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ABSTRACT 

The field of remote technology is continuing to evolve to support man's efforts to 

perform tasks in hostile environments. Remote technology has roots which reach into the early 

history of man. Fireplace pokers, blacksmiths' tongs, and periscopes are examples of successes in 

removing humans from hostile environments. The technology which we recognize today as 

remote technology has evolved over the last 45 years to support human operations in hostile 

environments such as nuclear fission and fusion, space, underwater, hazardous chemical, and 

hazardous manufacturing. 

The four major categories of approach to remote technology have been (1) protective 

clothing and equipment for direct human entry, (2) extended reach tools using distance for safety, 

(3) telemanipulators with bamers for safety, and (4) teleoperators incorporating mobility with 

distance and/or bamers for safety. The government and commercial nuclear industry has driven 

the development of the majority of the actual teleoperator hardware available today. This 

hardware has been developed largely due to the unsatisfactory performance of the protective 

clothing approach in many hostile applications. Manipulation systems which have been 
developed include cranehmpact wrench systems, unilateral power manipulators, mechanical 

master/slaves, and servomanipulators. Viewing systems have included periscopes, shield 

windows, and television systems. Experience over the past 45 years indicates that maintenance 

system flexibility is essential to typical repair tasks because they are usually not repetitive, 

structured, or planned. Fully remote design (manipulation, task provisions, remote tooling, and 

facility synergy) is essential to work task efficiency. 

Work for space applications has been primarily research oriented with relatively few 

successful space applications, although the shuttle's remote manipulator system has been quite 

successful. In the last decade, underwater applications have moved forward significantly, with 

the offshore oil industry and military applications providing the primary impetus. 

+Managed by Martin Marietta Energy Systems, Inc., for the U.S. Department of Energy. 



Over the next decade, nuclear fission and fusion applications, along with Department of 

Defense needs, will continue to be major technology drivers, with environmental restoration and 

waste management applications presenting major new challenges for the remote technology 

community. New challenges presented by the Space Exploration Initiative will require 

significantly more emphasis on autonomous systems research and development. 
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Remote Operations and Robotics in Nuclear Facilities d 

Remote Technology Has Evolved To Support Human 
Efforts In Hostile Environments 

Humans, since very early, have utilized Remote Technology ... 
examples include ... 

- fireplace poker 
- blacksmith's tongs 
- periscope 

Over the past 45+ years, Remote Technology has been developed 
in earnest to support human endeavors in hostile environments 

- nuclear fission 
- nuclear fusion 
- space 
- underwater 
- hazardous chemical 
- waste management 



There Are Four Major Categories of Approach to 
Remote Technology In The Nuclear Industry 

PROTECTIVE CLOTHING ... an approach that utilizes 
special body coverings and/or worn equipment with 
direct viewing 

EXTENDED REACH TOOLS ... an approach that extends 
the idea of blacksmith's tongs ... long tools with distance 
from the hazard for safety, vision is usually direct or 
supplemented with television 
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Remote Operntions and Robotics i n  Nuclear Facilities d 

There Are Four Major Categories of Approach to 
Remote Technology In The Nuclear Industry (Cont.) 

I 

TELEMANIPULATORS (Ref. 1) 

- an approach which utilizes highly dexterous "extended 
reach tools" and physical barriers between the human and 
the hazard 

- manipulation is by mechanical masterklave manipulator 
and vision is direct through protective windows 

- usually limited to fixed locations, work volume typically - one cubic meter 

- some mobile systems used (undersea, etc) 





Remote Overatiotrs and Robotics i n  Nuclear Facilities d 

There Are Four Major Categories of Approach to 
Remote Technology In The Nuclear Industry (Cont.) 

I 

TELEOPERATORS 

- "A teleoperator is a general purpose, dexterous, 
man-machine system that augments man by projecting 
his manipulatory and pedipulatory capabilities across 
distance and through physical barriers into hostile 
environments" (Ref. 2) 

- Manipulation is by a movable mechanism (crane hook, 
servomanipulator), and vision is either direct or indirect 
(protective window, periscope, television camera) 

- The human operator is ALWAYS directly in the control loop 
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Fully Remote Maintenance Has Been Implemented Since 
the Beginning of the Nuclear Era ... Hanford Bismuth 
Phosphate Plants 

MOTIVATION 
- new highly radioactive plant 
- new process technology 
- unsurpassed design and construction schedule 

RECOGNITION 
- difficulties are certain, build in recovery capabilities 

DEVELOPMENT REQUIREMENTS 
- shielded-cab crane with perescope viewing 
- remote tooling concepts 
- remotely operable process components 

PROGENY 
- a series of remote fuel cycle, PIE, and analytical chemistry cells 
- most successful of the high radiation facilities (Ref. 3) 



Process 

Purex 

Plant Location or Name I 

Savannah River 

Bismuth phosphate Hanford 

Redox Hand ford 

DreciDi tation 

Electrochemical and chemical 
dissolution; TBP and hexone 

solvent extraction 
Idaho Chemical 

Processing 

Purex Hanford 

1954 Remote crane canyonc 

Pyromet EBR-I1 Fuel Cycle 
Facili t 

Chop-leach, Purex Nuclear Fuel Services 

1963 

1966 

Midwest I Aqua fluor 

Total remote 

Remote/con tact 

Chop-leach, Purex I Barnwell Nuclear 
Fuel Plant 

1976 

Facilities 

Remote/contact 

3a 

1 

2 

1 

1 

1 

1 

I Date of 
Construction Type of Maintenance 

1944 I Remote crane canyonb 

1948 I Remote crane canyonb 

1953 Contact 

1956 Remote crane canyonc 

1974 Rem0 te 

aOnly two were operated. 
bLimited to removal and replacement. 
'Minimal repair of process equipment, and that only by contact means after decontamination. 
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RELATIONSHIPS BETWEEN ROBOTICS AND TELEOPERATORS 
(AFTER JEAN VERTUT) 

AUTONOMY 

MACHINE 
T o o l s  

COOPERATIVE 
ROBOT (PLUS 

M A N )  

PROORAMMED I 

I ADVANCED 
(INTELLIOENT) 
ELEOPER ATORS 

,TORS 

I I I b VERSATILITY I 

I 
UNILATERAL MECHANICAL MASTER/SLAVE 

TOOLS 
MANIPULATORS 
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Rem0 te Svs terns and Telerobotics d 
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2. ANI. I'rograrn Ended 
3. Robotics Megun 
4. Micropmessor Control, Coordinate Transforms 
5. Distributed Digital Control 
h ModtiIari7<d lor Kcmotc .Maintenance 
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Typical  remote manipulative c a p a b i l i t i e s  of an overhead crane 
-~~ ~ 

Generalized 
manipulative f e a t u r e s  System c a p a b i l i t i e s  Comments 

Capaci ty/direct ions 

Degrees of freedom/ 
kinematics 

End e f f e c t o r  speed 
c a p a b i l i t y  

Volumetric coverage 

Envelope 

Weight/capacity 

Ease of multi-  j o i n t  
operat ion in real 
time ( inhe ren t  
naturalness" of 

c o n t r o l  motions) 
11 

Force r e f l e c t i o n  t o  
sense and c o n t r o l  
f o r c e s  

Compliance/reversi- 
b i l i t y  t o  minimize 
equipment damage 

Typ ica l ly  45,000 t o  90,000 
kg; f o r c e  can only be 
exe r t ed  i n  t h e  l i f t  
d i r e c t i o n .  

The hook can be pos i t i oned  
in any of t h e  t h r e e  t rans-  
l a t i o n a l  degrees of freedom 
i n  space; two of t h e  t h r e e  
rotational degrees of 
freedom are no t  provided. 

End e f f e c t o r  speeds slow 
(about 0.05 t o  0.5 m/s). 

The entire ce l l  volume 
can t y p i c a l l y  b e  covered; 
removable i tems must b e  
a c c e s s i b l e  from overhead. 

The envelope f o r  access t o  
equipment tends t o  be  small .  

N/A. 

Poor. 

Not provided. 

Very compliant; hook 
osci l la t ions must b e  
c o n t r o l l e d  to  prevent 
damage. 

Index of o v e r a l l  t a s k  5 O O : l .  
speed compared t o  man's 
hands-on c a p a b i l i t y  

Capacity is not l i m i t i n g ;  
t he  a b i l i t y  t o  e x e r t  
f o r c e s  i n  only one 
d i r e c t i o n  r e q u i r e s  
s p e c i a l  design f e a t u r e s .  

Limits  arrangement of 
equipment. 

Tends t o  increase 
ce l l  l eng ths  and h e i g h t s .  

The o v e r a l l  equipment 
envelopes become l a r g e  
due t o  access  only from 
overhead. 

Typical ly  u n i l a t e r a l ,  
rate c o n t r o l l e d  from a 
switch box. 

Major vessel replace-  
ments t y p i c a l l y  r e q u i r e  
48 hours o r  more 









~ ~ 

Typical c a p a b i l i t i e s  of a power manipulator 

General ized 
manipulat ive f e a t u r e s  System c a p a b i l i t i e s  Coatmen t s 

Capac i ty ld i r ec t ions  

Degrees of freedom1 
kinematics 

End e f f e c t o r  speed 
c a p a b i l i t y  

Volumetric coverage 

Envelope 

Weight /capaci ty  

Ease of multi-joint 
opera t ion  in real 
time ( i n h e r e n t  
%a t u r  a l n e s s  It of 
control motions) 

Force r e f l e c t i o n  t o  
sense and c o n t r o l  
fo rces  

Compliancelreversi-  
b i l i t y  t o  minimize 
equipment damage 

60 t o  180 kg, f o r c e s  can 
be exerted i n  a l l  
d i r e c t i o n s  ( s u b j e c t  t o  
t r anspor t e r  c o n s t r a i n t s ) .  

Six degrees of freedom p lus  This t ends  t o  reduce t h e  
g r i p  ac tua t ion ;  t h e  g r i p  a b i l i t y  t o  perf o m  
cannot be pos i t i oned  in any 
o r i e n t a t i o n  in space  with- 
ou t  t r a n s p o r t e r  movement 
unless a wrist p i v o t  is 
provided ( a s  in some models 
of a PaR 3000). 

gene ra l  work i n  space  and 
wi th  s p a t i a l  c o n s t r a i n t s .  

0.05 t o  0.1 m/s f o r  t h e  Rather  slow compared t o  
slower j o i n t s .  man's speed f o r  

performing t r a n s l a t i o n s .  

E s s e n t i a t l y  f u l l  ce l l  volume 
coverage with t r a n s p o r t e r  
is f e a s i b l e .  

Re la t ive ly  small. 

Very good (ranges from 1:0.8 
t o  1:1.5). 

Poor with  swi tch  c o n t r o l ;  Unilateral rate c o n t r o l  
b e t t e r  if j o y s t i c k  c o n t r o l  of i n d i v i d u a l  motions by 
used. swi tches  r e s u l t s  in pre- 

daminately "one j o i n t  a t  
time" motion. 

None in most cases. Pre- 
s e l e c t i o n  of g r i p  f o r c e  
ava i l ab le .  

None. U t i l i z e s  large gear  
r a t i o s ,  n o t  back- 
d r iveab le .  

Index of o v e r a l l  t a s k  5OO:l  wi th  unilateral 
speed compared t o  man's 
hands-on c a p a b i l i t y  40-8O:l with unilateral 

switch con t ro l ;  

j o y s t i c k  c o n t r o l .  



r r  . a  I 
r 
i. -. -.e 
'I 

A 0  0 . A  
h 'A a 

" - 1  3 3  

H 
I !  

0.:  0 

SCALE, f t AT. L 4," 0 

1 9 4 8 0 4 9  o n  9 0  

9 e  e a \  

n o  
0 0  

L . .  . . 1 

0 I 2 3 

CABLE 

A O b  
0 0  

0 O . 0  

DEVELOPED IN  1948-49. 
PROOUCED FOR MANY YEARS. 

SEVERAL WERE PRODUCED, BUT THEY HAVE NOT BEEN 
LOAD CAPACITY ABOUT 4 POUNDS. 
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Typical c a p a b i l i t i e s  of a mechanical master/slave manipulator 

Generalized 
manipulative f e a t u r e s  2 System c a p a b i l i t i e s  Comments 

Capaci ty/direct ions 

Degrees of freedom/ 
kinematics 

End e f f e c t o r  speed 
c a p a b i l i t y  

Volumetric coverage 

Envelope 

Weightlcapacity 

Ease of mult i - joint  
opera t ion  in real 
t i m e  ( inherent  
"naturalness" of 
c o n t r o l  motions) 

Force r e f l e c t i o n  t o  
sense  and cont ro l  
f o r c e s  

Compliance/reversi- 
b i l i t y  t o  minimize 
equipment damage 

Light  duty - 4 t o  9 kg 
heavy duty - 23 t o  46 kg; 
f o r c e s  can be  exerted i n  a l l  
d i r e c t  ions .  

Typica l ly  six degrees of 
freedom and g r i p  ac tua t ion ;  
provides  a l l  six t r a n s l a t i o n  
and r o t a t i o n  degrees of freedom 
in space.  

Capable of following a man's 
i npu t  motions i n  real time. 

Limited t o  a 2 .S .a  
by 2.5 m by 2.5 m work.- 
s t a t i o n  ad jacen t  t o  t h e  
s h i e l d  w a l l .  

Limits  app l i ca t ion  in 
a reprocessing cel l  t o  
a c t i v i t i e s  which can be 
reached or brought c l o s e  
t o  the  MSM. 

Rather compact. 
.-* 

Excel len t .  

Very good, as long as 
f r i c t i o n  and inertia 
are kept  f a i r l y  low. 

Good t o  f a i r .  Can be  abused by 
opera tors  wi th  r e s u l t i n g  
increased f a i l u r e  rates. 

Index of ove ra l l  t a s k  8:l. ' 
speed compared t o  man's 
hands-on capab i l i t y  
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MASTER A R M  

S L A V E  ARM 

ANL 
1949 

MECHAN ICAL RASTER-SLAVE WN I WLATOR ANL HODEL I (EXPER MENTAL MODEL) 

NEVER PRODUCED C W E R C  IALLY . 



. 

ANL 
1954 

HECHANICAL EIASlTR-SLAVE MANIPULATOR ANL flOOEL 8 

25 POUND LOAD CAPACIM.  
COnnERClALLY AND WIDELY USED EVER SINCE. 

DEVELOPED I N  19% AND HAS BEEN PRODUCED 



OWL WG. 0-18747 - MASTER ARM 

no. I 

. .  . .  
. :. 

central Research Laboratories System 50 master slave. 



Typical capabilities of a force-reflecting servomanipulator 

Generalized 
manipulative features System capabilities Comments 

Capacity/directions 

Degrees of freedom/ 
kinematics 

End effector speed 
capability 

Volumetric coverage 

Enve 1 ope 

Weight/capacity 

Ease of multi-joint 
operation in real 
time (inherent 
"naturalness" of 
control motions) 

Force reflection to 
sense and control 
forces 

Compliance/reversi- 
bility to minimize 
equipment damage 

Index of overall task 
speed compared to man's 
hands-on capability 

10-46 kg; forces can be 
exerted in all directions. 

Typically six degrees of 
freedom plus grip actuation; 
provide all six translation 
and rotation degrees of 
freedom in space. 

0.8-1.5 m/s. 

Essentially total cell volume 
when mounted on 8 transporter. 

Relatively small. 

Typically 3:l to 12:l. 

Excellent. 

Very good, as long as 
friction and inertia 
are kept fairly low; 
typical threshold of 
feel of 0.3 t o  0 . 9  kg. 

Excellent. 

8:l. 

This velocity capability 
allows for following a 
man's input motion in 
real time. 



ELECTRIC HASTER-SLAVE MAN I PULATOR ANL HODEL I 
DEVELOPED I N  19% - USED ONLY FOR EXPERIMENTAL PURPOSES. 
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Realizing the Imaginable@ 

TeleRobotics 
International, 

Inc. 
Remote Sensing and 

Manipulation 
Solutions 

iazardous 
ratio with 

real-time 
:dexterity 
i language 

and fully integrated human/machine interface make TeZeMate natural to use 
and easy to customize for special situations. 

operating 

For any application with potential risk to human operators, TeZeMate 
is ready to eliminate that risk, removing you from the hazard, yet still 
allowing you to accomplish your objectives. Remote operation and 
maintenance of nuclear process facilities, fusion devices, accelerators, rad 
waste storage facilities, and radioactive material handling are now all within 
your reach. Chemical and biological hazards can now be safely managed 
without compromising your operational capability. TeZeMate’s unique, 
performance makes it ideally suited for waste cleanup activities, 
decontamination, and decommissioning efforts. The brushless motor/sensor 
technology in TeZeMate supports use in near vacuum environments, or where 
explosive materials are present. 

TeZeMate - the next best thing to being there - maybe better! .1 - - 
I N C .- T E L E R O B O T I C S  I N T E R N A T I O N A L ,  ... 
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MASTEWSLAVE 1 MAN I PU LATOR 
Utilizes industrial robotic technology and components to provide a low 
cost, highly reliable maintenance tool for use in hazardous environments. 
Easily retrofitted into existing facilities on a crane- hook, telescoping tube, 
power-arm manipulator, mobile vehicle, or fixed stand. 
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Remote Overntions and Robotics in Nirclear Facilities d 

Remote Technology Has Been Used Widely In The 
Nuclear Industry for Over 45 Years ... The Experience 
Shows That ... 

Maintenance system flexibility is essential to typical repair tasks 
because they are typically NOT repetitive, structured, or planned 

Very complex tasks can be successfully performed (even with remote 
crane-based maintenance) 

Work task efficiency is a strong function of the maintenance system 
elements 

- manipulation dexterity and transporter flexibility 
- remote sensing fidelity 
- human-machine interface efficiency 
- operator skill levels 

Fully remote design (manipulation, task provisions, remote tooling, 
and facility synergy) is essential to work task efficiency 


