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Abstract

—Adsancedi;exxOﬁanipula:ors have been used for many years to perform remote handling tasks in hazardous
environments. The development history of teleoperators is reviewed, and applications around the world ar-
sumnarized. The effect of computer supervisory control is discussed, and similarities between robots and tele-
operator research activities are delineated. With improved control strategies and system designs, comblnation
of positive attributes of robots with teleoperators will lead to advanced machines capable of autonomy in
unstructured environments. This concept of a telerobot is introduced as a goal for future activities.

I. Introduction

Teleoperators have teen used by the nuclear industry for nearly three decades to perform manipulative tasks
within hostile environments.! This technology has been implemented and improved by applications in space,
under water, and in laboratory development environments. Heightened interest in robotics is presently occur-
ring in our society. It is therefore appropriate to review teleoperator applications as an lmportant past and
future foundation of robotic developments and research. Such a peraspective will highlight the similar research
goals but contrasting approaches in these two fields. Technology exchange between robotics and teleoperator
developers should increase as these systems approach common goals.

The ultimate manipulation system might be described as being totally adaptable yet fully automated.
Teleoperators offer adaptability due to their man-in-rhe-loop control schemes, whereas robots are normally
operated in an autonomous mode to reduce labor costs. A middle-ground class of systems that function either
autonomously or with real-time human interactinn 1s envisionad for future systems. Develupments in hardware
and software for both robotic and teleoperated systems will make this goal a reality.

This paper presents the background of teleoperator development and principles. [t is intended to emphasize
the operational similarities and differsnces between teleoperators and industrial robots. Major milesrones in
the historical progression of teleoperator technology are given and compared to the history of robotic activ-
ity. A review of national and international applications of teleoperators is also provided. These activities
range from outer space to undersea manipulators, and span projects from France to Japan. Research directions
are reviewed, concentrating on the convergence of teleoperator and robot technology. Common goals pursued
through different techniques are observed in present research. Improvements in mechanisms, modularity, kine-
matics, and man-machine interfacing techniques will have useful transfer from the teleoperator realm to the
robotic domain. The expanse of research activity related to robotics will result in better motors, elec—
tronics, software, and sensors to improve the performance of both system types. We begin our review by
discussing the fundamentals of teleoperation as background.

II. Fundamentals of teleoperation

A teleoperator system is a general-purpose, dexterous man-machine system that augments man by projecting
his manipulation capabilities, often across distance and through physical barriers into hostile environmenrs.
The most famous example of a teleoperator system 1s the space shuttle's remote manipulator system (RMS), used
to deploy and retrieve satellites, but several other applications exist and are planned. For example, the
handling of radioactive materials with teleoperators has been ongoing for 35 years, and undersea exploration
and exploitation are being pursued by both the public and private sectors.

A teleoperator system is not a robot. Most teleoperator systems consist of a manipulator that iy similar
to a robot in many aspects, but what sets teleoperators apart ig the man-machine. interface which allows real-
time interaction between the human operator and the mechanical manipulator. The most common form of teleoper-
ator man-machine interface is the replica master arm. This interface allows the user to operate the slave
throughout the workspace simply by moving the master manipulator arm, which is normally a kinematic replica of
the slave. Mary forms of master controllers exist:

1. Replica Master. Kinematically identical to the slave, this method of control usually provides force
reflection to the operator. A high degree of proprioceptive feedback is present due to the similarities
between master and slave. Normally the systems are 1:1 in geometric proportion, but scaling factors as great
as 3:1 have been used by TeleOperator Systems (TOS).

*Research sponsored by the Office of Spent Fuel Management and Reprocessing Systems, U.S. Department of
Energy under Contract No. W-7405-eng-26 with Union Carbide Corporation.



© 2, Switch Box Control. Eimilar to robotie pendant controllers, thess control structures wers used for the
£irst telecpsrator Tystems because of their sase of implementation. Omrator efficiency and dextarity is
lacking in this method due to the absence of force reflection and proprioception.

3, Joystick Control. This is supericr to switch box control because owordinatad cotions can b made wsing
computer guidance to ceconplish movement. True force reflection throwgh joystick contrel has ot yet ren
accomplishod cozmercially, and bilateral force-reflecting replica masters still hold certa.n advantages in

efficiency.,

Table 1 gives a corparison of the relative task efficiency using various controllers amd manipulator syw-
tems, The emphasis on the mar~machine interface is made to point’wut the majer @ifference between taleopera~
tors and robots, The primary operating mode for a teleoperator is.with can as the decisiom zaker in the con-
trol loop. This allows teleoperators to successfully accorplish tasks ad conuer inexpected situations
within unstructured environments. Man's abllity to reason combined with the mezhfne's attributes of strength
and resistance to hostile environments produces 2 beneficial relationship. In eontrast, the rotot control
system is designed to be autoromous, All but the most sophisticatad robet applications are in structured
surroundings with a limited set of operaticnal requirements, The need for human intervention is limited to
stari~up programuing with a pendant or by lead-through teaching. As sensor technology am? artificial intelYi-
gence methods irprove, the adaptability of robots will approach taleoperitors, but st present these two
systems £ind applicaticn in diiferent enviroments,

Table )}, Task Efficiency for Various Teleoverator Control Methods axd Menibalation Types
Task oopletion time

Man{pulation/control {di recs hurnan 1:1)
Crane - Impact wrench with switch eontrol . N0 - B03:1
Unilateral (no force reflection) with switch contral S00:1
Unilateral with joystick control : 60—80:1
Porce—reflecting servomanipulator with 1 arm 16:1
Porce—reflecting manipulator with 2 arms g:1
Suited human g:1

~he foundation of telecperators is in the nuclear industry,? whers the requirement to handle rac¢iocactively
hazardous material led to the development of the first mechanical master-slave m=nipulator. These manipulp-
tors, as shown in Pig. 1, were able to perform dextsrous tasiks with force reflec—lion through stainless steel
tapes connecting master to slave (similar to a pantograph in concept).® Visual feedback wzs through shielded
windows, Mechanical sastsr-slave manipulators have one significant shortzoming: they have a small wolumertric
coverage limited by a f£ixed pivot point. To expand this coverage required elirinntion of the mechanical con-
naction between master and slave, Two drive methods have been explored through the vears: electromechanieal
and hydraulie., BRydraulics are most favorably zpplisd in underwater or exiremely heavy duty applications,
Bydraulic systems offer a high power-to-~eight ratio, 1 the smp tank is not considered, and they functiem
well under the high static pressure environments of deep—sea mpplications. The electromechanical systems
offer 1% force sensitivity through backdrivahle gear trains. Most modern teleoperators are of the -
electromechanical manipalator type.

Barly Sevelopment efforts by General Mills (lzter Programmed and Remots Systems and rnow GCA) add ressed
unilateral concepts—that is, they provided mo force reflection and were cperated froo a sirple on,off switeh
box. Later implementations included force reflection through bllateral servo loops with low friction, high—
efficlency torque transmiasion methods., The original force—reflecting servomanipulator development was per—
formed by the Remote Control Division of the Arponne National Laboratory under ther direction of Ray Goertz.
Their research in mechanics and controls laid the foundation for development whieh oontinues today in Moth
teleoperators and robotics. Table 2 gives a brief cironclogy of the major milestones of teleoperator

developments, 5

As irplied thus far, teleoperators and robots share many common subsysiess, An understanding of the fun—
damental contrel structure of a force-reflecting teleoperztor is necessary to £:11y sopreciate operational
2ifferences. Pigure 2 shows the basic block dlagran of 2 one—degree—cf-freedor servo loop for a telecperator.
Motor types, encoders, arplifiers, and even digital control electronics ere very sirilar between a teleopera-
tor and a robot. It is the operational contrel of & teleoperator throus real-time h=an {nteraction via a
raster controller that results {n significant differences in contrel philososhy and rethods, Force (s reflec—
ted {n & bileteral force~reflecting teleoperstor by backdriving the motor to crezte 2 position ofiset (this
can also be accorplished by direct force measurement, l.e., motor current or strein gages). A stiff position
loop causes the slave to follow the master quickly until an obstacle is esmuntered, which usually causes
deceleration of the slave. Tnis in tum results in a force generated 2% the master cdue to the Increasz~d posi-
tional error. The velocity loops are for stabilization end Inertia corpensation. A typlcal robot contrel
system will appear similar to the bottom half of Plg, 2 2s the master rotion is simileted by computer playbeck
of commands previcusly taught. Robotic ontrel Tocps will also include integral gzin to eliminate steady
state errors and some form of preprocessing to generzte the desired peth follow, ©
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ITi. The evolution of robtotics and telsoperated SVt

To consider the potential future relstionship between robotics and talwoperators, it is desirable to review
the ewolution of these two Classes of manipulator epplications. Rotot and talsoperator manipulators, although

‘quite similar in basic mechanical concepts, have followed very different evolutionary paths,

Teleoperator systemn" were Seveloped with the basic objective of accurately peojecting a human operator's
zotor capabllities into a remote environment, 1In these systems, from the purely mechanical designs to the
later servomanipulator designs, the fidelity accooplizhed in replicating hkman Sanctions was the principle
performance criterion.

-~
Industrial robotics appears to have followed a 2ifferent path, directad towmard different oMjectives., The
£irst industrial robots were, in essence, progrzemable parts-handMing systems copable of f2st operation, large
load czpacity, operation in harsh environments, and precise positioning. Por the most part, the first rodoss
were replacements for human production workers with the advantages of greater stamina, faster operation, and
less cost., They were, however, limited to sirple and relatively structured tasks,

Table 2. Teleoperstor Develcpment Ristory

Year Milestone
1948 mr:lznd Argonne National lLaboratory (ANL) developad first bilateral mechanical master-slave
tor.

1948 General Mills produced a unilateral manipulatoc based on electric oytors with switch control.
Used for high capscity, large volums tasks,

1954 Geertz bullt an electric master—slave manipuliastor incorporating seruns and force reflection.
This was the first bllateral force-reflectirg servomanipslater,

1958 General Electric built the Handyman electrohydrauvlic manipulator faexorporating force feedback,
articulated fingers, and an exoskeletal master control, .

1981 The General Mills Model 150 manipulator was fitted for manned deep—<=ma operstion.

1563 The U.S. Navy began deep-submergence projects which included developing underwater manipilators.,

1965 ANL corbined manipulation with head controlled TV camera and receliwer.

1970's NASA sent teleoperators into space: unmanned soll sarplers went to the Moon and Mars,

1570's NASA began development of a space shuttle manipulator in cnoperatiorn with SPAR, a Canadlan fira,

1970's The nuclear corraunity rededicated efforts to develop improved teleopeerators fow facility
maintenances, ’

1980 Supervisory control techniques were in hardvare wers demonstrated by Brooks ot Massschusetts
Institute of Technology.

1980 Universal controller tschniques were developed and refined by the Jert Propulsion la‘tratory ad
Stanford University. .

1982 Oak Ridge National Laboratory &d Central Research lLaboratories derfgned and faxricated the first
fully distributed, digitally controlled servcmanipulator, -

1983 OUTEC developed a tetherless elsctromechanical walking funciioif with a lift-to-welght ratio

greater than oné.

The differences in development objectives between the two classes manifests fwmelf in the basic design
parameters associated with the systems. Revieving some of these perameters provSdes & good rorparative frama-
work for understanding the differences, Table 3 lists various design features (ex objectives) amd correspond=
ing technical attributes (or implications; for manipulators in taleoperation and Andustrial robotics. In the
case of human operation, it is critically irportant to provide the operator with i sense of feel ard speed
competibility, This in turn rfequires that the manipulator be designed with cinfmam inertlsr ~d be cperable in
the himan dynamic range. As depicated in Tzble 3, this fom of low friction and Jinertin design involves the
use of centralized actuators {located to reduce arm-link roments of inertia snd = reduce rotor size) =nd Ngh
efficiency power transnissicns such as backdrivable gear tralns and cable or met=l-band rulley drives,

Because these designs achieve low friction and are beckdrivenble, the forces genermted by xd/or against the
panipulator mechanisn are always apparent. In this class of manipulators, actuztwr drlve torgue (drive cur-
rent in the case of dc servorotors) {s an sccurate indication of spplied lsad (wizhin 11 of maximmm torque).

In contrast, industrial robots were developad at lesst {nitially to increase tthe ratlo of production output

. to effective labor cost.’/ The effective labor cost of a rotot is the complete coerating and capital recovery

cost of the systenm for its planmned 1ife, With erphasis an manufacturing producziwity, industrial robots ere
designed to create esononic advantage by trading off operating speed and precisicn agalinst capital cost,
Consroclling capital cost translates into mininizing the purchase price of the robot, which in turn leads to
design tradeoff decisions that reduce recurring manufacturing costs, The two Gesign cbjectives of oood posi-
tion contrel and minimum production cost seem to have pushed most Industrisl robom designs (particularly elec—
trical robots) in the &irection of distributed sctuator configurations with high—zatlo gear drives (for torque
espiificesion}, utilizing adjustable gear centers to mininize backlash 22 the ex>ense of meshimg friction. In
this class of menipulztors production cost is corparetively low; they are capatle of achieving relatively high
sccuracy and repeatibility by virtue of thelr high stiffness and low backlesh, burr they are non—backdrivable

and have releuively large friction thresholds,

e



: Table 3, Coemerison of Man!:ulator Attributes
Attribite Talecoerated Servomaninilators Irdustrial E:J—it 1@@!:3
Principal function Master/slave telecperation Autonorous, repliitious operation

.Environment Conplex, uncertaln, often hazardous Structured and generally £ixed

Primary control psranetsr Output force Astuzate position

Operating speed HRuman rarge 0-40 in./s As fast as possibdle, dependent on

tars and design

Load range 20-50 lbs 5~-200 1=

Kinematics Rotary Jjoints, € dof, Rotary end prismatic joints, variows
general purpose torg . dof, specialized end effectors

Compliance Relatively flexible - Usually sciff

Actuators Centralized » Usually local to joint

Torque transmission Backdrivable, soce backlash Non-backdrivabls, minimm backlash

Perhaps one would not be surprised by the fundamental differences between these two classes of manipulators
since they wers in essence addressing fundamentally different desicn cbjectives, <“he rost furdemental factor
relating these classes may be the issue of force modulation and reaction in the work task enviromment. 1In the
material handling applications associated with industrial robots, force interactions are accommdated through
position precision, jigging/fixture design, and special end—ifector desiogn. It has only been with the more
sophisticated assembly zpplications that the issues of force interaction have becooe of interest. Asserbly, ®
especieally for high precision components, involves force interaczicn to facilitate part £it=» or insertien.
In such applications the robot cannot rely corpletely upon position control kit mrst aiso control plied
forces to achieve the task,

The prevalent research approaches to achievimy foros contrel capani{lity include sugmenting the conventicnal
designs with torque or force transducers, The installation of & f—~degree—cf-freedom force transducer? at the
robot wrist 1s a cormon approach. This type of transducer (s used to resalve the three-dimensional forces and
roments at the wrist, Appropriate transformations and glgorithss are then wed to close force control serwo
loops at the joint axes., This, of course, does not alleviate the problem of the large friction/non-backirive

abilicy nonilnearities which are inherantly present,

Manipulator development was init{slly dominated by applications in ruclear technology development.’ 1n
these systems a qreat deal of erphasis has been placed uoon the engineering imsuza of force interaction in
corplex work environmants, Microelectronics advances made the irplication of Gecroe C. Deval's 1954 program—
mable automated robot patent realizable.l? Since the first developments foaused on pick-and-place parts han—
dling, & class of industrial robot manipulators evolved emphasizing cost, spesd, and positicn control. The
number ard type of industrial robotics applications have increzsed staadily, Today, many aoplications have
lead developers into the realn of force control. It is believed that these types of applicaticns will produce
a continuing ewvolution which will decrease the fundamental differences we row see between industrial robotiec
manipulators and the electronic servomanipulators used in telecperation,

IV, Overview of telscoerator systems atolication and develcrment -

Althowgh many rasearch efforts have been expended tn develop teleoperatars, only a fer functicning systses
exist, These invariably £ind spplication in Iostile environments of ane form or amother., With the
advent of low=-cost digital controls, imoroved control techniques, and improved suhsystess (motors, encoders,
software, etc.) it {s conceaivable that cost reduction and improved versatility will “hustify increesed wuse of
teleoperator systems, A review of present applice-ion and developmen: thrusts should give insight into the

future direction of teleoperator technolegy.

Only two Amarican companies currontly market cocplets mester-slave telecperator mysters cocmerciallys
Central Ressarch Latoratoriss (Pig. 3) and TeleOperator Systers (Pig. 4). both of these crpanies have been
making master—slave teleoperators for some time and have units in operation arourd the country. Due to the
small production volime, these systems remain labor intensive md are priced accordingly. Up to now these
gystens have been used primarily in hazardous rasdieticn enviromments, but teleoperators are being developed
for other areas. Pour zreas of aoplication ere reviewed here: nuclear, space, military, 2xd Industry. The
first three are prizarily government based, but private industry is also entering the fleld.

In the nuclear field the use of teleoperators is related to equipment maintenance and material handlimg in
radicactive environments. Successful implerentzstion of teleoperators has been enosing in target maintenance
for several {ears at particle accelerator fac!litles st Perni Leboratory and Los Alemos National
Laboratory.11el2 1In these applications, the teleoperator is recuired to replace target materials and £ix-
tures between tests, Remota maintenance systens for muclear Zuel reprocessing frzilities have used teleoper-
ated systems, but only recently have research efforts been renewed to address lacce—wolume dextarous coverage
£nd remote maintalpability of the remote slave ranipulator systea,!? Other applicattuns in the ruclear emvi-
ronment include systems to perform maintenance can radicactive heat exchangers In ecommercial reactors.
Westinghouse has developed a modular manipulator which can be assembled aquickly iz situ xd allows the
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resots telsopsration of tooling to check snd replece failed tubes in a stsan gemarator.’" Genetal purpase
teleoperstors for inspection and maintanance in nuclear pover reactors have been constructed, but thelir acoemg
{s lizited by facility gecmetry and tethersd opsration. PFusion research facilities plan tc use taleoperstors
to maintain tiles and shields and to set up sxperiments within Tokazak resctors, Mobility is a probles in
this application also, as it will be axtremsly 41£ficylt to develop transporter systems that can insert the
manipulator systesm inte and unmfver abtout the extremely cooplex internal structures of various fusion reactor
concepts (e.g., Tokamak, Torus),!S -

Manipulator technology has been appliad in tie space arema in four instances. Manipulators were used to
collect and analyze soll samples as part of the U,S, lunar Surveyor Program and the USSR Lunar Exploration
Program in the late 19608. The Sufveyor manipulator was used to dig a trench and perform other simple funce
tions under remote control. The USSR manipulatars acauired soll sanples and deposited them In a retum
capsule. The thire epplication was in the U,S. mscs Viking Program in 1976, when a computer—controlled
manipulator helped t perform experiments on the Martian surface, In 1982 the U.S. space shuttle erployed »
Canadian-buflt 48-foot=long sttached manipulator to unload payloads from its cargo bzy and handle other
cbjects in space,lé Although only the space shuttle RYS is classified as a real-time teleoperator, all are
exarples of using machines to extend man's capabilities. Plame to develop sensory feedhack on: future space
manipulators will make them more similar to sarth-tased talecperator systenms,

The U.S. Navy appears to be the lesder in military telecperator mystem develoment, The Nawy's .nterest
stems from the need to parform work tasks under water (especially in the hostile =wironment of extrere
depths). The Navy has developed and operated a family of remotely operzted vehicles (ROV) for nearly two
decades, They_usually have an utbilical cable for power and control and use a man!malator to retrieve sub-
rerged {tem=.17 Two non~routine recoveries have been performed by Navy ROVs: a mnuclear wezpan off
Paloraries, Spain, in 1965 and the manned sutmersible Pisces III off Cork, Irelamd, In 1975, just prior to the
exhaustion of the pilot's air supply. The Navy continues significart efforts to dewelop tetherless vehicles
and irprove. control techniques under the auspices of the Naval Ocean Systems Center. More recently the Aoy
has shown ‘nterest in apelying robotics in the battlefleld to augnent manpover reqiirements,i8 As this effort
takes shape, it will be intereating to cbserve the txradeoffs made between the automooous robot and the man~

a2ided telecpesrator. .

A few induatrial projects are worthy of specisl mention in the context of this peper. OMUTED recently
announced & six-legged walking robot which combines talecperator and robot control features, The cutstanding
features of this system include tetherleas operation (self-contained power £xrply and ratio wawe control
transmission), and a payload-to~welight ratio grester than one, Odex 1, shown in Pig. S, i3 targeted for
sentry duty spplications with possible milltary uses.!® Exxon Research and Production has developsd &8 mib-
mersible petroleum production platform and e maintenance taleoperator system, The cbjective is o perform
well-head operations on the ocean floor rather tha build large, expensive platforms. The malntenance teleop~
erator i3 then used for upkeep of the submerged platform items, One tethered, telecperated menipulator would
service many sutmerged platforms., Shallow-water testing has alresdy been perforoed srccessfully. A third
comercial application which shows great pronise is that of mining. Remoting the cpegztor or eliminating him
corpletely is the thrust of British efforts throush the National Coal Board.2? These exarples represent the
diversity of teleoperator activities within industry e&nd U.S. government organizations, bt memy groups world-

wide are also working to improve teleoperators,

Several foreign countries are inwolved in telecperator development for hazardous mnterial tandling, pri-
parily in nuclear spplications. In West Germany, robile platforms and force—reflecting menipulators for emer—
gency situations have been developed.2! The MP3 penipulator vehicle is a robile plarfom supperted by four
independent crawler tracks (two per side). These tracks can be articulated atomatically to mmintain a level
pletfarm surface, The vehicle can climb 2 45° Iincline or stairs, can clinb over obsizcles 3 feet in helght,
and can bridge gzps up to 3 feet. Several West Gemman police forces have used the wehicle, whlich is produced
by Blocher Motor Corpany, for bomb disarming and disposal. This vehiele has 8 S00-poxd czpacity and a con—
trol tether of 300 feet, Thelr servomanipulator syste=3, the BMSM I, was the £irst to fully implement elec—
tronic counterbalancing. The S-Cegree—cf-freedom trm has a continvous capacity of 25 pounds, with somewhat
ccopllant foroe reflection. This system also makes use of torcue tubes for drive power transmission. The %=
decree—of-freedom kinemazies allows the erm to take on rany possible configureiions for 2 glven end—effector
orlentation and positicn. The redundant kinematics offers cbstacle avoldance advantages, but it causes some
operator interection difficulties unless special control functions are irplemented,

m™e Prench astoxic energy egency, CEA, has supported & active manipulacor developmerm program for more than
a decade. The MA-23 servomanipulator is the last rajer ocutput of this progras.?? This system has been
{rproved for remote glove box maintenansa,2? end sinilar systems have been outfitted for end-effector camera
trascing, corpliance correction, and insertion force contrel.?* The French have two eorpanies involved in
ranipulator man Jacturing: (1) La Calhene, licenses for the KA-23 servomanipulator, &mxd (2) Ateliens et
Chantiers de Bretagne (ACB), manufacturer of power arrs zd overhead handling ensipmenrt, hn M—-23 servore—
nipulator has been used with 2 laroe shielded cast and teleswoping tube to prodice & hot cell intervention
system., The tube and manipulator fully retract Inis the c2st, waich is then set into position over a men-hole

parietration for access to the cell,
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Pilg, 5. Walking robot, Cdex I by ororres.,
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Several cther nuclear—related remts opstationi devalopments are being purmsad in Purope. The Joint
Europsan Torus (JET) Pusion Program is incorporating rwmots maintenance for spplicatfon using the Italisn
MASCOT servomanipulator designs. As an offshoot of this work, the Itzlian stomic energy agency is oonsidsring
rejuvenation of {ts manipulator development to upgrads the MASCOT to today's electronics technology.2’.

The Japaness have been noted for their ability to develop, manufscture, and apply robotic technolegy.
Their original development efforts in robotics and taleoperator systems, however, hzwe been limited. We often
forger that they got started in robotics by licensing (Kawasaki Heavy Industries) Uninatien manipulastor
designs. Recently they have increased their efforts to dewvelop teleoperator systess26 for niclear zpplica-
tions, The BILARM~83\ i3 a cross between power manipulators and servomanipulators. Bigh inertia resulting
from large gear reductions requires that strain cages be used for force sensing, This particular force—
reflection irplementation fesults in slos system response and a lack of good operator control, even though an
anthropomorphic master controller is used., Another Jzpanese telecperator developnent usés distributed actuae
tors, microprocessor—based cantrolsg and electronic counterbalancing.2’ Crawling anmd walking vehicles are
alsc being ressarched in Japan.zsrz The rejor ressarch centers are Meidensha Elcceric Manufacturing Co,,
Bitachi Energy Research Laboratory, and Toshiba. With such diversity of activity, the Japanese effort should
b cbserved clesely in the coming years. .

The SPAR Corporation of Canada has developed and fabricated the teleoparator systen for the U.S. space
shuttie.30 Its remots manipulator system has special considerations for operating In cuter space, ircluding:
(1) distributed brushless actuators for operation in m oxygen-free enviroment, {2y Joystick contyol to mini~
mize operator station size, and (3) speclal docking sensors developed with the Jet Promilsion Laboratory.

Remote techrology development has been a contimuing effert in programs of the Unfted Kingdom Atmmic Jnergy
Authority,3i. Because hot cell wolumetric sizes have remained relatively smll, and &s a metter of philosophy,
pechanical master/slave manipulators and unilatsral pover manipulators are the basie tocls of rewote mainte-
nance. Development octivities have focused on reliability refinements of Iasic mafpulator designs, No major
activity has been assigned to the development of servecanipulators,

V. Puture research directions -

The ultimate goal of robot and telecpetator systems is to provide unlimitsd flexfhility amd a high level of
sutonomy, The two System concepts are approaching this goal by different ewlutiooary pathways as discussed
earlier. Today's industrial robot is perceived 2s quits sutonomous, £ince once programmed further interven=-
tion {3 mot noainally requried. Because of senscry limitations, these systems have limited flexibilicy in
adapting to work envirorment changes, which {8 the motivation of computer visian research, The telsoperator
is very adaptable, but it relies on human control to accocplish its work. PFigure 6 graphically shows the
relationship of these systems to the ultimate goal and gives insight into the focus of present resesrch activ—
ities, Advanced robotic systems are striving for task adaptabllity through enhanced® sensory feedback.

. Resasarch areas concentrating on artificial intelligence, sensor integ.ation, cocputer vision, and off-line

CAD/TAM robot programuing will make robots more wiversal and economical. Teleopesmtor Systems are mving
toward autonomous operation as an enhancement to huean control, Ressarch in supervisory control, man-machine
interface methods to reduce operator burden, and corputer data tmse management is Imtended to improve operator
efficisncy. Many research activities are common to both systems and are aimed towemd reducing isplementation
cost =nd expanding the realm of epplication. These include isproved communications methods, advanced digital
control techniques, basic sensor development (force, tactlile, vislon, ete,), mbilitw, modularity, ard

ten components (sctuators, anplifiers, materials, esc). A review of telecperator pesearch ectivities will

show possible relationships to robotic developrents.

The Jet Propulsion Laboratory has developed a universal canipulater controller.” The fumdmaental condept
is to dev:iop & master arm that can be used to operate any Slave arm Systed by remenx of real-time transforma—
tion of the kinematic éissimilarities, Such a method could be applied in the future 25 & prograrming device
for industrial robots, One would use & single oontroller and different trersforme=fon soitware to teach the
desired rotions to verious commercial robot configuratiors. This concept would also facllitate single-
cperator supervision of several robots to provide rerote recovery fronm fault condizions.

Distributed digital control technigues have ricently been applied to teleoperztior systems to Irprove their
operztional £1exibility.33- The 2dvent of eas{ly reprogra=mmable microprocessor contwol systers has led to
{rproved diagnostic methods, control implementation, amd reliabllity in teleoperatox Systems. Dlgital e~
trols alsp allow sophisticated compensation algorithms for inertia, friction, cowmmrhalancing, ad other inn-
linear effects which were difficult or impossible to acxurately accorplish with anadeog circuitry. Servo-
ranipalators tend to be mechanically compliant due to the exhasis on low inertia fsmall structure) and
centralized actustors (long force transmissicn path). Current intelligens ¢igital systems will allow such
compliance to be corrected by control adjustments &nd will improve the positional acturacy of teleoperators.d?

Mechanical moduizrity is another area in which both teleoperator and robo: manizmulators can be irproved. A
modalarly constructed robot can be reconfigured for heawier loads, greater reach, or Qifferent kinematic

constraints, American Fobot Corporation describes [ts 'atest system a5 a Modular Expandable Robot Line
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Kinasatic {zprovemsnts in talecperators have ras:ltad from the development of sanipulators which operats in
the anthropoenrphic (man-like) stancs, This elbows-down configuration requirsd development of wnigque wrist
mechanisma to provide yaw, pitch, roll, and grip actuation while awoiding mechanical singularities. A doim
effort between ORNL and TeleOperator Systems femiited in a mechanism similar to the Cincinnatd Milacron three~
roll erist, but without mid-range singularities. The amthropocorphic stance reduces manipulator cbetruction
of viewing the work site, increases operator comfort at the master controller, a&nd Increasses horizontal reach

y - :

mr‘ty. :

Irprovements in man-machine isplementation methods are almed at increasing the operational efficlency of
tsleoperators. Graphic display techniques proviée the operstor with informazion conceming ewerything from
systen fault conditions to obstacle avoidance in a dynamic enviromment (See PMg. 7). The prodlem of accquiring
daza, decomposing it, and presenting it to an operator in a logicsl sequence is very similar to sensor inte-
gration for a computer system; artificial intelligence is required to condense available inputs into usefyl
forms. Efforts in irproved grapaic presentation methods are common within the process control industry,
wvhereas intelligant action based on input data is being extensively pursued by the cefense commmnity.

Underlying the operation of successful miltifinctional systems is the ability to succesufully partition
actions Iinto a series of dafined acts. Such partitioning leads to a structured ormanization of programing
tasks. The concept of hierarchical systems applies equally well to both telecperator amd robot systess 35
Both systems can bs decoopased into similar subsystems (serwo control, sensor data acguisition, Xinematle
transformation determination, ete,) with congruent goals (manipulate, orient, enunciate, etc.). The efforts
by the National Buresu of Standards3® to develop interfacing criteria for rolotic swstens will also be benefi-

cial to the telsoperator industry.

Vision research for teleoperators has emphasized the hummn aspecta: multiple views, optizal perspective,
sterec versus monocular, tolor versus black and'whits, and optimal lighting. The goal is to optimize the
hunan perception of the work envirenment. As augmentative automation is pursued, the use of end~eZfector
cameras and pattern imaga processing techniques end other carry—overs from robotie developments will be evi—
dent, Teleoperation research into environmental coloring to ald operator recognition and mileiple viewirg to
irprove dapth percejtion may also £ind application in advanced computer vision,

Ressarch activities in teleoperators and robotica are strongly complementary. The major motivation in
robotic rasearch is economics, but the different perspective offered by teleoperator development would open
Dew areas useful to both, As the complexity of Industrial robotics systems and applications imcreases, it is
expected that these two Telsted technologies i1l continue to convergs, . :

vi. Sumag -

Teleoperatar systems coxprising man—controllsd reects sanipilators have undercomo extensive development in
nuclesr applications cver the past three decades, Todzy, teleoperator researth bas expanded and diffused fmto
other fields such as space, military, and industrial zpplications. Modern teleopermtor Systems utilize the
latest advances in materials, electronics, and microcorputer technology, all of wich are very closely related
to industrial rebo ics systems, Developmental similarities in kinematics, controls, mechanizwg, mocdulariza=—
tion, mobilizatior and man-machine {nterfacing are expected to increase,

Puture trends will lead to {ncrzasc4d automation (robot cperating modes) in teleoperation smff astonocecus
intelligent operation in robotics. The.e trends will reduce the zpparent distinction between the two classes
of systems, It is expected that force-reflecticn techiicues in teleoperated serveermipulators will contribute
to robot force control epplications in assenbly, Research in robot sensors, especimlly corputer vision, will
surely lead to extensions in teleoperntion, :

%L major sctivity at the Oak Ridge National Laboratery ls addressing the development of adwanced reeote
telecperator concepts, including manipulator modularization, This work is sponsored by the Department of
Energy through tha Consclidated Puel Reprocessing Program, and publicetion and forefgn édisclosure of some of
this information {s restricted by law, Interestad parties mzy contact the authors concernirg addizional

informazion,
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