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I. ABSTRACT 

The Selective Equipment Removal System has been 
designed as a generic and reconfigurable remote 
manipulation platform to demonstrate and evaluate mobile 
telerobotic concepts suitable for performing selective 
decontamination and dismantlement functions. Both 
radioactive and hazardous chemical environments dictate 
that human presence should be minimized in many of these 
activities. In addition, robotic deployment of large and 
heavy tools should improve safety of operation by limiting 
human proximity to tooling. Monotonous, repetitive, and 
high precision activities should also benefit by robotic 
completion. This paper discusses the development of the 
Selective Equipment Retrieval System and its remote 
manipulation platform, the Dual Arm Work Module, 
applicable tooling, and application to various 
decontamination and dismantlement tasks. 

II. INTRODUCTION 

Many Department of Energy (DOE) sites will require 
decontamination and dismantlement (D&D) as facilities are 
idled due to downsizing of nuclear research and operations 
activities.^ However, regulations preclude closing the 
doors and walking away from these contaminated sites; 
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typically they must be cleaned up to a certain point and 
then, depending on the levels of remaining contamination, 
permanent surveillance and monitoring activities initiated. 
A wide range of facility size and complexity will be 
encountered during these activities. D&D is required for 
facilities ranging from hot cells and reactors to massive 
chemical and process plants. Hazards associated with D&D 
of facilities at DOE include ionizing radiation, radiological 
contamination, toxic and carcinogenic materials, and 
intrinsically dangerous demolition-style operations. 

Where contamination levels are high, remote 
completion of D&D tasks is desirable to limit human 
exposure. Further, as time goes on, regulatory direction is 
towards decreasing the level of exposure that is considered 
acceptable to a level that is as low as reasonably achievable 
(ALARA). Tasks that are now performed by suited 
humans may have to be performed remotely in the future as 
these standards are tightened. Additional advantages may 
also be gained by automating as much of the remote tasks 
as possible to increase the efficiency of operation and to 
decrease overall cleanup costs. 

Disassembly and dismantlement of equipment and 
structures can be complex operations in the context of 
remote manipulation and robotics. Such tasks include, for 
example, disassembly of process equipment; cutting of 
pipe; size reduction of equipment and materials; transport 
of resulting debris out of the facilities; decontamination of 
materials before removal from a facility; and 
decontamination of floors, walls, and remaining equipment 
in facilities to be refurbished. Robotics may also be needed 
for the dismantlement of facility concrete and steel 
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structures. Suitably engineered and hardened robotic 
systems can provide the remote and automated capabilities 
necessary to accomplish these operations with reduced 
worker exposure to the work site hazards. 

III. THE SELECTIVE EQUIPMENT REMOVAL 
SYSTEM 

The Selective Equipment Removal System (SERS) is 
a reconflgurable and modular deployment system for the 
dual-arm work module (DAWM), which is a generic 
manipulation package designed to provide both dexterous 
teleoperation and robotic capability. The SERS is 
specifically designed to study and address the needs of 
facility D&D. Multiple deployment options are provided 
to support the needs of different facilities. Some sites may 
have overhead cranes available. The initial implementation 
of SERS uses a rigid boom gantry overhead transporter 
system located in the Robotics and Technology 
Assessment Facility (RTAF) at Oak Ridge National 
Laboratory (ORNL). The transporter provides X, Y, Z, and 
boom rotation functions for gross positioning of the 
DAWM (Fig. 1). Future activities will examine stabilized 
crane hook deployment in conjunction with the French 
Commissariat a l'Energie Atomique (CEA) who have 
successfully tested a system of their own. However, many 
and even most facilities were not designed for remote 
activities with overhead cranes. These facilities will require 
that the DAWM be deployed by a mobile vehicle which 
can navigate through and around process equipment The 
vehicle is being developed by Carnegie Mellon University 
and RedZone Robotics via a Program for Research and 
Development Agreement (PRDA) with DOE (Fig. 2). 2 

Hardware will be available late FY 1995 to begin testing. 

IV. TELEOPERATION AS THE BASELINE 

It is essential to the D&D effort that robotics 
development tasks focus on the solution of realistic 
problems. The focus on practical task execution with 
demonstrable performance improvements in diverse and 
complex environments dictates the use of established and 
proven remote systems technology as a foundation. This 
approach therefore emphasizes a "human-in-the-Ioop" 
philosophy and a task-oriented rather than a technology-
oriented perspective. DAWM is designed for use in 
teleoperation, telerobotic, and robotic modes. Good 
teleoperation capability has been a primary design driver for 
this system.^ The wide variety of potential tasks and lack 
of good a priori models of the workspace limit extensive 
use of robotic operation except in facilities that consist of 
very repetitious equipment designs. Pure teleoperation, 
however, is operator intensive, fatiguing, and less efficient. 

Therefore, the system has been designed to allow the 
addition of extensive operator aids to include the use of 
many robotic capabilities to increase the operator 
effectiveness and to increase the efficiency of the system. 
Such systems are referred to as telerobotic systems. A 
supervisory control module will provide the capability to 
further alleviate the operator of the percentage of tasks that 
lend themselves to fully automated operation. Testing 
with realistic tasks provides the vehicle for determining 
what functions are amenable to automation and which are 
best left to teleoperation. 

V. THE DUAL ARM WORK MODULE 

The DAWM consists of two six degree-of-freedom 
(DOF) Schilling Titan II hydraulic manipulators mounted 
to a 5-DOF hydraulic positioning base that was designed 
and built for ORNL by RedZone Robotics, Inc. (Fig. 3). 4 

The DAWM base motions provide for a seventh DOF at 
the base of each Titan II so that manipulation can be 
approached in an elbows-up, elbows-out, or elbows-down 
configuration, depending on the task at hand. These rotary 
actuators have a ±90° rotation from the horizontal position. 
An elbows-up configuration is advantageous for operation 
from above on horizontally configured equipment. An 
elbows-down configuration is advantageous for working on 
vertically stacked equipment The elbows-out positions 
allow the manipulators to reach around obstacles, if 
required. Two linear actuators locate the base of the arms 
anywhere between a separation of 24 to 60 inches. A 
center rotary actuator provides a ±90° rotation of the entire 
torso from the horizontal position maximizing flexibility 
of the DAWM manipulation capabilities. These 
positioning capabilities allow the manipulators to be 
configured to the best pose for performing tasks in the 
cluttered and constrained environments expected during 
D&D activities. 

The Schilling manipulators provide higher lift capacity 
than that normally available for dexterous teleoperation 
with 240 lb in the elbows-up configuration, 150 lb in the 
elbows-out configuration, and 180 lb in the elbows-down 
configuration, all at the maximum extended reach of 78 in. 
Joint positions are provided by 12-bit resolvers and a linear 
variable differential transformer (LVDT) is used to indicate 
gripper position. A force/torque sensor is located in the 
wrist. Control and sensor communication for all 
manipulator parameters is managed through a custom 
Schilling VME bus card and electronics module for each 
manipulator. Presently the existing force/torque sensors 
have significant noise and offset reducing the performance 
compared to existing examples of electric dexterous 
teleoperation, where the force reflection sensitivity 



threshold is generally less than a few pounds and ideally 
much less than 1 lb. (However, those electric 
servomanipulators also have much less lift capacity.) 
Schilling has released a new force/torque design that 
improves on these limitations. Further development will 
be pursued in FY 1995 to improve the dexterous qualities 
ofDAWM. 

The master controller for the DAWM uses the 
converted hardware from the advanced servomanipulator 
(ASM), a manipulator designed and extensively tested in 
the 1980's (Fig. 4). The ASM was a fixed configuration, 
elbows-down, remotely maintainable manipulator that was 
designed to meet the needs of fuel reprocessing facilities 
(Fig. 5). The master controller achieves motor to joint 
torque transmission via tensioned steel cables. The ASM 
was primarily a teleoperator but could also provide a 
robotic teach/playback capability. This teleoperator used 
traditional joint level position-position force reflecting 
control of its degrees of freedom. To support control of the 
DAWM, position encoders have been upgraded to resolvers 
and sensors, actuators, and grip switches have been tied 
into the SERS VME master controller. DAWM has been 
mounted in the position of the ASM on the same 
transporter. 

Robotic operation and teleoperation of DAWM are 
both handled in a Cartesian rather than joint level mode. 
Cartesian control has several advantages.^ For both 
robotic and teleoperation mode, the manipulator controller 
software can be the same. Only the front end changes as to 
whether the master controller or trajectory planner is 
driving the manipulator end effector. Since the master 
controller is a fixed configuration six DOF controller and 
the manipulation side is essentially a seven DOF 
manipulator with two potential additional DOFs (linear 
translation and torso rotation), Cartesian control of the end 
effector minimizes operator confusion as to the orientation 
of the DAWM manipulation platform but places a much 
heavier computational burden on the control system by 
dealing with extensive transformations. All software is 
done in C or C++ and modules run under Wind River's 
VxWorks® real-time control architecture. 

The VME controller uses five Motorola 68030-based 
single board computers in the same back plane. One CPU 
handles each of the master controller arms and manipulators 
and runs synchronous deterministic control loops. The 
fifth CPU is used for asynchronous communications to the 
operator interface as well as overhead transporter and camera 
positioning where loop rate requirements are not stringent 
Control is actually handled through two VME back planes 
separated by 300 ft and connected by a bus repeater card set 

through a set of four optical fibers. All CPU's are located 
in the master rack in the control room. Only the bus 
repeater cards and I/O cards relevant to DAWM control are 
located in the back plane in the DAWM. 

The manipulators are run continuously in the 
impedance control mode for both teleoperation and robotics 
and adjusted to be stiff or compliant as the task requires. 
Dexterous force reflecting teleoperation essentially requires 
that the impedance of the combined master/manipulator 
controller match that of the operator as closely as possible. 
High compliance in one manipulator is also useful when 
executing coordinated two arm tasks robotically. Certain 
types of tasks, such as robotic peg-in-hole, are best 
completed in an impedance control mode as well. 

The initial operator interface makes use of the existing 
ASM Advanced Integrated Maintenance System (AIMS) 
video console which includes three 19-in video views and 
six 9-in video views. Future development will examine 
alternate viewing schemes focusing on those methods 
which will accommodate extended use by operators. 
Operator interface menus are provided by Sun workstation 
X-Window-based graphics and Silicon Graphics machines 
running IGRIP for 3D modeling of the task space and 
displaying DAWM orientations. 

VI. TASK SPACE SCENE ANALYSIS 

A task space scene analysis (TSSA) capability has 
been developed by The University of Tennessee to provide 
DAWM with robotic capability as task complexity 
permits. This system uses a stereo camera module to 
capture images of the immediate workspace and uses image 
processing and interactive operator input to allow the 
operator to quickly build a graphical model of the portion 
of the workspace that is the focus of the current task. This 
three-dimensional model is automatically registered to the 
manipulator work space since the camera system is attached 
to the dual-arm module at a known location. With this 
model, the operator can specify manipulator tasks such as 
grasp and cut functions, which can then be robotically 
performed by the DAWM. A capability to graphically 
preview the task is provided to allow the operator to verify 
the feasibility of the operation before allowing the system 
to proceed with the task. This graphical preview feature 
improves the safety of operations, especially in constrained 
or cluttered environments. Through the use of capabilities 
such as the task space scene analysis, the operator provides 
much of the cognitive capabilities required to plan tasks, 
whereas robotic system control features allow robotic 
execution to relieve the operator of much of the direct 
motion command activity required in pure teleoperation. 
For tasks that do not lend themselves to the use of these 



telerobotic capabilities, the operator performs the tasks 
under direct teleoperation control. 

VII . THE D&D ROBOTIC TOOL 
COMPATIBILITY STUDY 

It is important that D&D telerobotic development be 
relevant to the needs of facilities requiring D&D and that 
systems be developed that can deploy the proper tooling 
necessary to do the actual decontamination and 
dismantlement. A robotic tool compatibility study was 
completed to examine the types of DOE facilities requiring 
D&D, to identify the types of process equipment within 
those facilities that may require remote cleanup, to 
establish what cleanup processes and tooling have been 
developed to address the contamination problems, and to 
determine methods of deploying this equipment remotely." 
A heavy reliance was placed on past remote maintenance 
experience gained in fuel reprocessing development and 
various remote activities over the last 30 years. 

As a result of the study, a first pass minimum tool set 
was purchased and modified for use with the Schilling 
T-handle slot built into the manipulator gripper and remote 
activation of the tool's function. Power hand tools 
purchased included impact wrenches, grinders, cut-off saws, 
and a stainless steel wet/dry vacuum cleaner. A previously 
modified Hurst "Jaws-of-Life"® hydraulic cutter, originally 
designed for rescuing injured passengers from automotive 
accidents, was refitted to the overhead transporter and made 
available to the DAWM (Fig. 6). Long term goals have 
been identified to pursue plasma arc cutting, high pressure 
water cutting, CO2 blasting, as well as other technologies 
necessary for large scale dismantlement of structures not 
designed for remote interaction. 

Deployment, storage, and operator interaction with the 
tooling will be examined as part of an on-going FY 1995 
activity to study and demonstrate various types of D&D 
tasks. Mockups for typical process equipment will be 
fabricated as part of the ORNL RTAF activities. Tooling, 
cleanup, and dismantlement processes will continue to be 
tested and modified to optimize them for remote 
deployment. In addition, adjacent to RTAF is the 
Integrated Process Demonstration (D?D) facility. Once used 
to develop and demonstrate fuel reprocessing technology, 
EPD now contains contaminated equipment that needs to be 
decommissioned such as the IODOX rack which was 
designed to remove iodine from reprocessing processes 
(Fig. 7). 

VIII. INITIAL D&D TASK DEMONSTRATION 

There are two fundamental categories of D&D tasks 
that may be required. Some facilities, which were designed 
to incorporate remote maintenance concepts, may be able 
to make use of remote disassembly for selective removal of 
particularly hot or contaminated components. This would 
require the extra finesse of being able to unbolt modules for 
their removal; however, the advantages are significant in 
that components can be removed without creating and 
spreading contaminated waste. These types of activities 
can also benefit from the extensive background of the 
remote maintenance community. 

Initial demonstration of disassembly capability will be 
demonstrated by removing a bolted, 3-flange piping jumper 
from the Breeder Reactor Equipment Test (BRET) rack 
built in the 1980s to develop and verify remote 
maintenance concepts for a nuclear fuel reprocessing 
facility using the ASM (Fig. 8). The jumper incorporates 
three captive conehead bolts per flange, grasp points on the 
piping, and a lifting bale to simplify manipulator 
interaction. An electric impact wrench provides fast 
removal of all bolts, and the 240-lb lift capacity of the 
Schilling should easily handle the jumper which weighs 
about 40 lbs. The task will be completed in the 
teleoperation mode. At the time of this paper, testing is 
about to begin. 

Unfortunately, the vast majority of necessary D&D 
operations will be in facilities that were not designed for or 
predate the concepts of remote maintenance. These kinds 
of facilities will require destructive "rip-and-cut" 
dismantlement. The primary problem here is that many of 
these operations, such as plasma arc cutting, water jet 
cutting, and media blasting generate additional waste and 
may disperse existing contamination. Waste minimizing 
operations such as CO2 blasting are still in the 
experimental stages and efficiency of use has not yet been 
established. Waste containment and collection issues 
pertaining to destructive dismantlement will be pursued in 
future activities. 

Initial destructive dismantlement demonstrations have 
been designed to use the Hurst cutter on the existing BRET 
rack to remove process piping. In this case, the DAWM 
would robotically position to grasp and cut points 
established by the TSSA software module and interact 
automatically with the task environment Issues pertaining 
to image processing and manipulator positioning 
resolutions will determine the types of tasks that may be 
completed in this manner. At the time of this paper, 
testing is about to begin. 



XI. SUMMARY XL REFERENCES 

The Selective Equipment Removal System has been 
specifically designed to answer the needs of facility D&D 
where human access is not efficient or possible by 
providing various deployment options for the DAWM. 
DAWM works to provide a telerobotic capability to the 
operator where both teleoperation and robotics may be used 
as appropriate to complete the multitude of D&D tasks that 
will be encountered in contaminated DOE facilities. 
Effective use of tooling, cleanup processes, and efficient 
operator interaction are a key emphasis of this effort. 

Future work with the SERS will be closely tied with 
tooling development and D&D task needs analyses as part 
of the ongoing development of the RTAF at ORNL. 
Continuing work in control algorithm, sensors, and 
hydraulic actuators will ensure that SERS is providing the 
best possible combined teleoperation and robotic 
capabilities. Various deployment methods for the DAWM 
will continue to be studied in order to make manipulator 
capability available to various kinds of facilities with 
different needs. 

X. ACKNOWLEDGMENTS 

The authors would like to acknowledge the 
contributions of the rest of the SERS technical team to 
this effort. John Jansen was the source of all controls, 
robotics, and robot calibration algorithm development. 
Tim Noell provided significant VxWorks programming 
expertise at the systems level. Rodger Bradley, 
David Dunning, Walt Glover, and Jim Moore provided 
technician and operations support. Chuck Guffey was 
responsible for detail design and drafting functions. Jim 
Poston and Ron Harris, and their respective shops, 
completed all in-house fabrication activities. 

The D&D robotic technology activities are the result 
of the combined efforts of a team comprising staff 
members from Oak Ridge National Laboratory, Sandia 
National Laboratories, Pacific Northwest Laboratory, Idaho 
National Engineering Laboratory, and Savannah River 
Technology Center. Current university partners include 
The University of Tennessee, the University of Texas at 
Austin, Carnegie Mellon University, and the University of 
South Carolina. Major industrial participants include 
Schilling Development Corporation and RedZone 
Robotics, Inc. 

Development of DAWM was shared by the Cross 
Cutting and Advanced Technology activities of the OTD 
Robotics Technology Development Program. 

1. W. R. HAMEL and D. C. HALEY, "Advanced 
Robotics for Decontamination and Dismantlement," 
Proceedings of the ISRAM '94 Fifth International 
Symposium on Robotics and Manufacturing, Maui, 
Hawaii, August 14-17,1994. 

2. B. R. THOMPSON, L. CONLEY, AND W.R. 
HAMEL, "Rosier A Mobile Worksystem for 
Decontamination and Dismantlement Operations," 
Proceedings of the ANS Sixth Topical Meeting on 
Robotics and Remote Systems, Monterey, California, 
February 5-10,1995. 

3. J. V. DRAPER, "Teleoperator Hand Controllers: A 
Contextual Human Factors Assessment, Environmental 
Restoration and Waste Management Program, Underground 
Storage Tanks-West activities, design document, 1994. 

4. W. R. HAMEL and D.C. HALEY, "Dual-Arm 
Manipulation Module for Use In Decontamination and 
Decommissioning Operations," 7994 International 
Symposium on Decontamination and Decommissioning, 
April 1994. 

5. T. F. CHAN, R. V. DUBEY, and M. W. NOAKES, 
Generalized Bilateral Control for Dissimilar Kinematic 
Teleoperators and Application to D&D-Type Tasks," 
Proceedings of the ANS Sixth Topical Meeting on 
Robotics and Remote Systems,, Monterey, California, 
February 5-10,1995. 

6. J. H. EVANS, M. W. NOAKES, and K. S. KWOK, 
"Robotic Compatibility Tool Study," Draft copy, 
September 1994. 



Fig. 1 Graphical model of DAWM on the SERS Fig. 3 RedZone Robotics, Inc. mobile 
overhead transporter. platform "Rosie". 

Fig. 3 Dual Arm Work Module 
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Fig. 4 Advanced Servomanipulator (ASM) Fig. 5 ASM performing a remote 
master controller arms. maintenance task 

Fig. 6 Hurst "Jaws-of-Life" hydraulic cutter. 
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Fig. 7 IODOX process rack. Fig. 8 BRET rack. 
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ORNL-PHOTO 1306-88A 

ADVANCED SERVOMANIPULATOR PERFORMING 
MAINTENANCE ON PROTOTYPE MODULE 
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