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Abstract

r
-Advanced egrvonanlpulators 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-
summarized. 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, combination
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 been used by the nuclear industry for nearly three decades to perform manipulative tasks
within hostile environments.' This technology ha3 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 important past and
future foundation of robotic developments and research. Such a perspective 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-the-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 interaction is envisioned 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. It Is Intended to emphasize
the operational similarities and differences between teleoperators and Industrial robots. Major mllesrones 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 ttleoperator 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 environments.2

The most famous example of a teleoperator system is 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 Is similar
to a robot in many aspects, but what sets teleoperators apart Is 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. Many forms of master controllers exist:

1. Replica Master. Klnematlcally 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).
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2. Switch Sox Control. Similar to robotic pendant controllers, these control «_ruetur-s were -Md for the
f irst teleoperator system becauae of their ease of implementation. Operator efficiency and dexterity I s
lacking in this vethod due to the absence of force reflection and propriooeptlcn.

3. Joys tide Control. Til* It superior to switch bat control because coordinated actions can be nade using
conputer guidance to cccomplish move—ent. True force reflection through joystick control has not yet been
acconpllshod conraercially, and bilateral force-reflecting replica masters s t i l l hold cert»_i advantages i n
efficiency.

Table 1 gives a comparison of the relative task efficiency using various controllers and manipulator «y»-
tens. The emphasis on the man-machine interface is Bade to pointfout the major difference between teleoper*-
tors and robot.-.. The primary operating node for a teleoperator lr«.wltti can as the decision aaker In the con-
trol loop. This allows teleoperators to successfully aeeonpllsb tasks and conquer unexpected situations
within unstructured environments. Han's ability to reason combined with the ae—ilne's attributes of strength
and resistance to hostile environments produces « beneficial relationship. In contrast, the robot controX
system Is designed to be autonomous. All but the east sophisticated robot applications are in structured
surroundings with a limited set of operational requirements. The need for huan Intervention Is limited bo
start-up programing with a pendant or by lead-through teaching. As sensor technology and art i f i c ia l i n t e l l i -
gence methods lsprove, the adaptability of robots will approach teleoperttors, but. at present these two
systems find application In different environments.

Table 1. Task Efficiency for Various Teleoperator Control Hethods and Manipulation Typea
Tas'< rrrpletion time

Manipulation/control (direct hirnan 1;1)
Crane - Impact wrench with switch control . SCO - 8057T
Unilateral (no force reflection) with switch control 500:1
Unilateral with joystick control ' 60-80:1
Porce-refleeting servomanipulator with 1 ana 16:1
Force-reflecting manipulator with 2 anas 8:1
Suited human E_l

Tho foundation of teleoperators i s in the nuclear industry,3 where the requlr—aent to handle radloactlvely
hazardous material led to the development of the first mechanical master-slave- osnipulator. These raanipuia—
tors, as shown in Fig. 1, were able to perforn dexterous tasks with force reflection through stainless s t ee l
tapes connecting master to slave (similar to a pantograph In concept}." Visual feedback was through shieJ—«d
windows. Mechanical master-slave manipulators have one significant shortcoming: they have- — small volume t r i e
coverage limited by a filled pivot point. To expand this coverage required ellsinBtlon of ti-e nechanical con-
rectlon between master and slave. Two drive Methods have been explored through -he years: •electro—eehanle—l
and hydraulic. Hydraulics are most favorably applied in underwater or extre—sly heavy duty applications.
Hydraulic systems offer a high power-to-/*eight ratio, if the sump tank Is not considered, and they function
well under the high stat ic pressure environments of deep-sea applications. The e_ectro_echanlc_t system
offer 1% force sensitivity through hackdrlvable gear trains. Most node—i telaoper-tons are of the *
electromechanical manipulator type.

Early development efforts by General Kills (leter Programed and Reset* Sys——s and now CC"V) oo/nessed
unilateral concepts—that i s , they provided no force reflection and were operated £roo a simple —voff switch
box. Later implementations Included force reflection through bilateral servo loops with low frict ion, high—
efficiency torque transmission methods. The original force—reflecting aervoaaniptiZator development was per—
forsed by the Remote Control Division of the Argonne Rational Laboratory under the direction of Ray Goert__
Their research in mechanics and controls laid the foundation for develop—nt whicfa continues today In both,
teleoperators and robotics. Table 2 gives a brief chronology of the major milestones of teleoperator
developments.5

As icplled thus far, teleoperators and robots share many ecu—en subsystems. An understanding of the fun-
damental' control structure of a force-reflecting teleoperstor is necessary to _ ; l l y appreciate operational
differences. Figure 2 shows the basic block <*lagran of a o.-je-degree-of-freedoc servo loop for a teleoperator.
Kotor types, encoders, amplifiers, and even digital control electronics are very s irdlar between a teleopera-
tor and a robot. It is the operational control of a teleoperator through real-tine rtnan interaction via a
iT_ster controller that results in significant differences Li control philosophy and methods. Force Is ref lec-
ted in a bilateral force—reflecting teleoperator by backdrlvlng the motor to create a position offset (this
can also be accomplished by direct force msasurene.it, i . e . , rotor current or streln gages). A s t i f f position
loop causes the slave to follow the master crjickly until en obstacle i s ervsuntered, which usually causes
deceleration of the slave. This in turn results in a force generated eX the raster _>e to the lnoreat-d pos i -
tional error. The velocity loops are for stabilization end Inertia cc—sensation. A typical robot control
system will appear similar to the bottom half of Fig. 2 as the master notion Is sira—Lsted by cor^uter playbectc
of co—aands previously taught. Robotic control loops will »lso include integral cjain to eliminate steady
state errors and some form of preprocessing to generate the desired peth to fo l low. 6
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m . The evolution of robetlea and f leopwrrtad w e i i n w

To consider tb« potential future relationship between robotics and ta leoperaeon. I t Is desirable to review
the evolution of these two classes of manipulator applications. Robot and taleopsrator manipulator*, although
quite s la l lar In basic mechanical concepts, have followed very different evolutionary paths.

Teleoperator systesa1* were developed with the basic objective of accurately projecting * haean operator's
totor capabilities into a remote enviroment. In these systems, from the purely/ mechanical designs to the
later servoaanlpulator designs, the f ide l i ty aceoopllahed in replicating txaan Sanctions was the principle
performance criterion.

Industrial robotics appears to have followed a different path, dlrectad toward different objectives. Tbe
f i r s t Industrial robots were, in essence, prograaaable parts-handling systoos capable of fast operation, large
load capacity, operation in harsh environments, and precise positioning. Tor tbe oast part, the f irst robots
were replacements for huaan production workers with the advantages of greater s£aoina c faster operation, end
less cost . They were, however, United to sio?le an5 relatively structured rji-dr-;.

Table 2. Teleoperator Development History
Year Milestone

1948 Coerti and Argonn* National Laboratory (ANL) developed f irst biXstcral nachanical naster-alave
Danlpulator.

1948 General Hills produced a unilateral manipulator based on e lectr ic e n t e r s with switch control.
Used for high capacity, large volun» tasks,

1954 Geertz built an electric master-slave manipulator Incorporating aecvos an) force ref lect ion.
This was the f irst bilateral force-reflecting servoraanlpjlator.

1958 General Electric built the Handycan electrohydraulic nanipulator Snoocporating force feedback,
articulated fingers, and an exoskeletal master control.

]9cl The General Kil ls Model 150 DBnlpulator was fitted for manned deep-saa operation,
1963 The U.S. Navy began deep-submergence projects which Included developing underwater BanipjlatorB.
19E5 ANL contained manipulation with head controlled TV camera and rece lw-r .
1970's KASA sent teleoperators into space: unoanned soi l samplers went to *ha Moon and Mars.
1970* a NASA, began development of a space shuttle manipulator in cooperation with SPAR* a Canadian firm.
1970's The nuclear cocrunlty reded lea ted efforts to develop improved te leoperators for faci l i ty

maintenance.
I960 Supervisory control techniques were in hardware were demonstrated b y Brooks <rt Hssswhusetts

Institute of TeAnologyc
19S0 Universal controller techniques were developed and refined by the Stes. Propulsion Laboratory and

Stanford University.
1982 Oak Ridge National Laboratory end Central Research Laboratories designed and fabricated the i l r s t

fully distributed, digital ly controlled servonanipulator.
19B3 QV7EZ developed a tetherless electromechanical walking funetio.Tr!ii2 w i t h a l lft-to-welght ratio

greater than one. . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ^ _ _ _ _ _ _ _ _ _ _ _ _ _

The differences in development objectives between the two classes manifests fc irt f f In the basic design
paraoeters associated with the systecs. Reviewing some of these parameters provides a good corporative frasa—
work for understanding the differences. Table 3 l i s t s various design features ( o r objectives) and correspond-
ing technical attributes (or implications) for manipulators in taleoper«tlon and Industrial robotics. In the
CAM of hunan operation, i t Is cr i t ica l ly leportant to provide the operator with a sense of f e e l and speed
eorpatibllity. This in tarn requires that the manipulator be designed .with r-infi-wt inertir «id be operable In
the' hitaan dynamic range. As depicated in Table 3 , this form of low friction aaf dner t l c design involves the
use of centralized actuators (located to reduce ane-llnJc nonents of Inertia and t o reduce rotor size) and high
efficiency power transmissions such as backdrivable gear trains and cable or oetaQ-band pulley drives.
Because these designs achieve low friction and are backdrivable, the forces generated by and/or against the
ns-iipjlator mechanism are always apparent. In this class of manipulators, acnirrior drive torcue (drive cur-
rent in the case of de servomotors) Is an accurate Indication of applied load (tfi-aiiin 1\ of naxiiam torque).

In contrast, Industrial robots were developed at least Initially to increase t2te ratio of production output
• to effective lebor cost."7 The effective labor cost of a rabot is the complete operating and capital recovery

cost'of the system for i ts planned l i f e . With emphasis on manufacturing productivity, industrial robots are
des'ened to create eeononic advantage by trading off operating speed and precisicm against capital cost.
Controlling capital cost trarslates into mininizing the purchase price of the robot , vMch in turn leads to
design tradeoff decisions that reduce recurring manufacturing costs. The two des ign objectives of good pos i -
tion control and rdninm production cost seen to have pushed mast Industrial robot designs (particularly e l e c -
trical robots) in the direction of distributed actuator configurations with hic is -rat io gear drives (for torq-je
erol i f iwt ior . ) , uti l izing adjustable gear centers to oinicize backlash at the expense of meshing fr ict ion. In
th's class of manipulators production cost i s eorparetlveZy low> they are capeSCfi! of achieving relatively high
accuracy and repeatibillty by virtue of their Ugh stiffness and low backlash, b^a they ore non-backcrlvoile
and have relst.'vely large friction thresholds.



Tablt 3 . Cbanarlson of Hanf.sulatar Attribute
Attribute Teleoperated Servoraariputters Industrial Robot

Principal function Master/slave t e l t © p * r « t i o n A u t o n o a s u s , repititious operation
Brvironmant Qomplex, uncertain, often hazardous Structural and Generally £lxad
Primary control parameter Output fore* Accurate position
Operating speed Hunan rang* 0-40 1IU/B As f*st as possible, dependent on

ta.-i and design
Load range 20-50 lbs 5-203 lfc*
Kinematics Rotary joints, 6 do2, Rsttry end pri.s3nst.ie joints , various

general purpose tong . dof, specialized end effector*
Compliance Relatively flexible -- Usually s t i f f
Actuators Centraliied ^ Usually local to joint
Torque transmission Backdrlvable, aoae backlash Non-oackdriveble, mlnlmm

Perhaps one would not be surprised by the fundaaental differences between these tuo classes of manipulators
since they wera in essence addressing fundamentally different design objectives. \i*c rest fundamental factor
relating these classes cay be the issue of force modulation and reaction in the worfc basic environment. In the
material handling applications associated with Industrial robots, force interactions are accoccedated through
position precision, jigging/fixture design, and special end-*.'fector design. I t has only been witi> tho nore
sophisticated asseitbly applications that ttie Issues of force interaction have becoae of Interest. Assecbly, *
especially for high precision components, involves force interaction to faci l i tate part fit-t^s or Insertion.
In such applications the robot cannot rely cocpletely upon position control bur nusfc also control applied
forces to achieve the taste.

The prevalent research approaches to achieving force control capability include augcaenting the conventional
designs with torque or force transducers. Tne installation of s 6-degree—of-freedoa force transducer' a t the
robot wrist i s a conaon approach. This type of trarsiacer is used to resolve the tJaree-dinensional forces arrf
moments st the wrist. Appropriate transformations and elgorith.-s are then used ts d o s e force control servo
loops at the joint axes. This, of course, does not alleviate the problen of the large frictlan/non-baefcdriv-
abi l l ty noniinearities which are inherently present.

Manipulator development was Initially dominated by applications in nuclear technology development.5 In
these systems a creat deal of enfhasis has been placed upon the engineering issues o f force interaction In
coEpler work environ-sants. Microelectronics advances cade the lrplicatlon of Cecrge C Devel's J954 program-
mable automated robot patent realizable.1" Since the f irst developoenui focusad on plck-and-plaoe paxes han-
dling, a class of industrial robot manipulators evolved enphaslzlng cost, speed, aaA position control. The
nusber and type of industrial robotics applications haw increased steadily. Today, raany applications haw
lead developers into the realm of force control. I t Is believed that these types o£ applications will pnduo*
a continuing evolution which wil l decrease the fundmn-ital differences we now sse butwaen Industrial robotic
sanlpulators and the electronic aervonanlpulators used in teleoperation.

IV. Overview of telecperator system application and dev-iT—*"it

Although nany research efforts have been expended to develop teleoperators, only a fa* functioning ayabiaa
exist . These system invariably find application in hostile envlrorvmts of one tana or another. Witfa the
advent of low-cost digital controls, lns>roved control techniques, and improved subsystems (raotors, encoders,
software, e t c ) It Is conceivable that cost reduction and improved versatility w i l l just i fy increased use of
teleoperator systems. A review of present applies-Jen and development thrusts should give insight Into the
future direction od teleoperator technology.

Crvly two Anerlcan conpaniea currently narket coefaleta eiester-alave teleoperatcr systess cocnarciallys
Central Research Laboratories (Pig. 3) and TeleOoeratsr Systems (Tig. 4 ) . Both of t£iese cenpanio have bs«n
making master-slave teleoperators for some tine and hava units In operation around t r e country. Due tx> the
enall production voliTne, these systems remain labor intensive and ars priced accordingly. Up bo row these
systems have been used primarily in hazardous radiation envi rornents, but teleoperators are being developed
for other areas. Four ereas of application ere reviewed here: nuclear, space, c i l l t a r y , and Industry. The
f irst three are pricarlly government based, but private industry is also entering t l » f ie ld .

In the nuclear field the use of teleoperators is related to equipment eaintenance and materiel handling In
radioactive environments. Successful Inrjlener.tetlon of teleoperators has been ongoing in target maintenance
for several years at particle accelerator faci l i t ies at Feral Laboratory tni Los Aleros Kational
Laboratory."-'12 In these applications, the teleoperator is reejired to replace target materials and f ix -
tures between tests . Bemota' maintenance eystens for nuclear fuel reprocessing f a c i l i t i e s have used teleoper-
eted systems, but only recently have research efforts teen renewed to address larce—wx>?.une dexterous coverage
end renote maintainability of the remote slave nanlpulater r/stea.1 3 Other applications in the nuclear envi-
ronment include systems to perform maintenance a\ radioactive heat exchangers in carrnercial reactors.
Westlnghouse has developed a modular manipulator which can be assembled quickly ir. gritu and allows the
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reset* teleoparatlon of tooling to check and replace failed tubes In • statu oanftrBtoc.141 General furpae*
eeleoperfctors for Inspection and maintenance In nuclear power reactors haw bean constructed, but their access
la limited by facil ity 9aonatry and tethered operation. Fusion research fac i l i t i es plan to UM txlaoperaton
to maintain t i l e s and shields and to aet up eaeperittnta within Tokaaak reactors. Mobility Is a problea in
this application also, as i t will be extreaely difficult to develop transporter systems thai: e n insert the
manipulator system into and maneuver about the extremely complex Internal struc&iros of various fusion reactor
concepts (e.g.? Tokanak, Torus).15

Manipulator technology has been applied in the span arena in four instances. Katnlpulator* were used to
collect end analyse soil samples as part of the O.S. Lunar Survsyor Program and the USSR Lunar Exploration
Program In the late 1960s. The Surveyor manipulator was used to dig a trench an} perform other slnple func-
tions under reraote control. The USSR manipulators acquired soil samples and deposited the* In a return
capsule. The third explication was in the U.S. Kers VIIcing Program in 1976, when a computer-controlled
raanlpulator helped to perform experiments on tilt Kartian surface. In 1982 the U.S. space shuttle a l loyed a
Canadlan-fcuUt 48-foot-long attached manipulator to unload payloads from Its cargo bey and handle ether
objects in space.16 Although only the space shuttle tWS is classified as a real-tine teleoperator, all are
examples of using machines to extend nan's capabilities. Plans to develop sensory feedback OR future space
manipulator* will make them mart similar to earth-based teleoperator system.

The U.S. Navy appears to be the leader In military teleoperator system developeen£. The Navy** interest
steno from the need to perforn work tasks under water (especially in the hostile environment of CAUeug
depths}. The Navy hes developed and operated a fareily of rerotely operated vehicles <ROV) for nearly two
decades. They_iisually have an unbllical cable for power and control and use a OBnipuiator to retrieve sub-
merged Items. 17 Two non-routine recoveries have been performed by Navy BDVsi a nuclear weapon off
Palonaries, Spain, in 1965 and the manned submersible Pisces III off Carte, Ireland, In 1975, just prior to the
exhaustion of the pi lot 's air supply. The Navy continues significant efforts to develop tetherless vehicles
and icprovftj control techniques under the auspices of the Naval Ocean Systens Center. More recently the Arny
has shown ,'rtterest in applying robotics in the battlefield to augment nanpower requirements.18 As this effort
takes shape, i t wil l be Interesting to observe the tradeoffs made between the autanooous robot and the u n -
aided taleoparator.

A few industrial project* are worthy of special mention In the context of this paper. CH0T2S recently
announced a six-legged walking robot which combines t&leoparator and robot control features. The outstanding
features of this systea Include tetherleas operation (self-contained fewer supply and radio wave control
transmission), and a payload-to-welght ratio greater than one. Odex 1, shown In Fig. S, i s targeted for
sentry duty applications with possible military uses.19 Exxon Research and Production has developed a aub—
oerslble petroleum production platform end a maintenance tsleoperator system. The objective i s to perforn
well-bead operations on the ocean floor rather then build large, expensive platforrs. The nalntenanae teleop-
erator Is then used for upkeep of the submerged platfore i ters . One tethered, teleopera&ed taenipulstor would
service nany submerged platforms. Shallow-water testing has already been performed sjccessfu3.1y. A third
eoimercial. application which shows great pronis* Is triat of dning. Remotlng.ttte epecztor or eliminating him
csnpletely la the thrust of British efforts through the Katlonal Coal Board. *' These examples represent the
diversity of teleoperator activities within Industry and U.S. government organizations, tut asny groups world-
wide are also working to improve teleoperators.

Several foreign countries are involved in teleoperator development for hazardous Ba&erial fc-andling, pri -
marily in nuclear applications. In West Gernany, robile platforns and force-reflecting nenipuXators for ener-
gency situations have been developed.2> The HF3 eenipulator vehicle is a ooblle plesfsra supported by four
Independent crawler tracks (two per side). These tracks can be articulated automatically to maintain a level
pletform surface. The vehicle can climb a 45* Incline or stairs, can climb over obstacles 3 feet in height,
and can bridge gsps up to 3 feet. Several West Gemsn police forces have used the vehic le , which i s produced
by Blocher totor Conpany, for bonb disarming tnS disposal. This vehicle has a 50>-p3=r*3 capacity and a con-
trol tether of 300 feet. Their servomanlpolator systen> tiie DSI I, was the f irst to f u l l y in^lemerst e lec-
tronic counterbalancing. The 9-degree-of-freedoo tna has a continuous capacity of 25 pounds, with somewhat
compliant force reflection. This system also makes use of torque tubes for drive power transmission. The 9-
decree-of'freedom klne.-Mtlcs allows ths arm to take on cany possible configurations for a given end-effector
orientation and position. The redundant kinenatlcs offers obstacle avoldanee advantages, but I t causes some
operator Interaction difficulties unless spec'.si esntrol functions are irplenented.

The Prench atoxic energy agency, CEK, has supported an active manipulator developseat progresm for more than
a decade. The m-23 Eervomanipulatcr la the last tzjor output of this prograc22 This systea has been
lrcroved for remote glove box raaintenansa,23 turi si&llar systeras have been outfitted for end-effector esaera
tracking, corpliance correction, and insertion force control.2k The French have two t-j-ipanles involved in
nanipulator ear. lecturing: (1) La Calhene, licens«e for the CA-23 servonanipulator, «rad i2) Atellens e t
Chentlers de Bretagne (ACS), canufacturer of power arcs and overhead handling eauipnefi:. An Wr-23 servoma-
nipuletsr has been used with a large shielded cest en£ telescopinj tube to prodjee a hcC ce l l intervention
systes. The tubs and manipulator fully retract into t i e cast, which is then seS int* position over a nan-hole
panetretlon for access to the cel l .
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- Several other nuclear-related m o t * operations devtlopnenta are being pirsued in Europa. the Joint
European Torus (JET) Fusion Program is incorporating noota maintenance for cppllcatlcn using the Xtallsa
NVSCOT •ervosanipulator designs, tot an offshoot of this work, the Italian atonic energy agency Is considsring
rejuvenation of i t s manipulator development to upgrade the (ttSCOT to today's electronics technology.2*.

She Japanese have been noted for their ability to develop, manufacture, and apply- robotic technology.
Their original development efforts in robotics and talroperator system, however, ha** been linitnd. We often
forgee that they got started in robotic? by licensing (Kawasaki Heavy Industries) unlnatlcn manipulator
designs. Recently they have Increased their efforts to develop teleoperator sys teas 2 6 for nuclear applica-
tions. She BILARM-6A is a cross between power wnipulators and servcaanipulators. High inertia resulting
front large gear reductions requires that strain gages be used £or force sensing. This particular force-
reflection implementation results in slow systea response and a lade of good operator control, even though an
anthropomorphic master controller is used. Another Japanese teleeperator developnetr uses distributed actua-
tors, microprocessor-based controls, and electronic counterbalancing.27 Crawling aid walking vehicles are
also being researched in Japan.28*2* The wjor research centers are Heidensha Elxsrlc Manufacturing Co.,
Hitachi Energy Research Laboratory, and Toshiba. With such diversity of activity, tJ» Japanese effort should
be observed closely in the coming yean.

the SPAR Corporation of Canada has developed and fabricated the teleoperator systaea for the U.S. space
shuttle.3 0 I ts renota manipulator system has special considerations for operating i n cuter space, Jncludingt
(1) distributed brushless actuators for operation in art oxygen-free environment, (2) joystick central to mini-

mize operator station s ize , and (3) special docking sensors developed with the Jet Propulsion Laboratory.-

Remote technology development has been a continuing effort in program of the United Klngdon Atomic r-nergy
Authority.3' Because hot cell volumetric sizes have remained relatively small, artS as a setter of philosophy,
mechanical master/slave manipulators and unilateral power manipulators are the basic tools of rente nalnte-
nance. Development activities have focused on reliability refinements of basic sanSpulstor designs. No major
activity has been assigned to the development of servcaanipulators.

V. Future research direction*

The ultimate goal of robot and teleopetator systess Is to provide unilaltad desSSilUty and a high level of
autonomy. The two system concepts are approaching this goal by different evolutionary pathways as rfjtnrf^rfl
earlier. Today's industrial robot is perceived is quite autonomous, since once programed further interven-
tion i s not nominally requried. Because of sensory limitations, these systea bave limited f lexibi l i ty In
adapting to work environment changes, which i s the activation of conr»itrr vision twearch. The teleoperator
is very adaptable, but I t relies on human control to accoapUsh i ts work. figure S graphically shows the
relationship of these systems to the ultimate goal and gives insight into the focus o f present research activ-
i t i e s . Advanced robotic system are striving for task adaptability through enhanced sensory feedback.
Research areas concentrating on artif ic ial Intelligence, sensor integration, ciwuurir vision, and off-l ine
CAD/CAM robot programing will (take robots more universal and economical. Teleoper&fcor systems are novlng
toward autonomous operation as an enhancement to huoan control. Research In supervisory control, man-nechlrae
interface methods to reduce operator burden, and coeputer data bese management Is intended to throve operator
efficiency. Many research activities are comaon to both systems and are alsed tnwrcfl reducing ispleesentation
cast --rd expanding the realm of application. These Include improved comunlcations methods, advanced digital
control techniques, basic sensor development (force, tacti le , vision, e tc . ) , nabi l l iy , modularity, and subsys-
tem components (actuators, amplifiers, materials, e tc) . A review of teleoperator research activities wi l l
show possible relationships to robotic developments.

l i e Jet Propulsion Laboratory has developed a universal manipulator controller.1 The fundamental concept
is to develop a master arm that can be used to operate any slave ana systea by meeas of real - t im transforma-
tion of the kinematic dissimilarities. Such a method could be applied in the futuse as a programming device
for industrial robots. One would use a single controller and different trsr.sfoncs=£on software to teach the
desires notions to verlous cotmercial robot configurations. This concept wrxild also faci l i tate single—
operator supervision of several robets to provide remote recovery fron fault eorviirSons.

distributed digital control techniques have recently been applied to teleoperetosr systeas to lnprove their
operational flexibility.3 2- The advent of easily reprccraanable microprocessor contscl system has led to
improved diagnostic methods, control inplementatlort, and reliability in teleoperassr systems. Digital con-
trols also allow sophisticated compensation algorithms for inertia, friction, CDis3ert>alancingP and other i^n-
linear effects which were difficult or inpossible to accurately accomplish with er^log circuitry. Servo-
canipulator6 tend to be mechanically conpllant cje to the esphasls en low Inertia feral! structure) and
centralized actuators (long force transmission path). Current intelligent digital systere wil l allow such
conplience to be corrected by control adjustments end will lnprove the positional accuracy of teleoperators.33

fechenical nodu/jrity Is another area in which both teleoperetor and robot i^snlrulators cen be improved. A
oodjlarly constructed robot can bs reconfigured lor header loads, greater reach, or different kinematic
constraints. American Robot Corporation describes Its '.atest system es a ftoduler Expandable Robot Line
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(Martin).*5' Modular construction should also provide Increased availability by fadlltatlna. tetar In
aitu repair of failed aystaos. I t i s this aspect that Is receiving anphasis In the latest baXaopecater
developments.* Modularity will also enhance •ability, in that tha ability to reduca « aanlpulator ts>
easily assenbled parts should isprove i ts transportability to various work sites .

Kinematic Isprovaaenfcs in taleoperators have resulted free tha development of ssnlpulatos wblch operate In
the anthropomorphic (nan-like) stance.. This elbows-down configuration required development of wiique wrist
•echanisma to provide yaw, pitch, roll, and grip actuation while avoiding mechanical singularities. A joint
effort between OJBtt. and TelaOperator Systems resulted In a nechaniss similar to the Cincinnati Kllaeron three-
roll tsrist, but without Kid-range singularities. The anthropomorphic atance reduces manipulator obstruction
of viewing the work s i te . Increases operator comfort at the master controller, and increases horlxonsal reach
dexterity. < "

Zeprovanenta in man-machine ispleaentation methods are alaad at increasing the operational efficiency of
taleoperators. Graphic display techniques provide tha operator with Information concerning everything free
systea fault conditions to obstacle avoidance in a dynamic enviroment (See Fig. 71. The problem c£ acquiring
data, decomposing i t , and presenting i t to an operator in a logical sequence is very sisl lar to sensor inte-
gration for a conputer system; artificial intelligence is required to condense available inputs into useful
fores. Efforts in improved grapftic presentation methods axe cocnen within the process control Industry,
whereas intelllgant action based on input data is being extensively pursued by the defense coatunlty.

Underlying tha operation of successful multifunctional systems is the ability to «ucoe33ifu32y partition
actions into a series of defined acts. Such partitioning leads to a structured organization e£ programing
tasks. The concept of hierarchical systems applies equally well to both teleoperatar and robot system. 3 5

Both systems can ba decomposed into similar subsystems (serve control, sensor data acquisition, kinematic
transformation determination, etc.).with congruent goals (manipulate, orient, enunciate, e t c . ) . The efforts
by the National Bureau of Standards56 to develop interfacing criteria for robotic sjsteas will also be benefi-
cial to tha teleoperator Industry.

Vialon research for telooperators has enphasisad tha human aspects: multiple views, optimal perspective,
stareo versus monocular, color versus black and'white, and optimal lighting. The opal Is to qptinlze the
htnan perception of the work environment. As auoentative automation Is pursued, the use of eod-efifeetor
cameras and pattern imaga processing techniques and other carry-overs from robotic developmsfist wi l l be ev i -
dent. Teleoperation research into environmental coloring to aid operator recognition and ""^Mi0*1 viewing to
leprova depth percej tion nay also find application in advanced computer vision.

Research activities in teleoperators and robotics an strongly complementary. The najor motivation In
robotic research is economics, but the different perspective offered by teleoperator developaeat -could open
new areas useful to both. Xs the conplexity of industrial robotics systems and applications Increases, i t I s
expected that these two related technologies '-'ill continue to converge.

VI. Summary " • ~

Taleoparator aystems coaprlsing nan-controllad remote manipulators have undergone extensiwtt ttevelopnent In
nuclear applications over the past three decades. Today, teleoperator research bos expanded end cUfffosod trfto
other fields such as space, military, and industrial applications. Modem teleopenator system ut i l i ze the
latest advances in materials, electronics, and aicrocoscuter technology, all of wVfh. are very closely related
to industrial robo ics systems. Developmental similarities in kinematics, controls^ nechanlsasw aodularlz
tion, nobilizatior and man-machine interfacing are expected to Increase,

Future trends will lead to increased automation (robot operating modes) in trierwyration aad autonoeeus
intelligent operation in robotics. Th*.* trends will reduce the apparent distinction tatweeo the two
of systems. It is expected that force-reflection techniques in teleoperated servcesnlpulatocs wi l l contribute
to robot force control applications in assesbly. Research in robot sensors, especially conpufcer vision, wil l
surely lead to extensions in teleoperMtlon.

"7? eajor activity at the Oak Ridge National Laboratory la addressing the develo?aent oj aJimiicJ remte
teleopetntor concepts, Including manipulator modularization. This work Is sponsored by the Depertnent of
Energy through tha Consolidated Puel Reprocessing Procran, end publication and foreign disclosure of sore of.
this'information is restricted by law. Interested parties nay contact the authors concerning additional
information.
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