to assembly and soldering of the conneétimmsperature-dependeihiix reaction

is required to ackie wetting by the solder so the robot must hold the component sydmiria molten

solder for a precise delay period. Speed of walel is a major procesgriable for controlling the
coating thickness of solde

Conformal Rotective Coating. Some electrical and mechanical components are dipped in liquid poly-
mers to seal out moisturer,aand contaminatiarThe viscosity of the polymer and the speed of insertion
into the fluid must be controlled so tHhdw into small features occurs without trappimgbles of ai

Once submged the component may be reorientede@mal poses and to el air bubbles to escape.

Quenching. Heat treating is a commonly used method of majmy alloy propertiesVarious fluids are
used as cooling baths. Controlling insertion and manipulation is important for control of cooling rate.

Dipping processes require precision of part insertion and \aitladlsovelocity and acceleration must
be programmable and repeataflke stirring requirements may require the use aV@ br three-axis
wrist in addition to the translation motiorxes. Grippers may require special cleaning or cooling
capability either on board or at service stations locatedeodently in the robos reach.

Resistance Spot Welding

Robotic spot welding (seeigures 14.11.5and14.11.3 is the most pemsve robot application in the
automoive industy. Resistance spot welds are formed by tightly clamping steel pieces together with
opposing contact electrodes and then passingga Emount of current through the joint, welding the
metal while producing a spray of molten sparks along with loud Nidisa the joint is held momentarily

until the weld solidifiesWelds are made at discrete positions byvimg the robot-mounted gun to
pretaught pose3he spot welding process parameters, pressure and temperature, are controlled with the
separate gun controtldVeld location and therefore positioning of the gun are critical.

Dexterity, payload, and quickness are critical operational requirements for spot welding robots. Gun
pose repeatability is critical for consistently locating weld joiAtcess to joint locations is limited
because both electrodes must reach the weld site while maintaining clearance between gun frame and
workpiece edges. Irge articulated arm robots are typically used for most spot welding applications
because of theadterity needed and because the weight of the welding gun and associated robot-mounted
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FIGURE 14.11.1 Six-axis articulated arm robots spot weld automobile bodies on a transfer line. (Courtesy of Nachi
Robotics, Ltd.)

FIGURE 14.11.2 Spot welding operation simulated in off-line programming environment. (Courtesy of Deneb
Robotics, Inc.)
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apparatus ofteexceeds 2001 Fixedcycle programs are typical which may requieeesal man-months

to develop and less than a minutedxecute The robot spot welding path position names, pathrprde
and control logic can beadeloped &f-line, but lack of robot positioning accusacharacteristic of kge
articulated robots requires the weld positions for eachvithehl robot to be taught by posing and
recording them manugll This tkes adantage of the robt repeatability which is often orders of
magnitude better than its accayaUnfortunatey, when a robot that has been teach programmed is
replaced by another robayen an identical model, hours or days of teaching will be required to bring
the replacement robot on line. PracticeiPC-based calibration methods which eliminate this problem
by dfectively improving accuray are ow becoming commerciallgvailable.

Drilling

Hole drilling is a precision machining process. Most robots cannot hold a drill spindle rigidly enough
to overcome the drilling reactions and most robots cannot generallg in a precise enough straight
line to feed the drill. Drilling robots use special drilling erffbetors which locate and dock onto the
work piece or a fixtureThe robot wrist and arm must be compliant and forceful enough to hold the
drilling end dfector firmly into location gainst the fixture oworkpiece. Drilling end fectors lave a
spindle motor and a feed mechanism whadkcute a separately controlled drilliogcle while the robot
holds the endféector in position.

The robots only contribution to the process is toave the drilling end #ector into its docking or
holding place. Drilling robots dve been used most successfully in the aerospace industry because
airframe structures require thousands of holes to be placed precisely and imxcorgitations.
Manipulability requirements for drilling are similar to those for spot weldiig drilling end &ector
weight will tend to be less than a welding gout tool holding force and reach usually impose the
requirement for lege robots.

Fastening

Robots are commonly used for applying threatisteners in the automobile industry fastening
wheels, and in the electronics industry foreaéng components to circuit boards and circuit boards into
chassis. Robots are also used feeting in airframefabrication.

Fastening is an endfector position-and-hold applicatioifhe robot does not falv the threaded
fastener as it turns andatels into place; the endfector uses a slide aylinder for that purpose.
Automatic nut runners and sardrivers and the associated haeale feeding apparatus are broadly
available. Since a human is no longer operatingfés¢éening tool other means of process control are
needed. Usuallfastener angular displacement, longitudinal displacement, and torque can be monitored
and correlated with signatures or patterns characterized fofispasiener joints. Manipulator arm and
control system requirements are similar to other position-and-hold applicateygdarge torque may
be encounteredorsion bars or other static mechanisms are often needee/émpthe arm from being
torque loaded.

Inspection

Robot inspectionnvolves relaive part/sensor manipulation to compare, measure, or detégsiagd
characteristic of the objege workpiece. Sensors used in robotic inspection include chemical detectors,
computer vision systems, infrared detectors, sdaser rada radiation detectors, capacé proximity
sensors, touch probes, X-ray cameras, particle/photon detectors, thread probes, and gaugesgo
Robot inspection applicationswer the range of manipulation from enffeetor position-and-hold to
continues in-contact path motion. In some cases the kinematic structure of the robot is used as a spatial
measuring evice by incorporating séeice sensors or probes in the last link as robot #ecters Figure
14.11.3. The foward kinematic solution of the joint angle measurements sampled at a contact pose
give the position in Cartesian space of the contact point. If the manipulator is stationary during the
measurement then the rotsoCartesian positioning error must be added. If the robot is calibrated the
error may be almost as small as the repeatability (0.001 to 0.020 in. for most industoralisen
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arms). If the arm is oving while measurements are made digant error may be added because of
delay in sampling the manipulator joint positions.

FIGURE 14.113 Robots inspect pick-up truck body prior to final assgmitourtesy ofFanuc Robotics, N.A.)

Programming considerations are critical because robot inspection often requires data collection at a
huge number of discrete positioMdhen CAD data arevailable, df-line programming of inspection
may be possible, particularly for position and sense-type inspections. Sensor tool pose requirements can
be quickly and accurately fileed in the CAD mvironment and the pose data transformed into robot
workspace coordinate$Vhen hundreds or thousands of inspection poses are required manual teach
programming may be too time consuming and cost provebiespecially when a mix offéerent parts
must be inspected.

Paint and Compound Spraying

Paint spraying is a major application in the autaretndusty. Painting booths are hazardous because
the paint material is often toxic, carcinogenic, demmable. Human painters often wear required
protectve clothing and breathing equipmefibe paintfan projecting from the arm-mounted spray gun
must be manipulated smoothly along paths that are ofteedand compk.

Most robots used for painting are especially designed for that puiieyeusually fave large reach,
small payloads, and repeatability is usuallggéa than that of other types of robots and reegeed
+0.010 in.Painting robots are typically six DOF articulated arms, often with suppleme®tsata pitch
the paint gun and todverse alongside aoving line. The potential for ignition of seénts and suspended
particles may require taking precautions to eliminate ignition sources associated with the sparking of
motors and other electrical components. Until brushless DC motors became coravadahje for
robot actuation virtually all painting robots wénedraulic because of the motor sparking problem. Lead-
through teaching (also called teach-playback) is typical for paintifigin® programming of painting
is becoming more popular and some specialvso# packages aawailable. Figure 14.11.4hows an
image from a simulation used validating painting robot motion programs. Some compound spraying
is done with smaller general-purpose robots,e@mple, spraying of protdee coatings in the elec-
tronics industy. Circuit boards may require expected @xterity in order to point the spraying nozzle
correctly to coat board features.

Compound Dispensing

Compound dispensing refers to laying a bedtuad material on a steice Applicationexamples include
caulking car bodies, sealing windshields, placing solder masking on circuit boards, gluing subassemblies,
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FIGURE 14.11.4 Painting operation simulated in off-line programming environment. Estimated paint thickness is
illustrated by shading. (Courtesy of SILMA, Inc.)

solder paste dispensing, and decorating candies and cakes. Precision of placement and amount is critical.
Smooth controlled paths are often essential. Position accuracy and tool path velocity accuracy are both
important requirements.

All types and configurations of robots are used for dispensing. Many applications require only three
DOF. When obstructions must be maneuvered around to gain access to the dispense locations, five or
six DOF are needed. Payloads are usually small. Dispense speed may be limited by either the robot’s
ability to track a path at high speeds or by the dynamics of the dispensing process. In automotive
applications the fixed cycle mode of operation is common. A robot program to lay a bead of sealer along
the edge of a windshield is a taught path requiring good dynamic path repeatability of the robot. In
electronic circuit board fabrication and decorating cakes, each workpiece may have a different dispense
pattern; teaching paths are not practical in this situation. Some method of off-line programming must
be used.

Cutting

Many engineering materials are produced and supplied as stacked or rolled flat plates or sheets. Further
fabrication can require forming and/or cutting these materials into precise shapes. Robots are frequently
used to manipulate a variety of cutting tools along paths that are often complex and curved. Many cutting
processes are also used to produce fine features such as holes and slots. Common robotically manipulated
cutting processes are listed below.

Laser. Molten metal heated by collimated intense light is blown away by a gas jet. Most common use
is for thinner metals (0.50 in. or less) and on a variety of other thin materials.

Waterjet. A high velocity water jet is formed by forcing very high pressure water through a small orifice
in the range of 0.008 to 0.040 in., which can cut a variety of nonmetals.

Abrasivejet. After a high velocity water jet is formed it passes through an abrasive mixing chamber
where abrasive particle are entrained in the jet. A variety of metals and other tough and hard materials
can be precisely cut; many materials can be cut with good control up to 1.0 in. thick. Cut thickness in
excess of 6.0 in. has been reported.

Plasma Arc. Molten metal heated by an electric arc is blown away by a gas jet. Plasma arc cutting is
commonly used to cut patterns in plate steel.

Router. A rotary cutter is most often piloted either on the workpiece or a guide fixture for precise
trimming or chamfering edges of plate and sheet material.
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Knife. A variety of knife types, some ultrasonically assisted, are employed to cut mostly nonmetals.

The cutting tool path and pose must be precisely controlled to achieve accurately patterned piece
parts. The demands on manipulator performance are primarily determined by the interaction of desired
part geometry, material thickness, and material properties. Feed rate, tool stand-off, beam, jet, and arc
angle are all cutting process control variables which must be adjusted to material characteristics for good
results. An extreme case of cutting manipulator performance demand is the combination of thin easily
cut material with complex shape, and small geometric tolerance. This requires high speed coordinated
motion of five or more axes which must be kept on track. This translates to a requirement for high
performance servo-control elements in order to achieve high rates of mechanical response and joint
angle position and velocity precision. Some type of advanced programming method such as a CAD/CAM
may be required for high part mix applications. When extreme precision and complexity are required,
as in many aerospace applications, precision fixtures incorporating tool guides may be used to force the
tool path to repeat with near-zero deviation. In the case of contact tools such as routers and wheel knives
the end effector must be capable of bearing preload forces applied in excess of the tool reaction forces
to eliminate tool bounce-induced path errors.

Equipment and tooling for many of the robotic cutting processes may be complex and expensive. End
effectors can easily cost tens of thousands of dollars and require difficult and cumbersome wiring and
plumbing. Routing of laser wave guides and high pressure tubing for water jets from power source to
robot end effector requires skill and experience in both design and installation.

The majority of cutting robots are three-axis natural Cartesian machines specially designed to cut flat
sheet materials. Cutting speed and accuracy performance are aided by their easily calculated kinematics
and easily predicted dynamics. Path planning and path generation are also simplified with flat parts.
CNC is commonly used, and many automatic nesting and path programming software systems are readily
available. There is some use of tool position sensors for part location during setup. In-process sensor-
based tracking for edge cutting has been implemented with success, but is rare. Several five-axis gantry-
style machines have been implemented for cutting complex aerospace materials including impregnated
broadcloth patterns and composite wing skins. Articulated arm robots may be used when less precision
is needed, as in trimming automobile carpet or making cut-outs in large plastic moldings.

Arc Welding

Arc welding is a metal joining process that uses intense heat produced by an electric arc between an
electrode and the metal parts being welded. The weld pool and arc are always shielded by inert gas or
a chemical vapor. In gas metal arc welding (sometimes called metal inert gas welding), which is the
most common robotic arc welding, an electrode of filler metal wire is fed through a gun into the weld
pool site as the robot manipulates the gun along the weld path. The hazards of arc welding include:
intense ultraviolet, visual band and radio frequency radiation, toxic fumes, and noise. The pose (position
and orientation) of the welding gun with respect to the joint or seam is a major arc control parameter.
The feed rate of the gun is important in control of penetration and other weld characteristics. Unlike
spot welding, manipulation is an arc welding process control variable.

Most arc welding robots operate in fixed cycle mode, which means they execute or play back a
programmed sequence. If assemblies are presented to the robot with consistent seam geometry, then the
path can be taught once, stored, and then executed repeatedly for each assembly. Given that all other
relevant process variation is within accepted limits, the system will produce satisfactory output. However,
weld seam position and seam shape variations may influence the process, especially in larger assemblies.
When there is variation in the upstream sizing, cutting, fit-up, and jigging of weld assemblies, the location
and orientation of the weld seam will vary. Also, as the weld progresses, localized thermal expansion
and residual stresses can force seam distortion. A range of methods for adapting the robot system to
these variations exists, from correcting pretaught path plans at setup time, through actively altering robot
motion in “real time.” A sustained high level of academic and commercial research and development
effort has resulted in practical methods of automatic weld seam tracking and process control.
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Rapid deployment in recent years is a direct result of sensor integration for seam tracking Seam
tracking methods correct the path to compensate for errors in location and orientation of the welding
tip based on sensor data. Commonly used sensors include mechanical probes, computer vision, laser
edge detection and ranging, and arc current and voltage. Because of the extreme environment of the
region surrounding an active welding tip, sensors are often housed in protective chambers. Typically the
errors are measured and calculated in a convenient reference frame in the three-dimensional workspace
of the robot system, the same space in which the tool path is described. In some cases the error is
measured by tool-mounted sensors relative to the moving reference frame of the tool. The preprogrammed
path is then shifted by mathematical transform in the reference frame of the tool. An important aspect
of seam tracking is the use of sensors to detect the sides of the weld channels as boundaries for automatic
side-to-side weaving. This is usually done with “through-the-arc” sensing in which arc current is
monitored as an indicator of clearance between the welding tip and the channel edge. While tracking in
the direction of the seam, transverse motion commands are given so that the tip approaches one edge
until the edge is sensed and then the motion is commanded in the direction of the other edge. Weld
penetration, filler deposit amount, and weld bead shape can be controlled in-process by variable control
of the welding speed or feed rate. Arc welding robot systems which use sensors to adjust the robot path
in real time (computation is fast enough to respond to sensor data with useful path adjustments) are
among the most advanced or intelligent robotic applications found in practical industrial use.

Robots used for arc welding must be capable of precisely executing taught paths. Motion must be
smooth and precisely controlled. Velocity control is important but the speeds required are not high, 2
in./sec, while welding is faster than most applications require. Higher velocities are important to reduce
cycle time for applications with lengthy arc-off motion. Welding robots must have good reach and
dexterity. Five DOF is required as a minimum and six DOF adds to gun maneuverability. There is
normally no forced contact with the weld seam and the welding gun’s weight is usually less than 20 Ib,
so robot payload requirements are light. If real-time path altering is required, the robot’s motion
generation functions must have programmable interfaces with the sensor systems. The robot’s controller
must have a means of accepting data and manipulating it for use with high level functions in the robot’s
native programming language.

Finish Machining

Few material-forming processes produce finished parts. Most machining operations leave burrs and sharp
edges. Large aircraft wing skins are milled by three-axis terrace cutting leaving small steps which must
be blended to prevent fatiguing stress concentrations. Complex curved surfaces like ship propellers and
aircraft landing gear are machined with rounded milling tools which leave a pattern of toolwhetiks

must be ground off. Cast parts require gate and sprue removal and deflashing. Many parts must have
their surfaces conditioned for appearance or subsequent plating and coating operations. Stamping and
forging of automobile door panels and engine components leave “imperfections” which are finished out
by hand. Die cast surfaces of hardware for door handles, faucets, furniture, and appliances are ground
and polished. Finishing removes material to reduce waviness, reduce roughness, remove burrs and sharp
edges, and to remove flaws. Manipulation is a finish machining process control variable. Tool pose,
applied pressure, feed rate, and tool path must be controlled. Smaller parts are finished using fixed-floor
or bench-mounted tool stands. For larger work pieces the finishing tool is mounted on the robot. Finish
machining is very demanding of the manipulator because continuous path control is required while
maintaining contact between part and tool.

Medium- to large-sized robots are usually required for surface finishing because end effector weight
and tool reaction force are additive when calculating payloads. A further margin of payload is usually
required to offset the fatiguing effects of vibration and cyclic loading from tool reactions. Tool point
positioning accuracy is less important than tool orientation and feed rate. In general, higher rates of
surface curvature will require greater robot path precision. Six DOF robots are often required. Edge
machining tool paths are constrained by burr geometry, finishing tool characteristics, end effector
geometry, and part geometry. A single part may have edge features in several directions and orientations.
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The robot may require an assortment dfedent tools and a tool changer to reach all edges. If these
measures do not all/ access then multiple setups may be needed to present all featuieisharg.

Most robotic suiace finish machining applications use compliant éagsrocessed-orce control
is required in some applications keep tool pressure constaRarce controllers are most often imeo
porated in the endffector or in the tool standrigure 14.11.5hows a robot equipped with a force-
controlled finishing endféector using a seo-controlled pneumatic actuator that is capable of applying
consistent tool pressuréhrough-the-arm robot force-controlagailable from some robot mafactu-
ers,but its usefulness is limited to applications requiringvsfeed rates because obwl mechanical
response.

FIGURE 14.115 Robot equipped with force-controlled erffieetor grinds tool marks from ship propell¢Cou-
tesy d The Automation and Robotics Research Instit(itee University d Texas a Arlington.)

Path planning and programming of edge andaag finishing for compek-shaped parts can bery
difficult and time consuming. Both tool position and tool pose are critical in obtaining the correct tool
contact areaTedious paths programmed using the teach method require hundreds of haeiae d
because of the lge number of taught points. Generating the path control sequence is a major problem
in mandacturing operations which produceaiety of compéx-shaped parté\n example is in polishing
large asymmetric-shaped aircraft skin panélsmore dificult automation problem is robotic spot
finishing of fews and other anomalousgions of the part stece when their location arettent are
not krown before set-up timéThe reason is that the paths must be planned, generateekemutied
on-line This type of motion generation system requires part modeling and computational functions not
available on most robot controllerBigure 14.11.6shows an operator digitizing a part ace to be
modeled in preparation for automatic path generation by the PC.
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FIGURE 14.11.6 Workpiece surface is digitized and modeled in preparation for automatic tool path generation.
(Courtesy of The Automation and Robotics Research Institute, The University of Texas at Arlington.)
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14.12 Mobile, Flexible-Link, and Parallel-Link Robots

Kai Liu
This section will discuss nonstandard robots, including mobile robots, lightweight flexible-link robots,

and parallel-link robots. These robots are often more suitable than standard serial-link commercial robots
for certain applications.

Mobile Robots

Traditionally, standard robots are fixed in position. They are mounted on a rigid base and bolted to the
floor so that they can withstand the forces and torques applied when the arm manipulates objects.
However, fixed-base robots cannot cope with a large variety of applications in which a robot will operate
in large and unstructured domains. A special type of manipulator, that is, a mobile robot, is often required
in these applications.

In tomorrow’s flexible manufacturing system (FMS) environment, mobile robots will play an important
role. They will transport parts from one workstation to others, load and unload parts, remove undesired
objects from floors, and so on. In addition to indoor mobile robots, there are some other outdoor occasions
where mobile robots may take on heavy responsibilities. Examples include construction automation,
military missions, handling of harmful materials, hazardous environments, interplanetary exploration,
and so on.

Classifications of Mobile Robots

Mobile robots can be classified by driving mechanism as wheeled mobile robots, legged mobile robots,
and treaded mobile robots. Some other types of mobile robots, for instancedéreater mobile
robots,the autonomous aerial mobile vehicknd so on, are also available but are not included in this
discussion.

Wheeled Mobile RobotsMobile robots using wheels for locomotion are calldteeled robotsTwo

driving configurations are used in today’s wheeled mobile robot — steer-drive and differential-drive.
The former uses two driving wheels to make the vehicle move forward and backward. The heading angle
is controlled by an independent steering mechanism. Since the driving action is independent of the
steering action, the motion control of the vehicle is somewhat simplified. However, due to physical
constraints, this configuration cannot turn in a very small radius. This shortcoming makes it less attractive
in some industrial applications. Differential-drive configuration mobile robots, on the other hand, have
two independent driving wheels positioned at opposite sides of a cart base, arranged parallel to one
another. Their speeds can be controlled separately. Thus, by appropriately controlling the speed of each
driving wheel, this mechanism is able to drive the vehicle forward and backward, as well as steer its
heading angle by differential speed commands. Even though this configuration requires a somewhat
more complex control strategy than the steer-drive configuration, its capability of making small-radius
turns, even making turns on-the-spot, makes it the first choice in many industrial applications.

Some commercial wheeled mobile robots includeGfiberGuard Autonomous Survelliance Robot
manufactured by Cyberworks Inc., Cana@d;2 Mobile Robot Basenanufactured by Real World
Interface, Inc., Dublin, NHLabMate Mobile Robot Platforrmanufactured by Transitions Research
Corporation, Danbury, CT; arlR-20 Mobile Robomanufactured by Arrick Robotics, Euless, TX.

Legged Mobile RobotsWhile most mobile robots use wheels for locomotion because of the simplicity

of the moving mechanism design and control, some other mobile robots use legs for locomotion. These
types of mobile robots are call&sjged robotsThe primary advantages of legged robots include their
ability to traverse rough terrain with good body stability and minimal ecological damage. In order to
maintain good stability, it is sufficient that at any time there are three points in contact with the ground.
Therefore, most legged robots use at least four legs, or even six or eight legs. As long as the legged
mobile robots’ center of gravity is within the triangle formed by the three contact points, stability is
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guaranteed. Compared with the wheeled robots, the control of legged robots is much more difficult.
Much has been learned about multilegged locomotion from studies of balancing and hopping on a single
leg. In particular, biped running can be viewed as successive hopping on alternating legs, since both
legs never contact the ground simultaneously. Some examples of legged mobile robotOBEXde

I manufactured by Odetics.

Treaded Mobile Robots Another type of mobile robot, the treaded robot, moves much like a tank. An
example of the treaded robot is ’DROS MARK Vhanufactured by REMOTEC, Inc. at Oak Ridge,

TN. It is something of a hybrid between a walking and a rolling veM&ROScan ascend/descend

45° stair/slopes by lowering its front and rear auxiliary tracks. It has all-terrain capabilities that are ideal
for performing missions in rough outside terrain or in rubble-strewn, damaged buildings.

Sensors and Measurements

To navigate in unknown and unstructured areas, the mobile robot must have the capability of sensing
the real world, extracting any useful information from the data acquired, and interpreting the information

to understand the environment surrounding it, especially the situation in front of it. Several sensor systems
for mobile robot navigation have been reported in the literature (Elfes, 1987). Of these, stereo vision
systems and active rangefinding devices are the most used sensor systems. The former extracts range
information from pairs of images to build a 3D world map. However, due to the high computational
expense — a 3D map may require 1 min to generate — stereo vision systems have not to date been
generally used for real-time navigation control. Active rangefinding devices do not suffer from this
problem because they can deliver range information directly

Two kinds of rangefinding devices are available: laser rangefinders and ultrasonic range transducers.
Even though laser rangefinders can provide fast response with high resolution, a relatively long mea-
surement range, and high measurement precision, the required systems structure and configurations are
very complicated, which makes the system itself very expensive. On the other hand, sonar systems are
simple and low cost (probably orders of magnitude less expensive than laser-based systems), though the
measurements have lower resolution and lower precision.

Determining range by means of sonar systems is a simple process. A short burst of ultrasonic sound
is first transmitted by an ultrasonic range transducer, then an echo is expected to be received by the
same transducer. If in a reasonable time period no reflected signal is detected, it is assumed that there
are no objects in the area of interest. Otherwise, the time for round-trip propagation is determined and
the distances to any objects are calculated. The transducer yields a 3-dB full angle beamwidth of 50
KHz at approximately 12 to 25depending on the signal frequency and transducer diameter. Thus, to
scan the whole area surrounding the mobile robot, at least 24 to 30 transducers, of which the trans-
mit/receive axis lies in the same horizontal plane, are needed.

Vision systems, also sometimes useful in robot sensing, usually consist of one or more video cameras
and an image processor. The vision system can provide the richest source of information, which is, in
fact, needed in certain applications such as road following, object identification, and so on.

Feedback from rotary and linear actuators used in wheeled and/or legged mobile robots is provided
by position sensors and/or velocity sensors. This information is then processed for estimating position
and orientation of the mobile robot in world coordinates.

By far the most commonly used position sensor iofiteal encodenwhich uses marks to indicate
position. The typical encoder has a track for each binary digit of information. The encoder is mounted
on the servo motor. When the motor rotates certain degrees, the absolute rotation position of the axis
can be read from the digital output of the encoder. The resolution of the encoder is equal ¥ (360/2
degree, where is the number of tracks. If an 8-track encoder is used, therf/atépiresolution can
be attained.

Other types of position sensors used in mobile robot systems include synchros, resolvers, potentiom-
eters, linear variable differential transformers (LVDT), rotary variable differential transformers (RVDT),
amplitude-modulated laser radars, and laser interferometers.
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Conventional servo design requires that the servo controller include a “velocity term” in its transfer
function. Without the velocity term, a servo system will usually exhibit an undamped, resonant behavior
and can be highly unstable. In principle, the signal from a joint position sensor can be electronically
differentiated to obtain joint velocity. However, if the joint position sensor has a owligyt, differen-
tiating the position sensor signal can effectively magnify the noise sufficiently to make the servo system
unstable or unreliable. To overcome this difficulty, several velocity sensors are available for directly
measuring the joint velocity. BC tachometesystem consists of a voltage meter (or a current meter)
and a small DC generator (sometimes called a “speed-measurement generator”). The latter is usually
constructed with a permanent-magnet stator and a multipole wound armature. The armature is connected
directly to the rotating shaft of the servo motor which is used to drive the manipulator joint. When the
small permanent magnet DC generator rotates with the servo motor, its output voltage (when driving a
high-impedance load) varies in proportion to the rotation speed of the armature. Voltage output variations
can then be translated into speed changes or used as a feedback signal to control the robot arm velocity.

Supplementary position and orientation information can also be supplied by inertial guidance sensors,
terrestrial magnetic field sensors, or inertial reference systems (IRS).

Navigation

Autonomous navigation of mobile vehicles has been studied by many researchers. In Elfes (1987), a
sonar-based navigation system for an autonomous mobile robot working in unknown and unstructured
environments was developed. The workspace is classified into “probably empty regions,” “somewhere
occupied regions,” and “unknown regions” based on the interpretation of the data obtained from the
sonar system. In this scheme, as more and more data are received, the first two regions may increase,
and the uncertainty of these regions also decreases. It is reported that after a few hundred readings, a
sonar map covering a thousand square feet with up to 0.1-ft position accuracy can be made. Another
navigation scheme uses a stereo vision system to control a mobile base autonomously operating in a
complex, dynamical, and previously unknown environment. A pair of stereo cameras is mounted on the
mobile base to generate a symbolic world model. Based on this model, the desired trajectories are
specified for the driving motors.

Although the schemes described above work well in specific environments, path planning and navi-
gation control are always separated into two isolated issues. The path planning mechanism designs a
smooth path from an initial position to a goal position by providing profiles of position and velocity, or
profiles of position and heading angles, in Cartesian space. It assumes that perfect knowledge of the
system dynamics and the environments is always available and that the position and orientation of the
vehicle are measurable absolutely. After the desired trajectories have been designed, the navigation
mechanism will take charge of driving the mobile robot to follow the prescribed trajectory as closely
as possible. Even though each mechanism may work well through closed-loop control, the whole
navigation system is an open-loop system. Static path planning strategies do not provide the essential
adaptability necessary for coping with unexpected events. The success of navigation control depends
mostly on the accuracy of absolute measurements of position, velocity, orientation, and their rates of
change. All of these must be measured in (or transfoto)eQartesian space. This is a very expensive
and difficult job.

Other possible closed-loop navigation control schemes use intelligent control techniques, for instance,
fuzzy-logic control. In such a control scheme, the path-planning mechanism and trajectory-following
mechanism are often integrated, not separated. The path is planned dynamically and is always up-to-
date. All the information that the system needs to know such as “where is the goal (the dock),” “what
is the required final orientation (the docking angle),” “what is the present orientation (the present heading
angle),” “what is the present distance between the car and the goal,” “what is the present distance between
the car and any obstacles,” “what is the safe turning radius (the minimum curvature radius),” and so on
is easily captured through sensing the environment surrounding the car using onboard sensors (e.g.,
sonar) that yield relative information.
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The adiantages of such intelligent control ségiés areevident They unite ravigation and maneu-
vering into a single set of algorithms. Full and accuratevledge of the system dynamics is not required.
The only krowledge needed are the correlations between the control actions (acceleration, steering, etc.)
and the performance (“baliors”) of the systemThe absolute measurement of the positionwehalcity
in Cartesian space is not required. Only information aboutwel&ications is necesgarand this is
always available Tight coupling between sensor data and control actioogdas the adaptability
necessary for coping with expectedevents Actually, there is no path planning to be performed; the
driving mechanism reacts immediately to pered sensor data as the mobile robatigates through
theworld.

Flexible-Link Robot Manipulators

Most robots used in todesymantiacturing systems are rigid-link manipulators. Making ribigot links
and dives extremely stif to minimize vibrations atlws rigid-link robots to track a desired trajectory
with very high agree of accumy, often using standard classical (PID) control schemewekér, the
price paid for this includes key manipulators, aolv payload-weight-to-arm-weight ratio, higlovper
consumption, and @l response rates to motion control commands.

With the gowing demand from industry automation fawker mandiacturing costs, higher motion
speeds, better performance, and easier transportation and setup, the rigid-link manipwatwsmaa
or late, be replaced by some sort of lightweight mechanical structures, sutdxibe-link robots.
While lightweight fexible manipulators &ve certain inherent adntagesover rigid-link robots, tby
impose more stringent requirements on system modeling and controller design because of the vibrations
of the fexible modes.

Modeling of Flexible-Link Robots

One essential stepwward successful control synthesis is to obtain an accurate dynamic mdhsiie-
link manipulators The flexible manipulator dynamics can be ided on the basis of a recivs
Lagrangian assumed-modes method (Book, 198% motion of robots with linRexibility is governed
by partial dfferential equations that must be datid inside aiyen domain defining theitible structure,
and by boundary conditions to be skid at points bounding this domaitherefore, the dynamic model
of flexible-link manipulators consists of highly coupled nonlineaggrd-partial dfferential equations.
Control of a structure using a formulation based on partifdrdintial equations iextremely dfficult.
To reduce the cometity of the model, the assumed-modes method is used to produce a set of nonlinear
ordinary dfferential equations based on an orthonormal sexigansion of the éxure variables.

A solution to the #ixible motion of links is obtained through a truncated modal approximation, under
the assumption of small fllections of the linksThe dynamic equations of motion fon a-degree-of-
freedom manipulator with umim flexible links can be written as

)  mn 0 !
M(q,é)gﬁm(q,q.&é)gﬁ"‘g) Kﬁﬁﬁ*éﬁ(g %résro(q)gzéf%

whereq =1[q, g, ... " is thevector of rigid jointvariables = [0, J, ... §,]T is thevector of deflection
variables M(q, 8) O Rmmx(+m ig the inertia matrix D(g,q,8,8) O RMmx(+m contains both rigid and
flexible coriolis/centripetal terms and terms representing the interactions of the joinvrigioles with

the deflectionskK; 0 R™™ is the sfifness matrix F (g,q) O R"is the friction, and5,(q) O R" is the

gravity term. The control inputs T 0 R" and the input matrixI [B{T 00 R™m js generally a function

of (g, ) depending on the boundary conditions (e.g., pinned-pinned, pinned-free, clamped-free) chosen
by the designeNote that the coriolis/centripetal matrD(q,q,8,8) can t&e sveral diferent definitions.
However, among these definitions, theeests one such that the deative of the inertia matrisM(q,

o) and the coriolis/centripetal matrix are related ey particulaway, that is M(q,8) —2D(q,9,5,5)

is skew symmetri@ property that is oftewery useful for controls design.

)
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It is important to realize that the rank of the control effectiveness matrix[laBKT) is less thanr{
+ m), that is,rank ([ B;]" = n < (n + m). This means that the number of degrees of freedom is greater
than the number of control inputs and is the major source of the problems in controlling flexible-link
manipulators.

Control of Flexible-Link Robots

Control of mechanical manipulators to maintain accurate position and velocity is an important problem.
Rigid-link manipulators are designed to be mechanically stiff precisely because of the difficulty of
controlling flexible members. The major objectives in control of a robotic system with link flexibility
are to command the tip of the flexible-link manipulator to move from one position to another as quickly
as possible (point-to-point minimum-time control), or to follow preplanned desired trajectories (trajec-
tory-following control) while keeping the oscillations of the flexible modes as small as possible. The
inherent large nonlinearities of flexible-link manipulators make their control very difficult. The link
flexibility makes the robot arm itself sensitive to external excitation; a small impulse signal may cause
the flexible modes to oscillate wildly.

Several conventional control techniques have been studied by robotics researchers for the control of
flexible-link manipulators. They fall into different categories. The first category includes some approx-
imate techniques such as linear systems approaches, linear minimum-time control, decentralized
approaches, and input-shaping techniques. Conventional control techniques cannot usually obtain very
satisfactory results for fast desired motions.

The second category includes some new control approaches that take into account many of the
nonlinearities. Among them are variable structure control, adaptive control, and the inverse dynamics
approach (where the whole control signal is composed of a causal part and an anticausal part). To
minimize residual vibrations, several constraints must be applied for the desired tip trajectories. As
pointed out in Kwon and Book (1990), for a specified rigid mode trajectory, there is associated a unique
flexible mode trajectory. The interactions between the desired rigid motion and the associated required
flexible motion (e.g., the inverse dynamics) are very complicated and parametrically sensitive.

Since the number of independent control inputs is less than the number of the output variables in the
case of flexible-link arms, the control problem is characterized as hadnged control effectiveness.

The so-called “model matching conditions” do not hold, and the conventional control techniques usually
used in the control of rigid-link robots (e.g., computed-torque control) cannot be directly applied to the
control of flexible-link arm. This problem can be solved by a model-order reduction based on a singular
perturbation strategy, in which the rigid modes are treated as slow-state variables, while the flexible
modes and their time derivatives are treated as fast-state variables. Another approach is the “reduced-
order computed torque scheme” that first removes the nonlinearities that are in the range of the control
input matrix, then uses PD state-feedback loop to convert the flexible system to a set of uncoupled point-
mass-like systems.

A third category of controllers includes various intelligent control schemes such as neural networks
(NN) (Lewis et al., 1995and fuzzy logic control (FLC). Many of the drawbacks mentioned above can
be overcome by either FLC or NN control if these are used in conjunction with sound control engineering
design practices (e.g., singular perturbation and/or feedback linearization techniques). The reason is
obvious: FLC and NN amnodel-freecontrol schemes applicable to a wide range of dynamical systems
that are ill understood and ill defined. The primary reason for this model-free characteristic is the
‘universal approximation property, shared by NN and FLC. Thus, by careful design, effective control
actions can be generated without extended analyses based on a precise, explicit mathematical function.

Parallel-Link Robots

By far the most widely used commercial robots are the serial-link manipulators, whose links and joints
alternate with one another in an open kinematic chain. This serially connected configuration is similar
to that of the human arm, with each link connecting only to two neighboring links through either prismatic
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or revolute joints,except for the last link which attaches to the effdator and the robot base which
attaches to the flooThe adiantage of the serial chain structural arrangement is thawidps a lage

work volume and exterous manipulability; twever, it sufers from a lack of rigidity and from accu-
mulated actuator errors. Especially at high speed and high dynamic loading operating conditions, the
serial-link manipulators glw poor dynamic performancdo improve the dynamic performance and
achieve high precision operations, the robot links must be made with high yjgiditch results in

heavy robots with dw force-output-to-manipulatewveight ratio. On the other hand, if the links can be
arranged parallel to one another in a closed kinematic chain structure such that the major force compo-
nents add togethethen high precision operations and high force-output-to-manipwetight ratios

can be acleved.

The Stewart Platform

The most popular and successful parallel mechanical structure is the so-aallad gatform, which

was first proposed by &tart (1965) in 1965As a mantacturing manipulato the Séewart platform

has wo fundamental characteristics which set it apart from machine tools and industrial robots — it is
a closed kinematic systewith parallel links The Sewart platform link ends are simply supported,
making the manipulator systefiar more rigid in proportion to size and weight thap serial link robot.
Furthermore, the links of the @tart platform are arranged so that the major force components of the
six actuators add togetheielding a force-output-to-manipulateeight ratio more than one order of
magnitude greater than most industrial robots.

The original Séwart platformwas designed for an aircraft simulator and consisted of six linear
hydraulic actuators acting in parallel between the base and the upper platforrowasrskigure
14.12.1 All the links are connected both at the base and at the upper platfousy by changing the
length of each link, the position and orientation of the upper platform are able to be controlled.

FIGURE 14.121 A six-degree-of-freedonSewart platform manipulatodeveloped at th Automation & Robotics
Research Institufefhe Uriversity d Texas & Arlington.
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Some nice features of the original Stewart platform include:

« The manipulator design has six degrees of freedom, three for position and three for orientation.

« The six linear actuators are driven by six motors with each motor reacting on the base to avoid
interaction between motors. Actually the manipulator can move when five of the jacks are locked
merely by adjustment of the remaining jack.

« To achieve the maximum performance for a given power source, each motor operates directly on
the same load (the upper platform). This makes a high payload-to-structure-weight ratio that at
certain points of the workspace amounts to nearly six times the lifting capability of each individual
actuator.

« Having low friction losses, with a powerful hydraulic system the manipulator can respond to
commands very quickly.

It is interesting to note that the Stewart platform was not the first parallel link mechanical structure
used in industry. As early as the 1950s, McGough devised a similar device for studying tire-to-ground
forces and movements. The system had been in operation since 1955, but was never made known to the
public until 1965 when Stewart published his journal article.

Advantages and Problems of the Stewart Platform

The Stewart platform appears simple and refined to the point of elegance. The performance mentioned
above can be achieved using relatively inexpensive commercially available servo-actuator technology.
The Stewart platform uses a closed kinematic chain which is structurally extremely strong and rigid,
and is capable of distributing loads throughout the system. The actuator errors are not cumulative,
allowing for high precision operations. However, the same closed kinematic structure that provides
mechanical stiffness also complicates the forward kinematics analysis. This problem is an impediment
to the derivation of dynamic equations and hence control schemes for real-time trajectory generation,
which is necessary for industrial application of the manipulator (e.g., surface finishing applications).

It is known that in the case of fully parallel structures, the inverse kinematics (that is, solving for the
corresponding lengths of the links given the position and orientation of the upper platform in Cartesian
space) is relatively straightforward. However, the forward kinematics analysis for the fully parallel
mechanism (e.g., given the length of each link, solve for the position and orientation of the upper platform
in Cartesian space) is very challenging. The reason is that the kinematic equations are highly coupled
and highly nonlinear.

Much effort has been devoted to finding an efficient algorithm for computing an accurate kinematic
solution. To solve for the Cartesian position of the upper platform in terms of the given link lengths,
thirty (30) nonlinear algebraic equations must be solved simultaneously, or polynomials of order 16 in
a single variable must be solved. Due to the time-consuming nature of these procedures, it is difficult
to compute the kinematic solutions on-line in real time. In Liu et al. (1993), a simplified algorithm was
proposed which required to solve for only three (3) simultaneous nonlinear algebraic equations. Since
the Stewart platform requires complex kinematics computations for trajectory following control, it is
difficult to achieve real-time control capable of supporting high bandwidth motion.

The common feature of the forward kinematics analyses mentioned above is that there is no explicit
analytical solution. Even for Liu et al.’s algorithm, it is still required to solve three nonlinear algebraic
equations by numerical methods. Since there is no explicit expression available for the forward kine-
matics, deriving the Jacobian matrix and dynamic equations directly in link space and studying the
singularity become impossible.

It is known that the Jacobian provides a transformation path which allows a two-way transformation
between the link space and Cartesian space. If the Jacobian is not singular, then velocity in link space
can be uniquely transformed to the corresponding velocity in Cartesian space. Particularly, if there is
no movement in link space, then there is no movement in Cartesian space, so that the Stewart platform
will remain rigidly fixed. However, at singular configurations, the transformation path from link space
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to Cartesian space is blaal. In this casegven though there is noawement in link space, the upper
platform can lose rigidy still possibly noving along some directions. In otheords, at singularities,

the Sewart platform maygain extra degrees of freedonirhe problem becomeavenworse in that, in

this situation, forces or torques in Cartesian space cannot be transformed to link space, that is, at singular
positions the Svart platform cannot be controlled toowe in all directions and cannetert force in

all directions. From the applicationsewipoint, investigating the conditions under which there will be
singularities is important.

Thus, while the parallel link manipulatoréfad structural adantages, ty also presentesere
difflculties for controller desigrnThe control problems associated with such structures are notasas
the systems do not satisfy most of the assumptions made in the controls literatuliegariy, in the
parametersind feedback linearizabilityTherefore, moséxisting control algorithms do netork well.

Manufacturing Applications of the Stewart Platform

Since proposed by &tart (1965) in 1965yarious applications of the &tart platform lave been
investigated for use as aircraft simulators, as robot wrists, in mechanized gsaathhi adte vibration
control As a manéacturing manipulato the Séwart platform has great potential in automatingwyna
light machining applications such asfaee finishing, edge finishing, routing, and profile millingwiN
manipulator applications to maimeturing processes requiring high force amdigr output such as
combined assembly pressing are also possiiiere are averal light machining applications that a
Stewart platform manipulatowould perform with less set-up corapity and tooling cost than a serial
link robot or a standard machine tool. Figure 14.12.2s stown a Sewart platform @veloped as a
suiface finishing milling machine.

FIGURE 14.122 Stewart platform automated surface finishing cell.

Many applications of robotic manipulators to high precision routing can be found in the aerospace
industy. A common application is trimming wing skin edg@&ke precision is usually aaved through
the empbyment ofexpensve templates that pvide a precise guide bearing for the tool todwllas it
is held in the naturally compliant grip of a robotic manipuldthe major adantage for using a &vart
platform as a routing machine is that it candellthe contours of m aerospace parts without the
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need for a tool guide; it is stiff enough to track the part precisely while withstanding the router cutting
reactions. The cost of this contouring capability as compared to a standard five- or six-axis routing
machine would be much lower.

The Stewart platform would be superior to any serial link robot as a drilling head manipulator. Virtually
all applications of drilling robots in aerospace manufacturing require the use of expensive and complex
end effectors of part jigs to compensate for the inaccuracy and lack of stiffness of the robots. Drilling
jigs for some parts can cost as much as ten times more than the robot itself. Special end effectors are
often used to apply preloads to prevent the drill from “walking” and chattering. The Stewart platform
could perform many drilling tasks unaided by special tooling because of its stiffness and precision.

The industrial robot has generally not been considered to be a good milling manipulator. The Stewart
platform could potentially perform contour milling of some materials with near-machine-tool accuracy.

A Stewart platform milling machine with stiffness and dexterity characteristics intermediate between a
large serial link robot and a five-axis mill could be built at or below the cost of a commercial serial link
robot. A Stewart platform milling machine successfully used for industrial applications is shown in

Figure 14.12.2.

When a direct contact tool like a grinder is used it is important to control both the tool position and
the forces involved so that the substrate is not damaged. For example, when grinding mold scale a very
aggressive tool may be needed, and the normal force applied can be as large as 40 to 50 Ibs so long as
the penetration into the surface is precisely controlled. The reactions in the surface tangent plane can
be very large and could cause oscillations if not held rigidly. A Stewart platform with a constant force
suspension for its tool could apply very large force with very high stiffness in one direction while being
compliant and forceful in the normal direction.
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Defining Terms

Accuracy. The degree to which the actual and commanded positions (of, e.g., a robot manipulator)
correspond for computed as opposed to taught positions.

Adaptive Contol. A large class of control algorithms where the controller haswits internal
dynamics and so is capable of learning the owkndynamics of the robot arm, thus iroping
performanceover time.

AML. A Manufacturing Language — a robot programming language.

APT. Automatic Programmingfolools — a robot programming language.

Cell Decomposition An approach to path planning where the obstacles are modeled as polygons and
the free space is decomposed into cells such that a straight line path can be generatedryetm@en a
points in a cell.

Compliance The nverse of “stifness” — useful in endffectors tooling whegver a robot must
interact with rigid constraints in thenéronment.

Computed-Torque Contol. An important and lege class of robot arm controller algorithms that
relies on subtracting out some or most of the dynamical nonlinearities using feedfocompensation
terms including, e.g., gvity, friction, coriolis, and desired acceleration feeafnd.

End Effector: Portion of robot (typically at end of chain of links) designed to contadd:

e Compound. A cluster of multiple endféectors and tooling mounted on the robot wrist.

« Active. An end éfector with sensing and ser control of the grasp forces andforger motions.
e Prehensile. An end dfector that holds parts betweé&ngertips or encircled by fingers.

« Vacuum. A nonprehensile endfector that uses suction cups to hold parts.

¢ Dextrous A hand with the ability to manipulate parts in tiiegers and ately control grasp
forces.

Feedback Linearization A modern approach to robot arm control that formalizes computed-torque
control mathematicaj] allowing formal proofs of stability and design ofvaticed algorithms using
Lyapurov and other techniques.

Flexible-Link Robot. Lightweight mechanical structures where vibration #edbility of the links
must be tken into account in controller desighhey possess$avorable features includingwer man-
ufacturing costs, higher motion speeds, better performance, and easier transportation and setup.

Force Contol. A class of algorithms allving controlover the force applied by a robot arm, often
in a direction normal to a prescribed fawwe while the position trajectory is controlled in the plane of
the suface.

Forward Kinematics. Identification of task coordinatesvgn configuration.

Fuzzy Logic Contol. A multilevel logic controlle, which is dfferent from the caventional dual
(two-level) logic in which onlywo values (true anthlse) may be assigned to each stat@éble. Fuzzy
logic controllers Bve adiantages in being bost to disturbances and not requiringeaplicit mathe-
matical model for the design proce3#ey consist of three parts: the fufier, the rulebase, and the
defuzzifie.

Grasp Isotropy. A measure of dw uniformly forces and motions can be controlled iffedéent
directions.

IGES. International Graphics Exchange Spieeition — a data&xchange standard.

Inverse Kinematics.ldentification of possible configurations/gn task coordinates.

1/0 Device. Input/output @vice — a port through whiclexternal information is connected to a
compute. /0O devices may BA/D, which cawerts analog signals to digital, D/A, whichrwerts digital
signals to analog, or bingrwhich passes digital signals.

Joint Variables. Scalars specifying position of each joint — one for eamjted of freedom.

Kittin g. The process of taking parts frdmlk and placing them oakit tray, which is an oganized
group of all parts required to assemble a single product or subagsembl
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Learning Control. A class of control algorithms for rep@# motion applications (e.g., spray
painting) where information on the errors during one run is used tavmperformance during the
next run.

Linearity in the Parameters A property of the robot arm dynamics, important in controller design,
where the nonlinearities are linear in the uwkn parameters such as uekim masses and friction
codficients.

Manipulator Jacobian. Matrix relating jointvelocities to task coordinateelocities - configuration
dependent.

Mechanical Part Feeders.Mechanical @vices for feeding parts to a robot with a sfiedi frequeny
and orientationThey are classified as vibratorypwl feeders, vibratory belt feeders, and programmable
belt feeders.

Mobile Robot. A special type of manipulator which is not bolted to filoer but can nove. Based
on different diving mechanisms, mobile robots can be further diassias wheeled mobile robots,
legged mobile robots, treaded mobile robots, wwdtsr mobile robots, and aeriahicles.

Path Planning. The process of finding a continuous path from an initial robdiguration to a goal
configuration without collision.

PD-Gravity Control. A special case of computed-torque control where there is a PD outer control
loop plus a gavity compensation inner control loop that kea the DCvalues of the tracking errors
equal to zero.

Pinch Grasp. A grasp in which a part is clamped betwdimgertips.

Pixel. Picture element — one point of an image matrix in image processing ternyinolog

Prismatic Joint. Sliding robot joint which produces reika translation of the connected links.

Redundant Manipulator. Manipulator for which the number of joinariables is greater than the
number of task coordinates.

Remote-Center Compliance (RCC)A compliant wrist or endféector designed so that task-related
forces and moments producefldetions with a one-to-one correspondence (i.e., without $idets.

This property simplifies programming of assembly and related tasks.

Revolute Joint. Rotary robot joint producing reige rotation of the connected links.

Robot Axis. A direction of tevel or rotation usually associated with eyee of freedom of motion.

Robot Joint. A mechanism which connects the structural links of a robot manipulator together while
allowing relatve motion.

Robot Link. The rigid structural elements of a robot manipulator that are joined to form and arm.

Robust Control. A large class of control algorithms where the controller is generally nondynamic,
but contains information on the maximum possible modeling uncertainties so that the tracking errors
arekept small, often at thexpense of lege control &ort. The tracking performance does not i
over time so the errorsever go to zero.

SCARA. Selecively compliant assembly robot arm.

SET. (Specification for Exchangd dext) — a dataexchange standard.

Singularity. Configuration for which the manipulator jacobian has less than full rank.

Skew Symmetry. A property of the dynamics of rigid-link robot arms, important in controller design,
stating tha M —1.,V,, is kew symmetric, withM the inertia matrix and/,, the coriolis/centripetal
matrix. This is eqivalent to stating that the internal forces dowak.

Stewart Platform Manipulator. A special type of parallel-link robot consisting of six identical linear
actuators in parallel, an upper platform, and a base. One end of each actuator connects to the base, and
the other to the upper platform wittvd- or three-dgrees-of-freedom jointsThis manipulator has a
greater force-to-weight ratio arficher positioning accucg than ay commercial serial-link robot.

Task Coordinates Variables in a frame most suited to describing the task to be performed by
manipulato.

VDAFS. (Virtual DatAcquisition and File Spefication) — a dataxchange standard.
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Visibility Graph. A road map approach to path planning where the obstacles are modeled as polygons.
The visibility graph has nodes given by the vertices of the polygons, the initial point, and the goal point.
The links are straight line segments connecting the nodes without intersecting any obstacles.

Voronoi Diagram. A road map approach to path planning where the obstacles are modeled as
polygons. The Voronoi diagram consists of line having an equal distance from adjacent obstacles; it is
composed of straight lines and parabolas.

Wrap Grasp. A grasp in which fingers envelope a part, to sustain greater loads.
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Additional Reading

For a less mathematical treatment of robotics, including topics in manufacturing and programming, see
the book by Fuller (1991). For further reading on information flow and computer science aspects of
robotics, see the chapter on “Robotics” in @RCHandbook of Computer Science Engineerivigre

details on manufacturing and industrial robot applications are found in Asfahl (1985) and Groover et al.
(1986). For more on dynamics and control of robot manipulators one may examine books by Lewis et
al. (1993) or Spong and Vidyasagar (1989). Robotics including topics in control, vision processing, and
programming aspects is discussed in Fu et al. (1#8¢pnstant source of articles on all aspects of
robotics is thdEEE Transactions on Robotics and Automation
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