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ABSTRACT

The choice of optimum mechanical accessories for mobile teleoperators
involves matching the criteria for emergency response with the available
technology. This paper presents a general background to teleoperations, a
potpourri of the manipulator systems available, and an argument for force
reflecting manipulation. The theme presented is that the accomplishment of
humanlike endeavors in hostile environments will be most successful when man
model capabilities are utilized. The application of recent electronic
technology to manipulator development has made new tools available to be
applied to emergency response activities. The development activities
described are products of the Consolidated Fuel Reprocessing Program at the
Oak Ridge National Laboratory.

INTRODUCTION

We have been asked in this paper to confine our thoughts to the mechanical
'accessories that should be added to a mobile platform to be used to respond
to radiological emergencies. In reality, each of the subsystems of a mobile
response system is interdependent, so while our remarks will treat the
mechanical accessories, one must be aware that in the final marriage of the
subsystems, the compromises of optimization will be necessary.

The major theme of this paper will be the choices involved in selecting the
proper manipulator(s) for the mobile platform. There are in existence
other mechanical accessories of which one should be aware. Proceedings from
a series of recent conferences, Robotics and Remote Handling in Hostile
Environments in Gatlinburg, Tennessee, April 23-27, 1984; Fuel Reprocessing
and Waste Management in Jackson, Wyoming, August 26-29, 1984; Robotics and
Remote Handling in Toronto, Canada, September 23-27, 1984; and Remote Operations
and Robotics in the Nuclear Industry in Pine Mountain, Georgia, April 21-24,
1985; and a recent EPRI Journal (November 1984) catalog many of these
mechanical accessories and their uses. A typical accessory is an elevating
mechanism used generally to accomplish a change in vertical position. The
elevating mechanism with a rotation is used to supply manipulation or
viewing at varied heights and with a 360 vista. If one adds a bending
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joint to the elevating mechanism, then objects surrounding the platform can
be reached. The addition of a second bending motion allows the floor
surrounding the platform to be reached with the motion supplied by the
mobile platform.

APPLICATIONS OF MANIPULATION

Of all the potential applications of manipulation, the application to
emergency response and recovery is the easiest to address. The emergency
response problem provides a minimum of structure to the environment and,
therefore, a maximum reliance on flexible human-like response. The opening
and oversimplistic account of mechanical accessories had as its purpose a
visual reference to structured environments where two, three, four, five, or
six manipulation degrees of freedom could be used to accomplish a given
function or work routine. It is of major importance to have a clear
understanding of the relationship between the structure of the environment
and the attributes of human capabilities. The logic that we employ in
analyzing a response to an emergency situation relies on our understanding
of the physical and chemical conditions of the emergency and the application
of disciplined motion allows us to moderate or overcome the emergency. The
understanding of the emergency and the planned and executed motions are
human attributes. The model we use to respond to the emergency is the man
model. For this type of application, the man model is the only model we
have. We interpret and act within the confines of the man model.

Of the three possible systems that could be employed for performing remote
work, programmable robotics, intelligent robotics, and teleoperation, only
two, intelligent robotics and teleoperations, offer useful potential for
emergency response.

The goal of today's developments in artificial intelligence (AI), in the
context of emergency response applications, is to acquire knowledge of the
environment from sensory input, represent this knowledge in a useful manner,
build context-dependent knowledge bases and provide reasoning functions, and
execute task and mission level control. Although useful AI techniques are
now at commercial or lab bench scale development, the techniques to control
a truly autonomus vehicle for performance of emergency response tasks
probably won't be available for at least ten years. Therefore, the focus
must be on teleoperation.

Teleoperation maintains man in the operations loop. Sensory information is
fed to an operator and from that sensory information the operator defines
and executes the necessary motions. Our development activities at Oak
Ridge National Laboratory have been centered on improving the flow of
information to and commands from the man in the loop. In addition to
improving the flow of information, we have executed designs that increase
the reliability of the maintenance equipment and we have provided equipment
that can be maintained by another manipulator.

The development activity has been applied to the problem of maintaining a
nuclear fuel reprocessing plant. That development activity has a common
base with radiological emergencies in at least two important areas. The



first is that reprocessing facilities are large plants. The mobility and
support equipment needed in large facilities require solutions that are
similar to the solutions required for unrestricted environments. Second,
maintenance and operational solutions required to respond to a broad
spectrum of planned and unplanned events are again similar to the solutions.
or capabilities envisioned for radiological emergencies.

HISTORY OF MANIPULATOR DEVELOPMENT

Historically, the initial attempts at nuclear manipulator development
happened nearly simultaneously at a number of facilities. Once "reach rods"
no longer solved the problem and totally enclosed shielding was required,
the first of the hot cell facilities was constructed. In facilities at Oak
Ridge, Los Alamos, Brookhaven, Argonne, Westinghouse-Bettis, General
Electric-Knolls, and Atomics International-Canoga Park, a form of the
sciff-armed crane with finger closure was developed. There was some
variation in the amount of articulation, but there were more similarities
than differences. In general, these were switch controlled unilateral
manipulators and the force was supplied by electric motors.

Feedback to the operator for control of this type of manipulation was
visual. It was in essence control by interference. Ray Goertz of the
Remote Control Engineering Division of Argonne National Laboratory, whose
work is described in a following section, is credited with the observation
that "manipulation is a series of collisions." The unilateral electric
manipulator work was paralleled by work at Argonne in which a second of
man's five senses - feel - was utilized to control manipulation.

Ray Goertz's work at Argonne produced a series of manipulators that were
mechanical parallelograms capable of transmitting back to the operator
(master) the interferences to which the projected hand (slave) was
subjected. The mechanical devices were also capable of transmitting the
operator's force to a work piece (bilateral). The mechanical unit was
inserted into the hostile environment through the shielding wall and because
of the fixed wall mounting, the volume of manipulation was limited to the
reach of the operator. A series of master-slave mechanical manipulators
which are variations of this initial theme have been produced. Variations
included extending the manipulator's reach, increasing the force capacity,
and providing sealed insertion. The basic development of the mechanical
master-slave manipulator and its force reflecting capabilities was so
successful in its application that the design of hot cell facilities for the
next thirty years - up to and including the present time - have been based
on the capabilities of this type of manipulator.

The Goertz group at Argonne recognized the fundamental limitation of the
"through the wall" manipulator and responded to that limitation by designing
the bilateral force-reflecting (BFR) servo master-slave, a manipulator
system where the master and slave were no longer mechanically attached.
This allows the manipulator system to be freed from the wall and allowed it
to function in any area its transporter would carry it to. With the
introduction of an attached television camera as the viewing mechanism, the
slave was free to be transported to any location within the working volume



of a transporter and the master control station could be placed at any
convenient position. Signals transmitted between pairs of servo motors
provided both replica motions between the master and slave and a means of
generating a sense of feel when interferences occurred. The tape or cable
driven master and slaves were counterbalanced and lightweight to minimize
the effects of system weight, friction, and inertia. The original BFR servo
master-slaves of the mid-1950s were successful mechanical devices, but had
electronic requirements that were beyond the technology of that day.
Argonne's development carried to completion four models, culminating in the
Mark E4A in the early 1960s. Variations of this unit are offered by Central
Research Laboratories as the Model M and Model M-2.1

The general ideas embodied in the initial servo master-slave unit were
attractive enough to generate four additional development activities. A
second unit was developed in the U.S. at Brookhaven National Laboratory and
that unit spun off a private company, Teleoperator Systems Incorporated. In
addition, three units were developed in France, Germany, and Italy.2

At about the same time as the mechanical master-slave was developed, an
improvement in the electric unilateral manipulator was marketed. The
General Mills manipulator took the principles of the stiff-armed crane and
added articulation to provide seven degrees of freedom for improved
dexterity. The General Mills manipulator transported on an overhead bridge
and the window mounted master-slave became the standard tools around which
facilities were designed. Variations are marketed by at least eleven firms
worldwide. This includes GCA/PaR and Teleoperator Systems Corporation in
the U.S.

DEVELOPMENTS AT ORNL

At this point in the development chain, most facilities were equipped with
force reflecting mechanical master-slave manipulation with restricted
working area and a non-force reflecting electric unilateral unit that
covered the entire volume of the shielded area. A series of facility design
challenges came on the scene in the late 70s that required either large
volume shielded areas (such as reprocessing or waste solidification) or
manipulation in unrestricted areas (such as space, undersea or emergency
response). A potential solution to these design challenges resulted in the
further development of the bilateral force reflecting servomanipulator.
At Oak Ridge National Laboratory the decision was made to pursue the
development of the advanced servomanipulator as an integral part of the
program of the Fuel Recycle Division.

The thrust of the development at ORNL has been to produce a workable
operations and maintenance system that would be incorporated into a nuclear
fuel reprocessing facility design. Early in the development activities, it
became obvious that the development avenues being pursued had application
and positive benefit in a number of nuclear and non-nuclear areas. The
radiological emergency response system is onf of those.

The development activities at ORNL were divided into seven subsystems. A
range of options for each of the subsystems was evaluated and development



activities proceeded in those options judged to have the higher
probabilities of contributing to a successful solution. The subsystems
were: control system design, manipulator mechanical design, transporter
design, television viewing, man-machine interface, signal transmission, and
power transmission.

These subsystem evaluations and the subsequent development activities
provided a base for staged application of our progress. Our development
activities in the area of servomanipulators has been conducted in three
distinct stages that are identified with three different servomanipulators.
Our first experience with servomanipulators and with total television
viewing was conducted in an unused hot cell facility at Oak Ridge. We
installed the control station 150 cable feet from the manipulator and the
hot cell. A set of TOS-SM-229 servomanipulators were loaned to us by a
sister laboratory. We incorporated these servomanipulator arms into this
facility for remote systems development. Starting in 1981, we did our
initial investigations in two areas. The first was the investigation of
control systems for the transporter and manipulator systems which led to the
development of the digital control system now in use, and the second was a
detailed study of the man-machine interface. A series of studies was
conducted which attempted to optimize the relationship between man, the
television camera, and the servomanipulator. The studies have been
documented in the literature.^*3

We also used the facility to evaluate voice control of television cameras
and introduce the necessary software for automatic camera tracking. Figures
1 and 2 show the slave and master as installed in the Remote Systems
Demonstration Facility.

At about the same time, we undertook upgrading an existing commercial
servomanipulator system by designing and integrating to it a digital control
system. We worked with Sargent Industries, Central Research Laboratories,
and the cooperative effort produced what we strongly feel is one of the
better servomanipulator systems available today. 1»lf We have been using the
unit to perform remote maintenance routines on various pieces of
reprocessing equipment in our non-radioactive mock-up test area. The M-2
slave system as we employ it consists of the slave arms, two television
cameras with pan and tilt mounted on rotate-extend arms and motoiized
zoom/focus/iris lens, a fixed camera mounted at a belly position, and a
500-pound hoist positioned between the arms. The system uses a coax cable
interconnection for the high speed serial digital communication link to the
bridge and manipulators.

In addition to simplifying cable handling systems, the digital control
system allowed us to demonstrate a series of operational modes that indicate
the versatility of the manipulator and its control system.

We utilize a "dead man" switch on the master handle which provides "free
wheeling" of the master when the operator's hand is remoted from the grip -
the slave is servoed in position. The master can also be easily Indexed
wich respect to the slave to provide an optimum operator position.
Presently the force feedback ratio can be varied from 1:1 to 8:1 and could
be varied in other ratios if the need arises. All of these controls are
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menu driven and the selection process is by touch screen. We have
implemented a routine that brings the master and slave into synchronous
position at a controlled slow speed. The digital control system is utilized
for a diagnostic system that indicates to the operator the condition of the
system in use. The diagnostic system provides valuable information in
attaining optimal system performance. Figures 3 and 4 show the M-2
manipulator as installed in the Remote Operations and Maintenance
Demonstrat ion Facility.

There is a third stage in our present development program and one in which
we have a great deal of pride. For the application of reprocessing or waste
solidification, we felt that improvement in two attributes of the
servomanipulator were necessary. The first is increased reliability and the
second is improved maintainability. To that end, we have developed and
manufactured a gear and torque tube driven servomanipulator.5

Replacing the tape and cable tendon drives with gears and drive shafts
provided us with a solution to our goal of increased reliability and
improved maintainability. These mechanisms are theoretically more reliable
and the gear and spline interfaces provide a manipulator that is separable
into removable and replaceable modules. These modules were designed to be
within the lifting capacity and dexterity of another manipulator arm.

In addition to designing the manipulator for greater reliability and for
ease of repair, we accomplished an additional and needed design change. All
of the existing servomanipulator designs paralleled the through-the-wall
master-slave design in configuration. The "elbows up" configuration is best
suited for table-top work. Designing a manipulator in the anthropomorphic
(manlike - elbows down) configuration required that we solve a different
design problem - that of eliminating a mid-range singularity in the standard
hot cell roll-pitch-roll wrist. We have successfully met that design
challenge.

To expedite our development program, we produced the two slave arms on a
fast track schedule and are using one of the slaves as a master while we are
completing the design of the master arms. We are presently checking out the
digital control system - hardware and software - with the pseudo (two slaves
- one is a master) master-slave pair. Recognizing that we have much higher
friction and backlash when using the slave as a master as compared to the
final system, the tests to date indicate we have been successful.

For the next few months we will be operating the pseudo master-slave system.
Following that period, we will add the master arms6 (presently in design and
fabrication) and begin operation of the complete system. The digital
control system to be utilized is the next step in our development program
after the digital control system described for the M-2 manipulator. S ' It
is, in fact, a transition to the use of all commercially available hardware
for control implementation. The system is based on the use of the IEEE-796
bus structure and Motorola 68000 micro processors for joint control.
Software is written in FORTH. Figure 5 is a schematic of the manipulator.
Figure 6 shows the slave manipulator as it appears today, and Figure 7 is
the system control room presently under construction.



Fig. 3. M-2 Slave Manipulator as Installed in the
Ranote Operations and Maintenance Demonstration Facility



Fig. 4. M-2 Master Manipulator as Installed in the Remote Operations and Maintenance Demonstration Facility
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Fig. 6. ASM Slave Manipulator As It Appears Today
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Our present demonstration schedule indicates that by the end of 1986 we will
have adequate information to produce through industry a marketable system
that will be available in about 1988. That schedule could be expedited if a
need were shown.

Technical details of the material presented today are contained in a series
of nine papers presented at the ANS National Topical Meeting on Robotics and
Remote Handling in Hostile Environments held in Gatlinburg, Tennessee, in
April 1984.3~iT

SYSTEM OPTIONS

Having established the availability of force reflecting manipulators and
indicated the availability of non-force reflecting manipulators, one is
faced with the decisions necessary to choose the correct manipulator for the
application.

One Arm or Two Arms

In general, the greater the structural definition of the work place, the
higher the probability that one arm (or one hand) manipulation will be
satisfactory. We can design an environment where all normal operations can
be done with one hand (where normal describes the fact that we have
considered the operation in the design). Our observations indicate that
about 70% of the things we do with a manipulator can be done with one hand,
albeit more slowly. We tend to use two-armed systems for two reasons. The
first is the 30% of the operations that benefit from a holding hand and an
operating hand, and the second is the fact that the redundancy provided by
the second hand in case of failure of the first hand appears advantageous to
completing the tasks. In the unstructured environment of an emergency
situation, these authors favor the two-hand approach.

System Dynamics

For teleoperated systems using replica masters, we have observed that the
operator's control is at its maximum when the system speed matches human
hand speed (30 to 50 inches per second) and the speed with which operations
are executed are at their maximum with replica masters. We have tested both
force reflecting and non-force reflecting systems and the system's dynamic
performance appears to be one of the major factors in controlling the time
it takes to complete an operation. One factor we believe is affecting the
operator is that when the slave doesn't track with the master in real time,
the human operator is required to make an abnormal adjustment in his command
process and a confusion results. There is no human analog to the delay
feature and the operator is required to readjust his control thinking. We
believe this increases both the time to complete a series of motions and the
number of errors in the required sequence.



Man-Machine Interface

There are a number of attributes that fall within this category. We believe
that the three major attributes of concern and decision in this area are the
manipulator control mechanism used, the viewing system, and the
incorporation of force reflection.

In testing a number of manipulator systems at ORNL, some general conclusions
can be drawn. The learning curve is more favorable and the number of errors
is minimized for those manipulators that are patterned after the human arm
and whose control is a replica master of the slave. In one instance of
recent testing, we were able to compare an exoskeletal master and switch box
control for the same manipulator and the testing indicated a large bias for
the human-like master. As expected, the bias was in both an increase in the
speed of completion and a decrease in the number of errors.

In tests run at a series of five laboratories, a comparison was made of
unilateral switch control and joy stick control.12 The testing reported
time to complete similar tasks and the ranges reported in a ratio of
switchbox to joy stick control times were from 2:1 to 10:1 with a
preponderance of the data at about 5:1. The joy stick which matches control
motion to slave motion is the better control solution. Switch boxes which
have been used often because they are inexpensive to build, require the
operator to make joint transformations that are time consuming, error
causing, and fatigue producing.

The significant choices in television viewing are those concerning color,
increased lines of definition, and stereo projection. Each of these areas
offers solutions that have some specified advantage and in each case that
perceived advantage is generally more expensive, more complicated, and
requires greater maintenance activity than comparative standard resolution
black and white. Tests conducted at ORNL13 indicate little advantage to
color for detailed maintenance activity, but did indicate a preference for
color by the operators. The testing also indicated a potential advantage of
color for search and location tasks or for generalized viewing.
Nevertheless, the color cameras' increased complexity presents reliability
problems in radiation fields. There are few radiation hard color cameras
commercially available.

Testing presently being conducted at Oak Ridge, where a NHK (the Japan
Broadcasting Corporation) high definition television system (HDTV) with 1125
lines of resolution is being used, indicates that some of the depth
perception cues lost in monocular viewing may be offset in the high
definition system. The high definition systems are more expensive and may
be somewhat more susceptible to radiation damage. Our Japanese colleagues
are presently conducting radiation tests on their system.

The use of stereo vision is an unsolved enigma. The human animal uses
stereo vision to establish distance and create depth perception. A number
of schemes are available to produce stereo vision via television cameras -
our experience indicates to date none has been totally successful for
continuous intense use. One of the major problems is operator fatigue - a
fatigue that takes place after between 15 and 30 minutes of intense use.



Binocular vision certainly has potential advantages, particularly for
degraded visual conditions, and further studies into the fatigue factors
will produce useful and advantageous systems.

The mechanical master-slave manipulator gained great popularity in remote
operations because it provided a true sense of feel to the operator. Of the
five senses man is endowed with, two and possibly three are the effective
controllers of mechanical work. Taste and smell are the aesthetic senses
and make little contribution in the mechanical realm. Sound is an arguable
contributor, but is generally included as it is inexpensive and a fairly
simple sense to transmit to the operator. The best argument for inclusion
of sound may be its contribution to telepresence. We would define
telepresence as the operator having the feeling of being at the work site
rather than some distance away.

That leaves us with sight and feel as the predominate senses in
accomplishing useful mechanical work. There has been little argument that
these are the predominant senses in the general treatment of mechanical
work. There have been continuing arguments about including force reflection
- feel - as a predominant requisite for projected mechanical work. The
arguments begin with cost. Present force reflecting manipulators have a
cost per arm that is three to five times as high as their non-force
reflecting counterparts. The arguments go on to cover complexity and
reliability. The force reflecting manipulator is more complex, both
mechanically and electronically, but complexity is in itself only a
potential measure of reliability. In the area of reliability, there is
little available data. The counter argument in the reliability area is that
the existence of force reflection in an operating manipulator is a built in
limitation on overstressing the manipulator or the equipment being
maintained. Observers of operators of non-force reflecting systems are
aware that the compliance of the system is used by the operator as an
indicator of applied force. Excessive system compliance, which could be
used to moderate the collision force, is in itself counterproductive. In
addition, the reliance on viewing the compliance as a measure of the
interference was a product of the wide angle viewing provided by direct
viewing (windows). Systems using television rather than direct vision may
not always provide an adequate view to indicate compliance. We would
suggest that the more unstructured an environment is, the greater the need
for force reflection. We are also impressed with the fact that the area
under discussion today - radiological emergencies - is by definition the
most unstructured environment a manipulator can encounter.

There are few simple solutions to the selection of the correct mechanical
accessories for radiological emergencies. The technology of the last five
years has added to those mechanisms to be considered, a series of improved
products that we believe should be considered and utilized.
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