
3 Y45b 0 0 0 4 6 2 4  2 



.... ............... ~ ....... ..... . ~ ~~~ 

.. . . . . . . . . .- . . . . . . .  . . ~  . .  ....... . 

,~ ~ .. . . . . . . . . . . . . . . .  .. ~~ 

. . . *  . .  
. .  

. .  

, .  

, .  
, ( 1  

. . . . . . . . . 



Consol ida ted  F u e l  Reprocess ing  Program 

KINEMATICS AND DUTY CYCLES OF THE SM-2$9 
FORCE-REFLECTING SERVOMANIPUIAATOR 

R. S. S toughtont  
I n s t r u m e n t a t i o n  and Cont ro ls  D i v i s i o n  

*Thes i s  p r e s e n t e d  €or t h e  Master of Sc ience  Degree,  
I Jn ive r s i ty  of' Tennessee I Knoxv i l l e ,  1985. 

tThe l l n i v e r s i t y  of Tennessee ,  Knoxvi l le  ld 

Date Publ i shed:  February 1986 

Prepared  by t h e  
OAK R I D G E  N A T I O N A L  LABORATORY 

Oak Ridge,  Tennessee 37831 
o p e r a t e d  by 

M A R T I N  MARIETTA ENERGY SYSTEMS I N C .  
f o r  the 

U .S. DEPARTMENT OF ENERGY 
under Con t rac t  No. DE-AC05-840R21400 

3 4 4 5 6  OUULtb24 2 





TABLE OF CONTENTS 

PACE 

LISTOFFIGURES . . . . . . . . . . . . . . . . . . . . . . .  V 

LISTOFTABLES . . . . . . . . . . . . . . . . . . . . . . . .  V i  

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . .  v i i  

1 .  I N T R O D U C T I O N  . . . . . . . . . . . . . . . . . . . . . . .  1 

1 . 1  Background . . . . . . . . . . . . . . . . . . . . .  5 
1 . l .  1 Remote+Handling Systems . . . . . . . . . . .  5 
1.1 - 2  Servomanipula ta rs  . . . . . . . . . . . . . .  0 
1.1,3 Standard  Design P r a c t i c e s  . . . . . . . . . .  7 

1.2 Purpose and Appr.oaeh . . . . . . . . . . . . . . . .  8 

2.  EXPERIMENTAL SYSTEM DESCRIPTION . . . . . . . . . . . . .  10 

2.1 The Remote Systems Development F a c i l i t y  
2.1.1 'The Remote Cell . . . . . . . .  
2.1.2 'The Cont ro l  S t a t i o n  . . . . . .  

2.2 The TOS Model SM-229 Scrvomatiipulator . 
2.2.1 Master-Slave Motions . . . . . .  
2.2 .2  Gear Reduct ions . . . . . . . .  
2 .2 .3  Actuators . . . . . . . . . . .  
2.2.4 Conti-ol System . . . . . . . . .  
2.2.5 Tuning the  C o n t r o l s  . . . . . .  

2.3  Experimental  T a s k s  . . . . . . . . . .  
2.3.1 ?'he Enstrument Package Task . 
2.3.2  he m t o r  M O ~ ~ G   ask . . . . . .  
2.3.3 'The Tubing Service ,Jumper T a s k  
2-7.4 The 3 Q A i n ,  Flange T a s k  . . . . .  
2.3.5 The & i n .  Flange T a s k  . . . . .  

2.4 Data A c q u i s i t i o n  . . . . . . . . . . .  
2.4.1 Hardware . . . . . . . . . . . .  
2.1-1.2 Software . . . . . . . . . . . .  

2.5  Data Reduct ion . . . . . . . . . . . .  2.4.3 Pr 'QCedUPeS . . . . . . . . . . .  

(RSDF) . e * 10 . . . . . . .  10 . . . . . . .  1 1  . . . . . . .  13 . . . . . . .  1 4  . . . . . . .  17 . . . . . . .  17 . . . . . . .  1 7 . . . . . . .  19 . . . . . . .  20 . . . . . . .  20 . . . . . . .  21 . . . . . . .  21 . . . . . . .  25 . . . . . . .  25 . . . . . . .  25 . . . . . . .  26 . . . . . . .  27 . . . . . . .  29 . . . . . . .  30 

3. DUTY CYCLE EXPEHIMEN'I'AL RESUL'I'S . . . . . . . . . . . . .  34 

3.1 P r e l i m i n a r y  Observa t ions  . . . . . . . . . . . . . .  34 
3.2 Kinematic Ranges . . . . . . . . . . . . . . . . . .  37 

3.2-1 I n d i v i d u a l  J o i n t s  . . . . . . . . . . . . . .  3 h7 
3 . 2 - 2  Gdrist P o s i t i o n s  and 0 r i e n t a t . i o n s  . . . . . . .  44 
3.2.3 lYeari P o s i t i o n s  . . . . . . . . . . . . . . . .  50 

3.3 Motor' Curren ts  arid Energy . . . . . . . . . . . . . .  51 
3. li J o i n t  V e l o c i t i e s  . . . . . . . . . . . . . . . . . .  57 
3.5 Mechanical Power- and Energy . . . . . . . . . . . . .  61 
3. G Pos it i on-Tor que Relat iotis hi p s  . . . . . . . . . . . .  70 

iii 



TABLE OF CONTENTS (con t inued)  

PAGE 

4 .  APPLICATIONS TO M A N I P U L A T O R  DESIGN . . . . . . . . . . . .  79 

4.1 Motion Ranges . . . . . . . . . . . . . . . . . . . .  ' I  9 . . . . . . . . . . . . . . . . . . .  81 11.2 Gear Reduct ions . . . . . . . . . . . . . . . . . .  84 4.3 Actuator  S i z i n g s  
86 . . . . . . . . . . . . . . .  88 4.5 Addi t iona l  Applicnt, ions 

. . . . . . . . . . . . . . . . . . . . . . . . .  89 

4 .4  D i f f e r - en t i a1  D r i v e  Load Shar ing  . . . . . . . . . . .  

CONCLUSIONS 

. . . . . . . . . . . . . . . . . . . . . . . . . .  90 REFERENCES 

91 A P P E N D I X  A .  U N C E R T A I N T Y  ANALYSIS . . . . . . . . . . . . . .  
APPENDIX B .  CALIBRATIONS AND TESTS . . . . . . . . . . . . .  i o 3  

APPENDIX C .  SELECTION OF VELOCITY ALGORITHM . . . . . . . . .  1 1  5 

APPENDIX D .  KINEMATICS . . . . . . . . . . . . . . . . . . .  121 

iu 



L I S T  OF FIGllRES 

FIGURE P A G E  

1 . 
2 . 
3 . 
4 . 
5 . 
0 . 
7 . 
8 . 
9 . 

10. 
1 1  . 
1 2  . 
13  . 
1 4  . 
15 . 
1 ti . 
1 7 0 

18 . 
1 9  . 
20 . 
21 . 
22 * 
23 
2 4  . 
25 . 
26 . 
27 . 
28 * 
29 . 
30 1 
31 . 
32 . 
33 . 
34 
35 . 
36 e 

37 . 
38 . 
39 . 
40 . 
41 . 
42 

Slave  manipula tor  a r m  arid remote c e l l  . . . . . . . .  
parameters  . . . . . . . . . . . . . . . . . . . . .  

Operator  c o n t r o l  s t a t i o n  . . . . . . . . . . . . . . .  
Ins t rument  package . . . . . . . . . . . . . . . . . .  
Motor mount and 30-inch f l a n g e  . . . . . . . . . . . .  
'Tubing s e r v i c e  jumper . . . . . . . . . . . . . . . . .  
Range o f  shou lde r  p i t c h  p o s i t i o n  usage . . . . . . . .  
Range of  shou lde r  r o l l  p o s i t i o n  usage . . . . . . . . .  
Range of  elbow p i t c h  p o s i t i o n  usage . . . . . . . . . .  
Range of elbow r o l l  p o s i t i o n  usage . . . . . . . . . .  
Range o f  wrist p i t c h  p o s i t i o n  usage . . . . . . . . . .  
Range of wrist r o l l  p o s i t i o n  usage . . . . . . . . . .  
Wrist p o s i t i o n  grid.. t o p  view . . . . . . . . . . . . .  
Wrist p o s i t i o n  grid.. r i g h t  s i d e  view . . . . . . . . .  
Wrist p o s i t i o n  grid.. back view . . . . . . . . . . . .  
Wrist o r i e n t a t i o n  g r i d  . . . . . . . . . . . . . . . .  
Cur ren t  h i s tog ram f o r  upper shou lde r  motor . . . . . .  
Cur ren t  h i s tog ram f o r  elbow p i t c h  motor . . . . . . . .  
Cur ren t  h i s tog ram f o r  elbow r o l l  (yaw)  motor . . . . .  
Cur ren t  h i s togram f o r  l e f t  wrist motor . . . . . . . .  
Cur ren t  h i s togram f o r  r i g h t  wrist motor . . . . . . . .  
Cur ren t  h i s togram f o r  t o n g  motor . . . . . . . . . . .  
Veloc i ty  h i s tog ram f o r  shou lde r  p i t c h  . . . . . . . . .  
Veloc i ty  h i s tog ram f o r  shou lde r  r o l l  . . . . . . . . .  
V e l o c i t y  h i s tog ram f o r  elbow p i t c h  . . . . . . . . . .  
V e l o c i t y  h i s tog ram for elbow r o l l  . . . . . . . . . . .  
Veloc i ty  h i s tog ram f o r  wrist p i t c h  . . . . . . . . . .  
Ideal mechanical  power g r i d  . . . . . . . . . . . . . .  
Mechanical power g r i d  for shou lde r  r o l l  . . . . . . . .  
Mechanical power g r i d  f o r  elbow p i t c h  . . . . . . . . .  
Mechanical power g r i d  f o r  elbow ro l l  . . . . . . . . .  
Mechanical power g r i d  f o r  wrist r o l l  . . . . . . . . .  
Pos i t ion - to rque  g r i d  f o r  shou lde r  p i t c h  . . . . . . . .  
Pos i t ion - to rque  g r i d  f o r  shou lde r  r o l l  . . . . . . . .  
Pos i t ionTto rque  g r i d  f o r  elbow p i t c h  . . . . . . . . .  
Posi t ion-tor-que g r i d  f o r  elbow roll . . . . . . . . .  
Pos i t ion - to rque  g r i d  f o r  w r i s t  p i t c h  . . . . . . . . .  

Manipulator  c o o r d i n a t e  f rames  and modeling 

Cur ren t  h i s togram for  lower' shou lde r  motor . . . . . .  

Veloc i ty  h i s tog ram f o r  wrist r o l l  . . e . . a . . . . 
Mechanical power g r i d  f o r  shou lde r  p i t c h  . . . . . . .  

Mechanical power g r i d  f o r  wrist p i t c h  . . . . . . . . .  

Posi t ion-Torque g r i d  f o r  wrist rol I. . . . . . . . . . .  

2 

3 
12 
22 
23 
24 
38 
39 
40 
41 
42 
43 
46 
47 
148 
49 
52 
52 
53 
53 
54 
54 
55 
58 
58 
59 
59 
60 
SO 
62 
63 
64 
65 
66 
67 
68 
72 
73 
74 
75 
76 
77 

V 



LIST OF TABLES 

TABLE PACE 

1 . 
2 . 
3 . 
4 . 
5 . 
6 . 
'1 . 
8 . 
9 . 

10 . 
1 1  . 
12 . 
1 3  . 
1 4  . 
15 . 

A . l .  
A.2 . 
-4.3. 
A . 4 . 
A.5. 
H . 1 .  

B.2. 

B.3.  

3.11. 

B.5.  
B.6 .  
e . i .  
D.l. 

Weights and dirnensioris of Model SN-223 . . . . . . . . .  
Dynamic c h a r a c t e r i s t i c s  of Model . SM-229 . . . . . . . . .  
Approximate gear  r e d u c t i o n s  . . . . . . . . . . . . . .  
Motor s p e c i f i c a t i o n s  . . . . . . . . . . . . . . . . . .  
S t a t i c  maximum c u r r e n t s  pe r  motor.  amperes . . . . . . .  
DOF p o s i t i o n  end r a t i o s  and unused ranges . . . . . . .  
Mean p o s i t i o n s  . . . . . . . . . . . . . . . . . . . . .  
Average energy and p e a k  c u r r e n t  p e r  motor per t a s k  . . .  
Average and maximum cont inuous  time above 60% current .  . 
Average p e a k  veloci t .  i e s  and a c c e l e r a t i o n s  per t a s k  . . .  
Average iaechanical energy and p e a k  power p e r  t a s k  . . .  
Improved motion r anges  . . . . . . . . . . . . . . . . .  
Improved gear  reducr. i o n s  . . . . . . . . . . . . . . . .  
J o i n t  Lorque d i s t r i b u t i o n  i n  t h e  mean c o n f i g u r a t i o n  . . 
Improved a c t u a t o r  s i z e s  . . . . . . . . . . . . . . . .  
App~oxirnate DOF g e a r i n g  backlash . . . . . . . . . . . .  
Probab1.e pos it  i on uncel- t i  i n'c i es . . . . . . . . . . . .  
Probable  v e l o c i t y  u n c e r t a i n t i e s  . . . . . . . . . . . .  
Torque c a l . i b r a t i s n  u n c e r t a i n t y  parameters  . . . . . . .  
Mechanical energy u n c e r t a i n t y  . . . . . . . . . . . . .  
Slave  arm shoul.der position c a l i b r a t i o n  d a t a  
( Janua ry  5 ,  1984) . . . . . . . . . . . . . . . . . . .  
Slave  arm elbow pos ik ion  c a l i b r a t i o n  da ta  
( Janua ry  5 ,  1984)  . . . . . . . . . . . . . . . . . . .  
Slave  ariii i.wist c a l i b r a t i o n  daLa 

J o i n t  t o rque  c a l i b r a t i o n  . . . . . . . . . . . . . . . .  
Applied t o r q u e  c a l i b r a t i o n  data . . . . . . . . . . . .  
Motor; r e s i s t a n c e  measurement parameters . . . . . . . .  
Veloc i ty  u n c e r t a i n t y  and t r u n c a t i o n  e r r o r  . . . . . . .  
'Transforniat i on  parameters . . . . . . . . . . . . . . .  

( Janua ry  5 ,  1 9 8 b )  . . . . . . . . . . . . . . . . . . .  

1 4  
15 
18 
19 
37 
' I  5 
51 
56 
57 
61 
'7 I 
81 
83 
84 
87 
95 
96 
98 

100 
102 

106 

107 

108 
109 
1 1 1  
112 
120 
124 

v i  



ABSTRACT 

T h i s  r e p o r t  describes the first kiaown exper imenta l  s t u d y  of 
ser-vomanipulator dut.y cye1.e~ t o  a p p e a r  i n  the l i t e r a t u r e .  The servo-. 
manipula tor  used was T e l e O p e r a t ~ ~  Systems Model. SN-224, The sxper i -  

mental  approach used was t o  r e c o r d  the j a i n t  pc j s i t i ons  m d  motor 

curren ts  of the  r i g h t  s lave a r m  at a r a t e  of 10 Hz over- about  50 h ~f 

t y p i c a l  remote man ipu la t ion  operations. The resul ts  are  p r e s e n t e d  as 
p o s i t i o n  usage p a t t e r n s  i n  j o i n t  and r ea l -wor ld  c o o r d i n a t e s  time-use 

h i s tog rams  of j o i n t  velocities and motor curr'ent.s -r and {three- 
d imens iona l  mechanical power h i s tog rams  for- each j o i n t  * ,411. resul t ~ s  

a m  p r e s e n t e d  i n  d imens ion le s s  .Corm, s c a l e d  t o  t he  des ign  ranges of 
t h e  manipula tor  and t h e  t o t a l  o p e r a t i o n  time reco rded .  A p p l i c a t i o n s  
of t h i s  s t u d y  il;clude improvements i n  kirzeraatic r anges  gear' redue- 
t i o n s ,  motor s i z i n g s ,  d r i v e  c o n f i g u r a t i o n s ,  anc? stress re l ie f -  
Included i n  append ices  are an uncer ta in t~y  a n a l y s i s  > caiibration pl-oce- 

dwes,  and analysis of the kinematics of the Inanipulator' .  





1 .  INTRODUCTION 

Servomanipula tors  are used f o r  remote maintenance and repa i r  work 
i n  hazardous  and/or  i n a c c e s s i b l e  environments  s u c h  as  h i g h  r a d i a t i o n ,  
s u b s e a ,  o r  o u t e r  space. These s y s t e m s  u s u a l l y  c o n s i s t  of similar 
master and s l a v e  man ipu la to r s .  Each manipula tor  has two mul t ideg ree  
o f  freedom a r m s  w i t h  end e f f e c t o r s .  The o p e r a t o r  moves the master 
arms and t h e  s l a v e  arms f o l l o w  t h e  motions of t h e  master i n  real  time. 
Remote c losed  c i r cu i t  t e l e v i s i o n  (CCTV) cameras send  pictures of" t h e  
working environment back t o  t e l e v i s i o n  s c r e e n s  f o r  t h e  o p e r a t o r  t o  
view. The s l a v e  arms of t h e  se rvoman ipu la to r  used i n  t h i s  s t u d y  are 
shown i n  F ig .  1 .  

Most modern se rvoman ipu la to r s  have arms t h a t  resemble  human arms 
i n  their  c o n f i g u r a t i o n  and k inemat i c  range .  T y p i c a l l y ,  e a c h  arm has 
s i x  degrees of freedom ( D O F s )  t o  a l low a r b i t r a r y  p o s i t i o n i n g  and o r i e n -  
t a t i o n  ~f t h e  end e f f e c t o r .  Manipula tors  w i t h  more DOFs can have con- 
t r o l  problems as the man ipu la to r  c o n f i g u r a t i o n  o f t e n  becomes degener-  
ate (two or more DOFs produce t h e  same motion of t he  end e f f e c t o r ) .  
The s i x  DOFs of t he  se rvoman ipu la to r  i n  F i g .  1 are shown s c h e m a t i c a l l y  
i n  F ig .  2 as r o t a t i o n s  about  t h e  s i x  z axes .  

The humanlike se rvoman ipu la to r  arms are mounted on a base 

(''body") i n  one of two basic c o n f i g u r a t i o n s :  t h e  "elbows-up" and 
T1elbows-downn (an thropormorphic)  s t a n c e s .  F i g u r e s  1 and 2 show t h e  

elbows-up s t a n c e ,  i n  which t h e  r e f e r e n c e  p o s i t i o n  of the  manipula tor  
has t h e  upper arm e x t e n d i n g  h o r i z o n t a l l y  outward,  t h e  lower arm drop- 
p i n g  v e r t i c a l l y  downward, and the end e f f e c t o r  ex tend ing  h o r i z o n t a l l y  
outward. The anthopormorphic  s t a n c e  is tha t  of t he  human arm. The 

upper a r m  d rops  v e r t i c a l l y ,  and t h e  lower arm and end e f f e c t o r  axes  
are a l i g n e d ,  e x t e n d i n g  forward  h o r i z o n t a l l y .  

Another s t a n c e ,  which has been used i n  a Japanese  d e s i g n , '  l i es  
between t h e  above mentioned s t a n c e s  and has been referred t o  as 
e l  bows s ideways . t1 

There are two advantages  of t h e  elbows-up s t a n c e .  The master a r m  
does n o t  i n t e r f e r e  w i t h  t h e  movements of t h e  o p e r a t o r ' s  arm as it can 
i n  t h e  elbows-down s t a n c e .  Also, i n  t h e  r e f e r e n c e  p o s i t i o n ,  the wrist 
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ORNL Photo 2058-84 

Fig. 1. Slave manipulator a r m s  and remote ce l l .  
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SlAKlING POINT AND 
BASE C O O K D I N A T i S  

1 .  R O ? ( X , S H R T ]  - 
2 T R A H S ( Z , - d 1 Z ]  T R l N S ( Y , d l y  ] 

3 [ S H O U L D E R  P I T C H ]  R O T I Z o , @ ,  ] R O T [ X ,  * / 2 )  

4 .  ( S H O U L D E R  R O L L )  R O T ( Z , ,  8 2 ] T R A N S I Z  1 , d 2 j  R O ? ( X , - 7 7 / 2 )  

5 [ E L B O W  P I T C H ]  R Q T [ Z 2 , 8  3 )  T A A N S I Y ,  - d a ]  R O T ( Y , + T / 2 ]  

6 .  [ E L B O W  R O L L ]  R O T [ Z , , @ , ]  T R A N S ( Z j , d 4 )  R O T [ Y , - T / 2 ]  

8 .  [ W R I S T  R O L L ]  R O T ( z 5 , e 6  T R A # S I Z 5 , d 6 ]  

R O T [ X , -  n/2] 

F i g .  2. Manipulator c o o r d i n a t e  frames and modeling parameters .  
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yaw motion can be achieved  w i t h  an  elbow r o l l  motion. This  a l lows  two 
independent  motions t o  be placed  i n  each mechanical  j o i n t  ( s h o u l d e r ,  
elbow, and wrist)  rather t h a n  having  all three wrist o r i e n t a t i o n  DOFs 
i n  t h e  wrist. T h i s  s i m p l i f i e s  t h e  des ign  because t h e  yaw d r i v e  need 
not  be t r a n s f e r r e d  a s  f a r  down the arm. 

The TeleOpera tor  Systems (TOS) Mociel SM-223* (shQWn i n  F ig .  1 )  

is a f o r c e - , r e f l e c t i n g  servomanipula tor  u s i n g  t h e  elbows-,up s t a n c e .  
Forces  i n  t h e  s l a v e  manipula tor  (such as pushing a g a i n s t  a k d a a l l  or 
i n e r t i a  of a l o a d )  are  r e f l e c t e d  b a c k  t o  t h e  o p e r a t o r  a t  t h e  master, 
e l -ea t ing  a be t te r  s e n s e  of o p e r a t o r  presence  i n  t h e  working environ.7 
ment . 'The s l ave /mas te r  f o r c e  r a t i o  is l o g a r i t h m i c ,  a u t o m a t i c a l l y  
a d j u s t i n g  from 1 : I  f o r  l i g h t  l o a d s  t o  2 .2 : l  f o r  heavy l o a d s  (above 
10 lbf). 

The SM-229 manipula tor  system used i n  t i n i s  s t u d y  was i n s t a l l e d  at 
t h e  Remote Systems Development Faci l . . i ty  (RSDF) l o c a t e d  a t  Oak Ridge 

Na t iona l  Labora tory  ( O R N L ) .  This  f a c i l i t y  has heen s e t  up f o r  t h e  
e x p r e s s  purpose of deve loping  and t e s t i n g  remote r e p a i r  and mainte- 
nance s y s t e m s  i n  an actiial working environment .  The expe r imen ta l  c e l l  
c o n t a i n s  t h e  equipment f o r  a v a r i e t y  of expe r imen ta l  t a s k s  cons ide red  
r e p r e s e n t a t i v e  of  t h o s e  a n t i c i p a t e d  i n  t h e  Consol ida ted  Fuel  Repro- 

c e s s i n g  F a c i l i t y  under development a t  ORNL. These exper i inenta l  t a sks  

have been c o n t i n u a l l y  performed and upgraded f o r  many pui-poses 
i n c l u d i n g  s p e c i a l  t o o l i n g  des ign  and hurnan f a c t o r s  s t u d i e s .  Th i s  
thesis  p r e s e n t s  an expe r imen ta l  a n a l y s i s  of t h e  du ty  cycles  of t h e  
SM-1229 manipula tor  system a t  RSDF. App l i ca t ions  of  t h e  r e s u l t s  t o  
manipula tor  des ign  are d i scussed .  Kinematic r e l a t i o n s h i p s  between 
r e a l  world and manipula tor  j o i n t  c o o r d i n a t e s  are p resen ted  i n  an 
appendix.  

I t  should  be noted  t h a t  modern remote3handl ing s y s t e m s  i n c l u d e  
many subsystems such  as t h e  suppor t  ora t r a n s p o r t e r  s y s t e m ,  and t h e  

viewing and communications s y s t e m s  I 'This r e p o r t  w i l l  be r e s t l - i c t e d  t o  
the manipula tor  s y s t e m .  

*Designed and b u i l t  by Te leOpera tor  Systems Col-p., Bohemia, N . Y .  
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1.1 BACKGROUND 

1.1.1 Remote-Handling Systems 

The rise of n u c l e a r  energy  i n  the  1940s  spawned a technology 
dedicated t o  removing the need f o r  humans t o  e n t e r  hazardous envi ron-  
ments t o  perform man ipu la t ions .  The des ign  o b j e c t i v e  of t h i s  remote- 
hand l ing  technology has been to p r o j e c t  t he  c o n t r o l  motions of t h e  

human o p e r a t o r  i n t o  t h e  remote environment i n  such  a way tha t  as many 
t y p e s  of man ipu la t ions  can be performed r emote ly  as could  be done 
d i r e c t l y  w i t h  the hands and power t o o l s .  While t h i s  o b j e c t i v e  has  
never  been comple te ly  r e a l i z e d ,  modern remote-handl ing systems are 
capab le  of per forming  many t a s k s  more e f f e c t i v e l y  t h a n  could  be per- 

formed d i r e c t l y .  A famous example of t h i s  is t h e  s p a c e  s h u t t l e P s  
remote manipula tor  sys tem used t o  deploy  and r e t r i e v e  sa te l l i t es .  

The early work i n  remote-handl ing s y s t e m s  was l e d  by a group a t  
Argonne Na t iona l  Labora tory  ( A N L )  under t h e  d i r e c t i o n  of Ray Coer tz .  
This  group, formed i n  1947,  has developed s e v e r a l  g e n e r a t i o n s  of 
remote hand l ing  systems. '  

The first man ipu la to r s  developed were v e l o c i  t y - c o n t r o l l e d  u n i l a t -  
e ra l  ( n o n f o r c e - r e f l e c t i n g )  man ipu la to r s .  These c o n s i s t e d  of a rnechani- 
cal arm with seven  ( o r  more) independent  n o t i o n s  ( i n c l u d i n g  t o n g  g r i p  
m o t i o n ) ,  a p a i r  of t o n g s  f o r  g r i p p i n g  o b j e c t s ,  a s u p p o r t  sys t em,  and a 
c o n t r o l  box. Electr ic  motors  were used t o  a c t u a t e  a l l  motions,  The 

motor speeds  were c o n t r o l l e d  by  s w i t c h e s  o r  j o y s t i c k s  maved by a human 
o p e r a t o r .  

The pr imary d i s a d v a n t a g e s  of t h i s  t ype  of manipula tor  were t h a t  

t h e  o p e r a t o r  had no way of s e n s i n g  t h e  f o r c e s  t h a t  t h e  manipula tor  was 
a p p l y i n g  i n  t h e  remote environment ,  and t h a t  on ly  one motion of' the 

arm could be  r e a d i l y  moved a t  a time. Modern improvements i n  s e n s o r y  
capabi l i t i es  and c o n t r o l  technology have a l lowed u n i l a t e r a l  mariipu- 

l a t o r s  t o  f i n d  u s e f u l  a p p l i c a t i o n s  ( such  as t h e  space s h u t t l e  remote  
manipula tor  s y s t e m ) ,  b u t ,  a t  tha t  time, the lack of f o r c e  c o n t r o l  was 
a major l i m i t a t i o n .  

The n e x t  manipula tor  s y s t e m  developed by ANL was a mas te r - s l ave  
t y p e  of manipula tor  c o n s i s t i n g  of a s l a v e  arm (working arm) f o r  per- 
forming  the work i n  t he  h o s t i l e  environment and a s i m i l a r l y  shaped  
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master artn ( c o n t r o l  arm) c o n t r o l l e d  by t h e  human o p e r a t o r .  Each 

motion of t h e  master and s l a v e  arms was niechanical ly  connected by 

r i ie ta l l ic  bands s o  t h a t  the s l a v e  arm fo l lowed the  motions of the 

master arm, and t h e  l o a d  f o r c e s  i n  t h e  s l a v e  arm werc ref lected back 

t o  t h e  master arm and handle .  Tnus the o p e r a t o r  had an e x c e l l e n t  f e e l  

f o r  t h e  f o r c e s  be ing  genera ted  by t h e  s l a v e  man ipu la to r ,  and movement 
of the manipula tor  was e a s i l y  achieved .  

The mrchani cal  mas ter -s lave  manipi i la tor  was very  s u c c e s s f u l .  
M ~ n y  such  man ipu la to r s  a r e  s t i l l  used i n  commercial o p e r a t i o n  today .  
However, there  are d i sadvan tages  t o  t h i s  t y p e  of  manipula tor .  S ince  
the master and s l a v e  are d i r e c t l y  connec ted ,  t h e  o p e r a t o r  is r e q u i r e d  
t o  remain i n  c l o s e  proximi ty  t o  t h e  working environment ,  and t h e  volu- 
metric coverage of the  s l a v e  arms is l i m i t e d  because the  systeifi m i l s t  

b e  mounted on a f i x e d  base. The r a t i o  of  slave t o  master f o r c e s  is 

f i x e d  a t  about  1 :1, s o  t h e  s l a v e  can app ly  f o r c e s  on ly  w i t h i n  the  

range  of  hurnan c a p a b i l i t i e s  I 

1.1.2 Servomanipula tors  -- 

Servomanipula tors  were developed t o  overcome t h e  l i m i t a t i o n s  of 

mechanical master-SI ave  man ipu la to r s  These s y s t e m s  c o n s i s t  a g a i n  of 
similar master and s l a v e  man ipu la to r s  b u t  t he  connec t ions  between t h e  

motions of t h e  mastel- and s l a v e  are e l ec t r i ca l  rather t h a n  mechanical .  
T h i s  r e s u l  t,s i n  s e v e r a l  advantages .  F i r s t  and foremost ,  t h e  s l a v e  

manipula tor  can be mounted on a mobile  t ranspot - te r  s y s t e m ,  r 'esultirig 
i n  a g r e a t l y  i n c r e a s e d  vo lumet r i c  coverage.  Thus, w h i l e  t h e  u n i t  c o s t  
of an e lec tz ic  servomanipula tor  s y s t m  is greater t h a n  t h a t  of a s i m i -  

lac  mechanical  system, t h e  decreased number of mari ipulators  needed i n  
a large-volume f a c i l i t y  may well r e s u l t  i n  a lourer t o t a l  cost; for- t he  

e l e c t r i c  se rvoman ipu la to r s .  
Another impor tan t  advantage of  t h e  e l e c t r i c  servomanipula tor  is 

t h a t  i t  is q u i t e  e a s y  t o  change t h e  force feedback r a t i s  from s l a v e  t o  
master. Thus,  t he  master manipula tor  can be des igned  t o  o p e r a t e  w i t h  

a r ange  of f o r c e s  t h a t  is both u s e f u l  i a  terms of f o r c e  s e n s i n g  and 

comfor tab le  i n  terms of  ease of  o p e r a t i o n  t o  t he  human o p e r a t o r ,  w h i l e  

t h e  s l a v e  manipula tor  can be des igned  t o  o p e r a t e  M i t h  a f o r c e  range 
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a p p r o p r i a t e  t o  the  t a s k s  it w i l l  perform.3 
man ipu la to r s  need n o t  be l o c a t e d  i n  c l o s e  p rox imi ty  t o  one ano the r .  
Th i s  has r e s u l t e d  i n  a d d i t i o n a l  a p p l i c a t i o n s  f o r  s e rvoman ipu la to r s  
i n c l u d i n g  unde r sea  and o u t e r  space .  

The master and slave 

1.1.3 S tanda rd  Design Practices 

Servomanipula tors  can be d r i v e n  w i t h  e l e c t r i c  motors  or  h y d r a u l i c  
a c t u a t o r s .  Hydrau l i c s  are most f a v o r a b l y  a p p l i e d  i n  underwater or 
ex t r eme ly  heavy-duty a p p l i c a t i o n s .  E lec t romechanica l  d r i v e  systems 
o f f e r  1 %  of peak l o a d  f o r c e  s e n s i t i v i t y  through backdr ivab le  gear 
t r a i n s ,  and are used on most modern se rvoman ipu la to r  sys t ems .4  

As a n  o b j e c t  i n  s p a c e  has s i x  DOFs, a genera l -purpose  manipula tor  
must have a t  least  s i x  DOFs p l u s  end-e f f ec to r  a c t u a t i o n .  Add i t iona l  
DOFs are r a r e l y  used on  se rvoman ipu la to r  sys t ems  as t h e y  are redun- 
d a n t ,  i n c r e a s e  t h e  s y s t e m  complexi ty ,  are d i f f i c u l t  t o  o p e r a t e ,  and 
are o n l y  rarely u s e f u l .  A s  mentioned earlier,  modern servomanipu- 
l a t o r s  u s u a l l y  have a c o n f i g u r a t i o n  similar t o  the human arm. The 

j o i n t s  are a lmost  always r o t a r y .  P r i s m a t i c  j o i n t s ,  though common i n  
r o b o t s  and mechanica l  mas te r - s l ave  m a n i p u l a t o r s ,  are r a re ly  used i n  
s er voman i pul  a t  or s . 

The genera l -purpose  two-f ingered tong  g r i p p e r  is the most used 
end e f f e c t o r .  C o n s i d e r a b l e  research has been d i r e c t e d  toward improved 
genera l -purpose  end e f f e c t o r s ,  b u t  t h e  s i m p l i c i t y  and r e l i a b i l i t y  o f  
t h e  two-f ingered  t o n g  main ta ined  its p o p u l a r i t y .  

Only two American companies c u r r e n t l y  market; complete  master- 
s l a v e  se rvoman ipu la to r  s y s t e m s  commercially. These are C e n t r a l  
Research L a b o r a t o r i e s  ( C R L )  o f  Red Wing, Minn., and TeleOpera tor  
Systems Corp., (TOS) of Bohemia, N.Y."  

The CRL Model M-2 se rvoman ipu la to r  i n s t a l l e d  a t  t he  I n t e g r a t e d  
Equipment Test F a c i l i t y  a t  ORNL r e p r e s e n t s  the f i r s t  s u c c e s s f u l  imple- 
men ta t ion  of an e n t i r e l y  d i g i t a l l y  c o n t r o l l e d  se rvoman ipu la to r .  T h i s  

results i n  an i n h e r e n t l y  f l e x i b l e  c o n t r o l  sys t em by v i r t u e  o f  its 
s o f t w a r e  implementa t ion .  Advanced c o n t r o l  features  i n c l u d e  s e l e c t i v e  
r o b o t i c  o p e r a t i o n s ,  s l a v e  t o  master f o r c e  r a t i o s ,  and index ing  between 



8 

master and s l a v e .  The s l a v e  manipulat,or has a peak l o a d  c a p a c i t y  of 
100 pounds and a cont inuous  l o a d  capaci ty  of  50 pounds. '  

The TOS Model SM-229 is  t h e  servomanipula tor  used i n  t h i s  s t u d y ,  
and w i l l  be d i scussed  i n  de t a i l  l a t w .  

Servomanipula tors  have been des igned ,  b u i l t  , and o p e r a t e d  i n  inany 
f o r e i g n  c o u n t r i e s ,  most n o t a b l y  France .  6~ ' 

1 .2  PURPOSE AND APPROACH 

The exper imenta l  o b j e c t i v e  was t o  de te rmine  t h e  k inemat ic  usage 
and du ty  c y c l e s  of the  SM-229 r i g h t  s l a v e  arm i n  t h e  a c t u a l  work  

environment.  The s l a v e  arms are more c r i t i c a l  than  the master arms 
because t h e y  have g r e a t e r  d u t y  c y c l e s  ( f o r c e  r e f l e c t i o n  is no t  1 : 1 )  

and r e l i a b i l i t y  is much more c r i t i c a l .  The master a r m s ,  l o c a t e d  
o u t s i d e  t h e  ho t  c e l l ,  can r e a d i l y  be accessed f o r  r e p a i r ,  w h i l e  t he  

slave arms cannot .  
A review of the lit ,erature r e v e a l e d  no !doa"k i n  t h e  area o f  deter- 

iiiining servomanipula tor  du ty  c y c l e s  i n  t h e  a c t u a l  work environment.  
This  t ype  of a n a l y s i s  has a p p l i c a t i o n s  i n  des ign  o p t i m i z a t i o n  of 
motion r anges ,  a c t u a t o r  s i z i n g ,  gear  r e d u c t i o n s ,  and d r i v e  conf igura-  
t i o n s ;  i n  p i n p o i n t i n g  areas of  h igh  stress and wear; and i n  p r o j e c t i n g  
expec ted  component l i f e  and s y s t e m  r e l i a b i l i t y .  

As t h i s  s t u d y  is t h e  f i r s t  of its kind ,  a comprehensive d e f i n i -  
t i o n  o f  se rvomanipula tor  du ty  c y c l e s  used i n  t h i s  s t u d y  w i l l  be 

p resen ted  as a r e f e r e n c e  f o r  f u t u r e  comparat ive s t u d i e s .  
The d u t y  c y c l e s  are subd iv ided  i n t o  two main groups- joint  du ty  

c y c l e s  and motor du ty  c y c l e s .  The j o i n t  du ty  c y c l e s  we d e f i n e d  as 

t h e  p e r i o d i c  usage of p o s i t i o n s ,  v e l o c i t i e s ,  t o r q u e s ,  and mechanical  
power and energy.  P o s i t i o n  and v e l o c i t y  w i l l  be expres sed  on a scale 

of t he i r  cor responding  d e s i g n  r anges  ( p e r  DOF) i n  h i s togram form as 
percentage  time ( 0  t o  2, 2 t o  4 ,  4 t o  S $ ,  et@.). Mechanical power 
w i l l  be p re sen ted  as a 3-D image wi th  v e l o c i t y  and t o r q u e  (scaled t o  
the des ign  r a n g e s )  t he  independent  v a r i a b l e s  and l o g  of pe rcen tages  of 
t o t a b  o p e r a t i n g  time the  dependent v a r i a b l e .  Mechanical energy w i l l  

be expres sed  as a t o t a l  per  DOF per  t a s k  ( ave raged) .  The motor dutdy 

c y c l e s  are defined as the p e r i o d i c  usage of e l ec t r i ca l  c u r r e n t  and 



energy .  Again,  the  c u r r e n t  w i l l  be expres sed  i n  h is togram form,  

scaled t o  t he  motor des ign  r ange .  As all seven  motors  are  i d e n t i c a l ,  
t he  s c a l i n g  w i l l  n o t  be done i n d i v i d u a l l y .  The energy  w i l l  be 

e x p r e s s e d  as a t o t a l  pe r  t a s k  ( ave rage ) .  Average peak v a l u e s  pe r  t ask  

of  v e l o c i t y ,  a c c e l e r a t i o n ,  mechanical  power, and motor c u r r e n t  w i l l  be 

p re sen ted .  
The j o i n t  du ty  c y c l e s  are expres sed  i n  j o i n t  (or DOF) c o o r d i n a t e s .  

The s i x  j o i n t s  are  referred t o  as p i t c h  and r o l l  of t h e  s h o u l d e r ,  
elbow, and wrist. The motor du ty  c y c l e s  are expres sed  i n  motor coord i -  
n a t e s ,  The elbow p i t c h  and r o l l  motor c o o r d i n a t e s  cor respond d i r e c t l y  
t o  the j o i n t  c o o r d i n a t e s ,  b u t  t h e  shou lde r  and wrist are d r i v e n  by 
d i f f e r e n t i a l s ,  so t h a t  the p i t c h  is p r o p o r t i o n a l  t o  the  sum of t h e  two 
motor c o o r d i n a t e s  and t h e  r o l l  p r o p o r t i o n a l  t o  t he  d i f f e r e n c e .  

The expe r imen ta l  approach used t o  de te rmine  the d u t y  c y c l e s  was 
t o  s e l ec t  f i v e  d i f f e r e n t  r e p r e s e n t a t i v e  remote-handl ing t a s k s  t o  be 

performed by f o u r  expe r i enced  manipula tor  o p e r a t o r s .  The t a sks  were 
s e l e c t e d  on t h e  basis  of be ing  g e n e r i c  and r e p r e s e n t a t i v e  of  opera-  
t i o n s  with se rvoman ipu la to r  systems.  Each o p e r a t o r  performed each 
t a s k  from 10 t o  50 times. While  these t a s k s  were be ing  performed,  t h e  

seven  manipula tor  p o s i t i o n s  and seven  motor c u r r e n t s  ( i n c l u d i n g  t o n g )  
f o r  t h e  r i g h t  s l a v e  arm were reco rded  a t  a r a t e  of  10 Wz. A t o t a l  of 
47 1 / 2  h o f  manipula tor  o p e r a t i o n a l  data were recorded .  

The above-mentioned duty-cyc le  data were c a l c u l a t e d  f o r  each 

experiment  and t h e n  composited f o r  each t a s k  (a g iven  t a s k  was 
performed t h e  same number of times by each o p e r a t o r ) .  The o v e r a l l  
composi te  r e s u l t s  were o b t a i n e d  from t he  composi te  r e s u l t s  f o r  each 
t a s k  w i t h  e q u a l  weight ing  on each t a s k .  The f i n a l  r e s u l t s  have t h u s  
been cornposited over  a wide range  o f  manipula tor  usage ,  and should  be 

h i g h l y  r e p e a t a b l e  f o r  any similar set  of t r ia ls .  
Data were sampled  f o r  t h e  r i g h t  arm o n l y  due t o  da ta - logging  

l i m i t a t i o n s .  I t  has been determined '  t h a t  t h e  r i g h t  arm i s  used more 
o f t e n  i n  o p e r a t i o n  t h a n  t h e  l e f t .  Thus,  t h i s  l i m i t a t i o n  was n o t  con- 
sidered 'eo restrict  the  r e s u l t s  o b t a i n e d .  



2. EXPERIMENTAL SYSTEM DESCRIPTION 

The system used i n  t h e  expe r imen ta l  i nves t iga t , i on  w i l l  now be 

desc r ibed .  T h i s  i n c l u d e s  the manipula tor  system, the t r a n s p o r t e r ,  the  

remote environment ,  the o p e r a t o r  ( c o n t r ~ o l )  s t a t i o n ,  the expe r imen ta l  
t a s k s ,  the  data a c q u i s i t i o n  s y s t e m ,  and the data  r e d u c t i o n  t echn iques .  

2 - 1  THE REMOTE SYSTEMS DEVELOPMENT FACILITY (RSDF) 

The expe r imen ta l  work was carried o u t  a t  t h e  RSDF l o c a t e d  a t  ORNL. 
T h i s  f a c i l i t y  has been se t  up f o r  t h e  s p e c i f i c  purpose o f  developing  
and t e s t i n g  remote maintenance concepts  and equipment ,  b o t h  hardware 

and so f tware .  Inc luded  are a mock-up remote cell. t o  s i m u l a t e  t h e  
working environment a s e p a r a t e  c o n t r o l  s t a t i o n ,  and a Dig i ta l .  Equip- 
ment Corp. (DEC) PDP 11/34 data a q u i s i t i o n  system. 

2.1.1 The Remote Cell 

The remote c e l l  c o n t a i n s  t he  s l a v e  man ipu la to r s  ( t o  be d i s c u s s e d  
l a t e r )  mounted on a t e l e s c o p i n g  h o i s t  o f  an  overhead t h r e e - a x i s  t r a n s -  
p o r t e r  system ( see  Fig .  1 ) .  T h i s  t r a n s p o r t e r  , sys tem has  three t r a n s -  
l a t i o n a l  DOF's ,  a l l o w i n g  t h e  s l a v e  man ipu la to r s  t o  be p o s i t i o n e d  
anywhere i n  t he  remote ce l l .  Additional. l .y,  t h e  s l a v e  man ipu la to r s  can 
be r o t a t e d  about  t h e  hois t ,  a x i s  t o  ach ieve  t h e  des i r ed  a n g l e  of 
approach t o  t he  w o r k  s i t e .  The manipula tor  a r m  are mounted p a r a l l e l ,  
w i t h .  each shou lde r  p i v o t  po in t  ( i n t e r s e c t i o n  of' t h e  shou lde r  p i t c h  and 
r o l l  a x e s )  l o c a t e d  13 7/8 i n .  o u t  from and 6 i n .  behind t h e  h o i s t  a x i s .  
Thus, t h e  t o t a l  s e p a r a t i o n  o f  t h e  arms is 2 x 13 7/8 i n .  = 27 3/11 i n .  

Two ca.meras, each mounted on f o u r  DOF-posit ioning sys tems,  are 
momted on the h o i s t  j u s t  above the man ipu la to r s .  These cameras can 
be  r o t a t e d  about  t h e  h o i s t  a x i s ,  ex tended  or re t racted from the h o i s t  
a x i s ,  and panned and t i l t e d  t o  ach ieve  a range  of viewing a n g l e s .  The 

cameras fea ture  r emote ly  c o n t r o l l e d  zoom l e n s e s ,  ape r tu re ,  and 
focus ing .  

Two f a c i l i t y  cameras are mounted i n  f i x e d  l o c a t i o n s  i n  t h e  t o p  
c o r n e r s  o f  t h e  c e l l .  These cainfras a l s o  feature  r emote ly  c o n t r o l l e d  
zoom l e n s e s ,  a p e r t u r e ,  and f o c u s i n g .  These cameras are used p r i m a r i l y  

10 
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when moving the  t r a n s p o r t e r  t o  e n s u r e  t h a t  o b s t a c l e s  are avoided  and 
t o  l o c a t e  o b j e c t s  ( s u c h  as t o o l s )  which may be o u t  of s i g h t  of t h e  

on-board cameras. 
A v a r i e t y  of s p e c i a l  t o o l s  i n c l u d i n g  wrenches and s c r e w d r i v e r s  

are l o c a t e d  i n  a t o o l  bin.  These t o o l s  have been equipped w i t h  attach- 
ments f o r  use  w i t h  two-f ingered t o n g  g r i p p e r s .  The most used s p e c i a l  
t o o l  is an  impact wrench which has a mount on  the h o i s t  between the  

two s l a v e  arms. I n  F i g .  1 ,  t h e  r i g h t  s l a v e  arm is shown r e a c h i n g  f o r  
the  impact wrench. The wrench h o l d e r  is l o c a t e d  28 1 / 2  i n .  below, 
18 112 i n .  t o  t h e  l e f t  o f ,  and 3 i n .  behind t h e  r i g h t  arm shou lde r  
p i v o t ,  The ho lde r  is o r i e n t e d  i n  t h e  h o r i z o n t a l  p l ane ,  3 Q Q  r i g h t  of 
t h e  forward d i r e c t i o n .  I n  t h i s  p o s i t i o n  and o r i e n t a t i o n ,  the  wrench 
and ho lde r  do n o t  i n t e r f e r e  w i t h  the  movements of t h e  man ipu la to r ,  y e t  
the wrench is e a s i l y  grabbed by the  r i g h t  arm g r i p p e r .  When g rabb ing  
the  wrench, the  r i g h t  arm c o n f i g u r a t i o n  is: 

shou lde r  p i t c h  5 +40Q (down) 
shou lde r  r o l l  = + 2 8 O  ( l e f t  or i n )  

elbow p i t c h  = + 1 2 O  ( i n )  
elbow r o l l  (yaw) = - 1 1 4 O  ( i n  o r  l e f t )  

wrist p i t c h  = + 1 4 O  (down) 
wrist roll s O o  

S e v e r a l  remote-handl ing  t a s k s  have been modeled i n  the ce l l .  
These w i l l  be d i s c u s s e d  i n  de ta i l  l a t e r .  

2.1.2 The C o n t r o l  S t a t i o n  

The o p e r a t o r  i s  l o c a t e d  away from t h e  remote c e l l  a t  t h e  c o n t r o l  
s t a t i o n  ( s e e  F i g .  3 ) .  C e n t r a l  t o  the  c o n t r o l  s t a t i o n  a r e  the master 
manipula tor  arms mounted on a f i x e d  s u p p o r t .  The arms a r e  mounted 
paral le l ,  w i t h  t h e  same s e p a r a t i o n  d i s t a n c e  as t h e  slave arms 
(27 3/4 i n . ) .  

Direct ly  i n  f r o n t  o f  the  o p e r a t o r  are four  ? - in .  b l ack  and w h i t e  

t e l e v i s i o n  moni tors  d e d i c a t e d  t o  t h e  fou r  cameras i n  t h e  remote ce l l .  
Two l a r g e - s c r e e n  c o l o r  moni tors  are l o c a t e d  above and t o  the  r i g h t  of 



1
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t h e  small moni tors .  These large mon i to r s  can be switched t o  d i s p l a y  
t h e  views of any of  the cameras o r  t he  d i s p l a y  of a computer ter 'minal.  

A b o ~ e  t h e  r i g h t  l a r g e - s c r e e n  monitor  are boxes c o n t a i n i n g  the 

ana log  c o n t r o l s  fo r  each of t h e  arms. L i g h t - e m i t t i n g  d iodes  ( L E D s )  on 
the f r o n t  pane l  or Lhese boxes i n d i c a t e  t he  arm and tong  b r a k e  s t a t u s .  
I f  misal ignment  of the  master and s l a v e  causes  t h e  b rakes  t o  e n e r g i z e ,  
the misa l igned  DOF is i n d i c a t e d  by a n  a p p r o p r i a t e  LED. 

C o n t r o l s  f o r  t he  cameras, mon i to r s ,  impact wrench,  and t r a n s -  
p o r t e r  system are  l o c a t e d  on the  o p e r a t o r ' s  l e f t ; ,  J o y s t i c k s  e o n t r o l  
camera p o s i t i o n  (pan ,  t i l t ,  r o t a t e ,  and ex tend  as well as pan and t i l t  

o f  the  f a c i l i t y  cameras) arid l e n s e s  ( a p e r a t u r e ,  f o c u s ,  and zoom of 
on-board and f a c i l i t y  cameras). Swi t ches  c o n t r o l  on-board camera 

l i g h t s  and moni tor  s e l - ec t ion .  Another s w i t c h  wi 11. cause  t h e  on-board 
cameras t o  a u t o m a t i c a l l y  f o l l o w  the r i g h t  arm t o n g  g r i p p e r .  A s p e c i a l  
t h r e e - a x i s  j o y s t i c k  c o n t r o l s  t he  movement of tne t r a n s p o r t e r  Three 

switches c u t  off  the power t o  each  of" t h e  t r a n s p o r t e r  DOFs as an added 

s a f e t y  p r e c a u t i o n .  Toggle  switches c o n t r o l  t h e  power t o  and d i r e c t i o n  
of  t h e  on-board impact wrench. Pushing a sp r ing - loaded  s w i t c h  

e n e r g i z e s  the  impact wrench. Another swi tch  actuates a cha in-dr iven  
h o i s t  used i n  two of t h e  tasks .  

On a g r a p h i c s  t e r m i n a l  t o  t h e  o p e r a t o r ' s  r i g h t  is a t o p  view map 
of t he  remote c e l l  showing the  r e l a t i v e  l o c a t i o n  of t h e  manipula tor  
and o b s t a c l e s  w i t h i n  the  c e l l ,  The map c o n t i n u a l l y  upda te s  i t s e l f  as 
the o p e r a t o r  moves the  t r a n s p o r t e r  th rough t h e  c e l l .  

The se rvoman ipu la to r  used i n  t h e  RSDF sys t em is the  TOS Model 
SM-229. The manipulator,  s y s t e m  was on Loan t o  ORNL from the P r i n c e t o n  
I Jn ive r s i ty  Plasma Phys ic s  LJaboratory.  The man ipu la to r  c o n f i g u r a t i o n  
is elbows up ,  and t h e  master and s l a v e  man ipu la to r s  are i d e n t i c a l  
excep t  t h a t  t h e  t o n g  g r i p p e r  of the s l a v e  is replaced w i t h  t h e  master 
hand le .  

Weights and dimensions are g iven  i n  T a b l e  1 ,  and dynamic charac- 
t e r i s t i c s  are g iven  i n  T a b l e  2. 
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Table 1 .  Weights and dimensions of Model SM-229 

Upper arm 22 i n .  
Lower arm 27 i n .  
'Terminal dev ice  '7.5 i n .  ( t o  t i p )  

T o t a l  reach 49 i n .  ( a t  wrist j o i n t )  

Weight (master or S l a v = )  105 l b f .  

Handling c a p a c i t y  20 l b f .  

Counterbalance X ,  Y & Z motions 

2.2.1 Master -Slave  Motions . . _ _ ~  

Master-s lave motions are developed by v a r i o u s  combinat ions of 
g e a r s ,  l i n k s ,  t apes ,  and cables .g  The desc r i . p t ions  r e f e r  t o  t h e  
s l a v e ,  a l though  master motions are i d e n t i c a l  except, t h a t  t h e y  are  i n i -  
t i a t ed  a t  t h e  master handle .  These are  i n d i v i d u a l l y  desc r ibed  as 

folIows 

The wrist p i t c h  and r o l l  (WP, WR) a r e  gene ra t ed  through t h e  same 
d r i v e  t r a i n  by two motors  l o c a t e d  a t  tine coun te rba lance .  These motors 
d r i v e  two p a i r s  of tape p u l l e y s  through a gear r e d u c t i o n .  Tapes 
f a s t e n e d  t o  t h e s e  p u l l e y s  t r a v e l  th rough the  arms, over  a series of 
i d l e r s ,  t o  t h e  w r i s t ,  where t h e y  d r i v e  a similar set  of p u l l e y s  i n  the 

wrist. 'These p u l l e y s ,  through g e a r i n g ,  d r i v e  a pa i r  of beve l  g e a r s  
which ac t  as i n p u t  t o  a d i f f e r e n t i a l .  The wrist is r i g i d l y  a t t a c h e d  
t o  t h e  p in ion  of t h e  d i f f e r e n t i a l .  When both pulleys move i n  t h e  sane 

d i r e c t i o n ,  a p i t c h  motion of  t h e  wrist is developed.  Opposi te  r o t a - -  
t i o n  provides  a roll motion,  and d i f f e r e n t i a l  v e l o c i t i e s  provide  a 

combinat ion of p i t c h  and roll. 
The elbow roll (ER or yaw)  is e q u i v a l e n t  'Lo a w r i s t  yaw and is 

developed by r o t a t i o n  of t h e  forhearm a t  tile el-bow j o i n t .  A s  w i t h  t h e  

wrist mot ions ,  a motor a t  t h e  coun te rba lance  d r i v e s  a p a i r  of t a p e  
p u l l e y s  through a gear  r e d u c t i o n .  Tapes a t tached  t,o these p u l l e y s  
pas s  through t h e  upper. arm and a r e  a t t a c h e d  t o  a similar s e t  of 



Table 2. Dynaxic c h a r a c t e r i s t i c s  of Model SM-229. 
~~ 

X Y Z 
(Shoulder ( E ~ D O W  (Shoulder  Terminal 

r o l l )  p i t c h )  pitch) Yaw P i t c h  Roll device 
~~~~ 

Maxinium moment arm 33 in .  33 i n .  55 i n .  7 i n .  6 i n .  4.5 i n .  N/A 

Maximum a v a i l a b l e  900 700 1399 127 118 1 a0 30 l b  
torque o r  f o r c e  a t  
s l a v e  ( i n . - l b j  

Typical  apparent  6.0 I b  6.0 l b  13.5 i b  ~ C O  lb - in .2  135 I b - i n . ?  90 i t r i n . 2  
no-lcad mass of 
i n e r t i a  

7.2 r a d / s  14.4 r a d / s  23.1 r a d / s  32 i n . / s  Typical  maximum 65 i n . / s  40 i n . / s  70 i n . / s  
no-load l i n e a r  o r  
angular  v e i o c i t y a  

~ y p i c a l  compliance 15  x 12-5 i a  10-5 1 2  10-5 12 10-4 1 4  10-4 2 0  10-4 N i A  
of complete system 
rad/  i n .  - ~b 

Typical  motion +450 - 4 5 O ,  +140°  -50° ,  + l G O o  340 -1200, +459 320' 3.25 i n .  
r angee 

"For x ,  y ,  and z motions perceived f r i c t i o n ,  v e l o c i t y  and  apparent  fiass Ere a f u n c t i o n  of t h e  angle  t h a t  t h e  lower 
arm makes w i t h  r e s p e c t  t o  t h e  upper arm. 'The numbers given a r e  for tne maximum .reloci ty .  

bAt maxinurr, load .  

CReferences from a v e r t i c a l  p o s i t i o n  of t h e  forearm and hGTiZOrltal p o s i t i o n  of upper arm and te rmina l  device  ( + I  = 

u p  o r  forward; ( - 1  = down o r  t o  r e a r .  

r cn 
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p u l l e y s  a t  the  elbow. These p u l l e y s  d r i v e  a beve l  gear attached t o  
t h e  forearm t u b e .  

The elbow p i t c h  ( E ? )  is a p i t c ? h  motion of  the forearm a t  t h e  

elbow j o i n t .  A motor a t  t h e  counterba lance  d r i v e s  a l o n g i t u d i n a l  
shaf t  c o a x i a l  w i t h  t h e  upper arm through a dua l  gear r e d u c t i o n  and  a 

mitre gear  p a i r .  Gearing a t  t h e  elbow t r a n s f e r s  tnis motion t o  a s p u r  

gear r i g i d l y  a t t a c h e d  t o  t he  forearm,  p rov id ing  the  d e s i r e d  mation. 
The shou lde r  p i t c h  and r o l l  ( S P ,  SH) ape combined motions and are 

de r ived  s imi l a r ly  t o  t h e  p i t c h  and poll motions oI" t h e  wrist. A p a i r  
of motors a t  t h e  shou lde r  d r i v e  d i f f ' w e n t i a l  i n p u t  beve l  g e a r s  t h rough  
s u i t a b l e  gea r ing .  A p i n i o n  attached t o  t h e  output, beve l  gear  ol" t h e  

d i f f e r e n t i a l  t h u s  moves about  the c e n t e r  of' t h e  inpiit, g e a r s  i f  bo th  
i n p u t s  arc  moving i n  the  Same d i r e c t i o n  and r o t a t e s  about  i ts o m  
axis  when thc? i n p u t s  are i n  t h e  o p p o s i t e  d i r e c t i o n .  These motions are 
transferred Lo t h e  upper arm tkrough an  i d l e r  t o  a gear  f i x e d  t o  t h e  

o u t e r  diameter of  the  upper tube .  
The t e r m i n a l  dev ice  ( t o n g )  i s  dr iven  c losed  by a motor 01-1 t h e  

coun te rba lance .  It  is released by s p r i n g s  con ta ined  i n  t he  t e r m i n a l  
dev ice .  The d r i v e  motor ,  th rough a doiible gear r e d u c t i o n ,  d r i v e s  a 

p u l l e y  t o  which is f i x e d  a s t e e l  cable. T h i s  cable passes  th rough  t h e  

arms over  s u i t a b l e  i d l e r s  and i s  t e rmina ted  i n  a t h r e a d e d  f e r r u l e  
which engages t h e  t h r e a d e d  a c t u a t o r  i n  t h e  t e r m i n a l  device .  A cam 
a c t i o n  i n  t h e  t e r m i n a l  dev ice  c l o s e s  t he  clamp f i n g e r s .  

The coun te rba lance  is moved i n  r e l a t i o n  t o  the forearm (elbow 

p i t c h )  t o  ma in ta in  ba lance  i n  d i f f e r e n t  forearm p o s i t i o n s .  T h i s  

motion is accomplished hy moving the coun te rba lance  r e l a t i v e  t o  t h e  

forearm w i t h  t he  Same motor t ha t  d r i v e s  the  e lbow,  A p a i r  of i d l e r  

g e a r s  t r a n s m i t s  t h i s  motion t o  a gear f i x e d  on the counterba lance .  
The upper three DOFs ( shou lde r  p i t c h  and ro l l .  and elbow p i t c h )  

p l a c e  the wrist i n  the desired p o s i t i o n ,  while  t h e  lower three DOFs 

(yaw or el.bow r o l l ,  wrist. p i t c h  and r o l l )  provide  the desired 

o r i e n t  a t  i on. 



2.2.2 Gear Reduct ions 

The manufac turer  ' s  s p e e i f i e a t i c m s  on e x a c t  gear reduet  ions m r e  
no t  a v a i l a b l e .  The gear r e d u c t i o n s   ere nleasut-ed approx ima te ly  us ing  
t h e  procedure  deser i bed helow 

Angles were measured on t h e  righl slave arm w i t h  t he  power orf. 
The selected DOF was pushed a g a i n s t  I t s  mrehmica l  stop. Tne UOF 

a n g l e  was measured w i t h  a bubb le  bal.anw pt -o tmctor .  The accuracy was 
N.5' f o r  the shoulder  DOFs, +2,na (30. thc  elbow pltcetz, and +3.0a on 

t h e  lower DOFs ( a b s o l u t e ) .  The  motor angles  were measured by p l a c i n g  

a r e d  mark  on the  ar-'maf;i-ar.e arid hous ing  rataen the LO% 'wits a t  one l i r n i t  

and coun t ing  the  r e v o l u t i o n s  bef'ore the DOF ~eacked its second l i m i t .  

The r ema in ing  angle was estimated by eye: aeeul-acy & ' I O 0  on the 

elbow DOFs, ir20° on the sbouldler ( d i f f e r e n t i a l )  dli'i1d%i, and +15" on 
wrist d r i v e s .  The gear  r e d u c t i o n s  ( G K )  are expvessed as  

r e v o l u t i o n  o f  motor ( s  1 
r e v o l u t i o n  or DQF 

GI% 2 

For t h e  d i f f e r e n t i a l  d r i v e s ,  the  motor r e v o l u t i o n s  g iven  atn(: t he  

r e v o l u t i o n s  t h a t  each  motor t r a v e l w - i t  is no t  t he  sum (ai- d i f f e r e n c e )  
of the two. Gear r e d u c t i o n s  and u n c e r t a i n t i c s  are g iven  i n  Table 3. 

-- 

2.2.3 Actua to r s  

Both master and s l a v e  a r m  are d r i v e n  by seven  ( p e r  arm) ident i - :  
cal e l e c t r i c  motors ,  Model OT-.29'19-111923 manufaetwmed by I n l a n d  Motors 

D i v i s i o n  of Kollmorgen Corp,  These motors  are compact (-4 in- d i m ,  

3 i n .  h e i g h t )  and l i g h t  weight  (about  2 - 5  l b f ) .  They are b rush  t y p e  

d c  servomotors  and feature semari inm/@obaJ.t magnets for improved f l u x  
d e n s i t y .  F r i c t i o n  is low, t y p i c a l l y  about  O.O2*ft Ibf. Mot;or s p e c i f i q  
c a t i o n s  are p resen ted  i n  Table  4. 

2.2.4 C o n t r o l  Svstem 

The c o n t r o l  system used w i t h  t he  man ipu la to r s  is that s u p p l i e d  by 

t h e  manufac turer .  The system is e n t i r e l y  ana log .  Since master and 
s l a v e  are k i n e m a t i c a l l y  iden t i ca l . ,  each motor can be c o n t r o l l e d  i n d i i  
v i d u a l l y .  The s l a v e  d r i v e  is t h e  ouLpu t  of a p r o p o r t i o n a l  p l u s  



18 

d i f f e r e n t i a l .  (PD) c o n t r o l l e r .  Inpu t  t o  t h e  c o n t r o l l e r  is the  p o s i t i o n  
e r r o r  between master and s l a v e .  T h e  p r o p o r t i o n a l  g a i n  is set  by 

a d j u s t i n g  po ten t iome te r s  l o c a t e d  i n  tile pobaer amplirier cards of  each 
motor.  Unfo r tuna te ly ,  these po ten t iomc te r s  t e n d  t o  d r i f t  c o n s i d e r a b l y  
and a re  a l s o  rather d i f f i c u l t  t o  a d j u s t  p r e c i s e l y .  The v e l o c i t y  g a i n  
cannot  be r e a d i l y  a d j u s t e d .  Master d r i v e  is p r o p o r t i o n a l  t o  t h e  l o g  

of  the s l a v e  d r i v e  s o  that; t h e  farce r e f l e c t i o n  r a t i o  v a r i e s  Prom 1 : l  

a t  l i g h t  l o a d s  t o  about  2 . 2 ~ 1  a t  maximuii l o a d s .  
The brake c o n t r o l  is t r igge red  by any one of t h e  p o s i t i o n  e r r o r  

s i g n a l s  exceeding  a f i x e d  v a l u e ,  Th i s  e n a b l e s  the  brakes and 

T a b l e  3. Approximate gear r e d u c t i o n s  

Gear r educt, i on b 
DOF t r a v e l  Motor t r a v e l a  ( ?  probab le  error)  

S P  165O ?I 1 / 2 O  1 8  6/20 ? 3 / 2 0  39.93 + l . l %  

SR 90" +1 1/20 7 7/20 13/20 29.4 +2.2$ 

EP 176O k2 1/Z0 21 1/11 i1/8 43.47 +_1.5% 

ER 3'49" i3"  7 9/11 1,3122 8.065 +2.0% 

WP 1 7 3 O  +!J0 1 22/25  -r1/25 3.912 5 3 . 1 %  

WR 335" +40 3 1/25 p_1/25 3.267 +l .8% 

Tong 3.5" + 1 / 1  6" 1 8/20 +1/20 0.4 r e v / i n  n4% 

"Travel of bo th  motors on shou lde r  and wrist. 

r e v o l u t i o n  of motor 
r e v o l u t i o n  of j o i n t  bGear r e d u c t i o n  = 

disables  the d r i v e  on a l l  of t h e  s l a v e  motors  except  t h e  t o n g  (which 

has a separate brake on /o f f  swi t ch )  I 

Another po ten t iome te r  i n  t h e  power a m p l i f i e r  cards  can be used  t o  
l i m i t  t h e  c u r r e n t  t o  t h e  motors .  Note t h a t  thel-e are two ways t o  
l i m i t  t h e  maximum c u r r e n t  t h a t  can be gene ra t ed  by a given motor: 
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d e c r e a s i n g  the  c u r r e n t  l i m i t  t o  provide  s a t u r a t i o n ,  or i n c r e a s i n g  the  

c u r r e n t  l i m i t  t o  where the p r o p o r t i o n a l  g a i n  de te rmines  t h e  maximum 
c u r r e n t  when the brakes e n e r g i z e  a t  maximum p o s i t i o n  e r r o r s  

2 .2 .5  Tuning t h e  Con t ro l s  

The procedure  used f o r  t u n i n g  t h e  c o n t r o l s  f o r  optimiim pe r fo r#  
mance was the  same fa r  each of  t h e  s i x  DOF motors.  A t  the master s ta-  
t i o n ,  a vo l tme te r  was connected a c r o s s  one of two zener  d iodes  l o c a t e d  
on each of  the power a m p l i f i e r  cards ( there  are  two g a i n  

Table 4. Motor’ s p e c i f  i c a t i o n s  

Motor Size Cons tan t s  

P e a k  t o r q u e  
Motor c o n s t a n t  
Electr i c a l  time eons t a n t  
Mechanical time c o n s t a n t  
Power i n p u t ,  s t a l l e d  at peak 

t o r q u e  (25OC) 
V i  s co us  clamp i ng 
Motor f r i c t i o n  t o r q u e  
Maximum p e r m i s s i b l e  winding temperature 
Rotor moment of i n e r t i a  
Maximum power r a t e  
Maximum t h e o r e t i c a l  a e c e l  
No’load speed  
Weight 

Windim Cons tan t s  

20.4 i n o l b f  
1 e 92 in.lbf/lnl 
2.3 m s  
9 .2  m s  
112 w 
0.432 i n s l b f  - s / r ad  
0.312 ineLbf 
1 5 S o C  
3.96 x lo-’ l b f * i n / s 2  
1.056 x 10’ I b f * i n / s 2  
5.2 x I O 3  r a d / s 2  
48 rad/s  
2.5 l b f  

Dc r e s i s t a n c e  (25V) 
V o l t s  a t  peak t o r q u e  ( 2 5 O C )  
Amperes a t  peak t o r q u e  
Torque s e n s i t i v i t y  
Back  e l e c t r o n a t i v e  f o r c e  
Induc tance  

5.5 ohms 
24.8 v 
4.5 A 
)-I. 56 i n = l b f / A  
0.52 V-s/rad 
13.6 mHz 

p o t e n t i o m e t e r s  and two co r re spond ing  zener  d iodes  on each power 

a m p l i f i e r  cardd+one f o r  each d i r e c t i o n ) .  The sys tem was t u r n e d  o n ,  
and t h e  master and s l a v e  were synchron ized .  The s l a v e  brakes were 
l e f t  on ,  and the  a p p r o p r i a t e  master motion was pushed u n t i l  t h e  e r r o r  



s i g n a l  exceeded the liinit. The v o l t a g e  across t h e  diode  j u s t  berme 
the  e r r o r  s i g n a l  was exceeded ( i n d i c a t e d  by i l l u m i n a t i o n  of an LED on 
the  f r o n t  pane l  of the c o n t r o l  c a b i n e t )  was p r o p o r t i o n a l  t o  t he  

p o s i t i o n  g a i n  of' the  c o n t r o l l e r .  T h i s  vol tage was adjusLed t o  5.6 t o  
5.8 V. I t  had been observed  t h a t  a d j u s t i n g  t h e  g a i n  any h ighe r  t h a n  
t h i s  r e s u l t e d  i n  a h igh  r i s k  of damaging e l ec t r i ca l  components i n  the  
control.  system. Th i s  ad jus tment  was made twice f o r  each motor motion 
(once  i n  each d i r e c t i o n )  forq all s i x  motors ,  and once f o r  t h e  t o n g  
motor. Thus, these cards were a d j u s t e d  t.o provide  the  h i g h e s t  ciirrent 

limit a t t a i n a b l e  (still below the  des ign  l i m i t  of 4.5 A as vi11 be 

d i s c u s s e d  l a t e r ) .  T h i s  t y p e  of ad jus tment  was des i rab le  for t h e  s l a v e  
arms i n  order  t o  be a b l e  t o  g e n e r a t e  t he  h ighes t  possib1.e f o r c e s .  A 

somewhat, 1Bsofter9i t u n i n g  was desirable  f o r  t h e  master t o  r educe  s t i f f -  

n e s s  and e a s e  o p e r a t i o n .  Thus, these cards were t h e n  exchanged w i t h  

the  s l a v e  cards. The (former) s l a v e  cards (noa~ t h e  master cards) were 
t h e n  a d j u s t e d  i n  t h e  same way, but  t h e  goa l  was t o  a t t a i n  a good 
"feel" w i t h  the wins. This u s u a l l y  resulted wi th  a v o l t a g e  o f  about  
4.6 t o  5.2 V a c r o s s  t h e  zener d iodes .  

2.3 EXPERIMENTAL TASKS 

Fol lowing i s  a d e s c r i p t i o n  of the t a s k s  used i n  t h e  exper iments .  
?'hese t a sks  were selected on the  bas i s  of  t h e i r  be ing  r e p r e s e n t a t i v e  
of tasks t o  be performed i n  remote maintenance a c t i v i t i e s ,  and oon- 
t a i n i n g  a s p e c t s  of g e n e r i c  maintenance t a s k s  as demonstrated on a mani- 
p u l a t o r  t e s t  s t and . "  During t h e  th ree -yea r  h i s t o r y  of t h e  RSDF these 
t a s k s  have been c o n t i n u a l l y  performed and upgraded f o r  man/machine 
i n t e r f a c e  and special  t o o l i n g  d e s i g n  s t u d i e s .  

2,3.1 The Ins t rument  Package Task 

The purpose of t h i s  t a s k  was t o  demonst ra te  removal and r e i n s t a l -  
l a t i o n  of a s imula t ed  i n - l i n e  ins t rument  package. A mounting b l o c k  

was f i x e d  on a t e s t  s t a n d ,  arid a h o r i z o n t a l  nu t -ope ra t ed  clamp was 

used t o  engage the  bottom block  of t h e  ins t rument  package w i t h  t h e  

mounting block.  The bot.tom block was at tached t o  a simulated 
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i n s t r u m e n t a t i o n  package. A s i m u l a t e d  in s t rumen t  jumper t o  t he  

in s t rumen t  package c o n s i s t e d  o f  a h o r i z o n t a l l y  engaged p in  connected 
on t h e  t o p  o f  t h e  in s t rumen t  package,  a l e n g t h  o f  cable,  and a v e r t i -  
c a l l y  engaged p in  connec ted  t o  t h e  test  s t a n d  frame. (The t a s k  s e t u p  
can be s e e n  i n  F i g .  4.) The approach t o  the  work s i t e  was bo th  from 
above and from t h e  s i d e .  The t a s k  e s s e n t i a l l y  had two smallhvoiume 
work s i t e s ,  the  in s t rumen t  package and the  v e r t i c a l  p i n  connec tor .  
Thus,  o n l y  two t r a n s p o r t e r  movements were r e q u i r e d .  

2.3.2 The Motor Mount T a s k  

The purpose o f  t h i s  t a s k  was t o  demonst ra te  removal and r e i n s t a l 4  
l a t i o n  o f  a mediumasized motor wi th  a h o r i z o n t a l  s h a f t .  The moLor and 
mount assembly are shown F i g .  5. Removal of  t h i s  motor r e q u i r e d  the 

use of  an  overhead h o i s t ,  which was mounted on a manual ly  movable j i b  

p o s i t i o n e d  by t h e  manipula tor  arm. A c o n t r o l  f o r  h o i s t  up-and-down 
was provided  i n  the  c o n t r o l  room, and the  approach  t o  t h e  work s i t e  
u a s  e n t i r e l y  from above. The t a s k  covered  a small volume except  f o r  
r e a c h i n g  f o r  t h e  h o i s t .  

2.3.3 The Tubing S e r v i c e  Jumper T a s k  

The purpose o f  t h i s  t a s k  was t o  demonst ra te  removal of  a s i m w  
la ted remote t u b i n g  s e r v i c e  jumper as d e p i c t e d  i n  F ig .  6. The s e t u p  
had three h o r i z o n t a l  connec to r s  ( i n  a l i n e  separated by 4 i n .  and 
7 i n . )  t h a t  r e q u i r e d  t h e  use  o f  t h e  on-board impact wrench. The s e t u p  
was mounted w i t h  the connec to r s  on t h e  r i g h t  s i d e  t o  emphasize t h e  u s e  
of  t h e  r i g h t  arm. This  t a s k  covered a mediumqsize volume, and t h e  

approach t o  t he  work s i t e  was s t r i c t l y  from t h e  s i d e .  

R e i n s t a l l a t i o n  of t h e  jumper  was n o t  done because t h e  jumper was 
dropped f r e q u e n t l y  i n  d i sa s sembly ,  c a u s i n g  i t  t o  bend s l i g h t l y .  It 

would t h e n  n o t  f i t  p r e c i s e l y  i n t o  t h e  connec to r s ,  making remote reas- 
sembly d i f f i c u l t  o r  imposs ib le .  Assembly of i l l q f i t t i n g  p a r t s  was n o t  
cons ide red  t o  be r e p r e s e n t a t i v e  of remote  maintenance a c t i v i t i e s  
because an a c t u a l  fa i led  jumper would be r e p l a c e d  wi th  a new part  t h a t  

would f i t  p r e c i s e l y .  
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2.3.4 The 30-in.  Flange T a s k  

Th i s  t a s k  i nvo lved  t h e  removal and r e i n s t a l l a t i o n  o f  a 3O-in. 
p ipe  f l a n g e  (shown w i t h  t h e  motor mount i n  F ig .  5 ) .  The a c t u a l  f l a n g e  
has about  30 3/4- in .  b o l t s .  To reduce  t h e  time r e q u i r e d ,  o n l y  t h ree  

of the b o l t s  were used. The on-board impact wrench was r e q u i r e d  t o  
remove and r e i n s t a l l  the  b o l t s .  The overhead h o i s t  used w i t h  t h e  

motor mount was used t o  l i f t  the f l a n g e .  
The approach  t o  t h e  work s i t e  was s t r i c t l y  from above ,  and the 

vo lumet r i c  coverage af t h i s  t a s k  was the l a r g e s t  of t h e  f i v e  t a s k s .  

The f l a n g e  i t s e l f  was l a r g e ,  and t h e  o p e r a t o r  had t o  r e a c h  s e v e r a l  
feet  t o  g r a b  the  h o i s t  hook. Thus, t h e  t r a n s p o r t e r  was used o f t e n  t o  
r e p o s i t i o n  t h e  man ipu la to r .  

2.3.5 The 6- in .  Flange T a s k  

The purpose of t h i s  task was t o  demonst ra te  removal of a 6- in .  
p i p e  f l a n g e .  The f l a n g e  was provided with guide  p i n s  and two 
h o r i z o n t a l  cap tured  b o l t s ,  and was o r i e n t e d  w i t h  t h e  p ipe  axes  i n  t h e  

h o r i z o n t a l  p lane .  The on-board impact wrench was r e q u i r e d  t o  remove 
t h e  b o l t s .  To emphasize the  r i g h t  arm, the  cap tu red  b o l t s  were p laced  
on  the  r i g h t  s i d e  of t h e  f l a n g e .  The vo lumet r i c  coverage Mas rela-  
t i v e l y  small, The approach t o  the  work s i t e  was s t r i c t l y  from the  

side. R e i n s t a l l a t i o n  of  t h e  f l a n g e  was omi t t ed  because  it was found 
tha t  ho ld ing  t h e  f l a n g e  r e q u i r e d  ve ry  h igh  w r i s t  t o r q u e s ,  r e s u l t i n g  i n  
margina l  s t a b i l i t y  and making t h e  precise p o s i t i o n i n g  r e q u i r e d  f o r  
r e i n s t a l l a t i o n  ve ry  d i f f i c u l t .  

Due t o  the  s imi la r i t i es  between t h e  t u b i n g  service jumper removal 
t a s k  and the 6 - in .  f l a n g e  removal t a s k ,  it was decided t o  ave rage  t he  

r e s u l t s  Prom these two tasks  and c o n s i d e r  the  r e s u l t s  t o  be from one 
t a s k .  

2.4 DATA A C Q U I S I T I O N  

The du ty  cycles were determined e x p e r i m e n t a l l y  by measuring t h e  

p o s i t i o n  and c u r r e n t  s i g n a l s  f o r  t h e  s l a v e  r i g h t  arm w h i l e  o p e r a t o r s  
performed the  selected maintenance tasks. The s i g n a l s  were a v a i l a b l e  
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as ana log  v o l t a g e s  and were read by t h e  h o s t  PDP 11/3’4 computer’ a t  a 

r a t e  of 10  Hz. The estimated measurement u n c e r t a i n t i e s  a m  presen ted  
i n  Appendix A. 

2.4.1 Hardware 
I__p 

The p o s i t i o n s  of  a l l  motions of master and s lave man ipu la to r s  are 
sensed  by p r e c i s i o n  poten t iometers ’  d r i v e n  th rough  s u i t a b l e  g e a r i n g  
from e i t h e r  t h e  motion d r i v e  o r  t h e  motion itse1.f. R e l a t i v e  p o s i t i o n s  
of t h e  master and s l a v e  po ten t iome te r s  p rov ide  t h e  e r r o r  s i g n a l  t o  
d r i v e  both  master and s l a v e .  All po ten t iome te r s  are l o c a t e d  Fsithin 
t h e  arms. 

The wrist p i t c h  and r o l l  po ten t iome te r s  are  l o c a t e d  on t h e  

c a s t i n g  s u p p o r t i n g  t h e  wrist t a p e s  i n  t h e  counterba lance .  The elbow 

r o l l  (yaw) po ten t iome te r  is l o c a t e d  i n  the lower ha l f  of the elbow 

j o i n t ;  t h e  elbow p i t c h  is l o c a t e d  i n  t h e  upper h a l f  of  t h e  elbow 
j o i n t ;  t he  shou lde r  p i t c h  and r o l l  are l o c a t e d  i n  the  c a s t i n g  where 

t h e  motion d r i v e  motors are mounted; and the  tong  p o s i t i o n  is sensed  
on t h e  s t t ’uc ture  mounting the  c a b l e  d r i v e  p u l l e y .  

The s i g n a l  r ange  i s  e l 5  V ,  and t h e  manufact, i irerfs s p e c i f i c a t i o n s  
i n d i c a t e  l i n e a r i t y  t o  w i t h i n  0.5% w i t h i n  t h i s  range .  C a l i b r a t i o n  
procedures  and data a r e  p re sen ted  i n  Appendix B. 

Motor-current  da ta  were avai1abl .e  as the  v o l t a g e  drop acposs  
0.1-52 shunt  r e s i s t o r s  l o c a t e d  i n  t h e  s l a v e  e l e c t r o n i c s  boxes. These 

are p r e c i s i o n  r e s i s t o r s ,  a c c u r a t e  t o  & I % .  A s  the maximum motor cur-: 
r e n t  is 4.5 A ,  t h e  s i g n a l  range  is  k450 mV. 

The variable end of  each s i g n a l  is t aken  through 200 f t  of 
s h i e l d e d  cable t o  a r e l a y  box loca . ted  i n  the  RSDF c o n t r o l  room. A l l  

s i g n a l s  have a common g~oupld,  and wound r e f e r e n c e  is picked u p  on t h e  

relay box. Master and s l a v e  grounds are  connected v i a  a 200-f t - long9 
3 /8Ain . - th i ck  copper welding cable.  From t h e  r e l ay  box, t h e  s i g n a l s  
a re  s e n t  t o  t he  PDP 11/34 ana log  i n p u t  c a r d s  through 150 f t  of 
s h i e l d e d ,  twis ted  p a i r  c a b l i n g .  

Noise was d e t e c t e d  on t h e  inpu t  s i g n a l s  a t  t he  r e l a y  box i n  t he  

c o n t r o l  room. Using an  o s c i l l o s c o p e ,  n o i s e  of magnitude u p  t o  200 mV 

*Bourns Corp.,  Model- ‘7934S2, s u p p l i e d  w i t h  the SM-4229 s y s t e m .  
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( w i t h  s p i k e s  up t o  500 m V )  and pr imary f r equency  of about  500 Hz was 
seen .  To e l i m i n a t e  t h i s ,  f i r s t - o r d e r  r e s i s t o r - c a p a c i t o r  ( R C )  f i l t e r s  
w i t h  a c u t o f f  f r equency  o f  11 Hz were added t o  each channel  of" the 

a n a l o g  i n p u t s .  T h i s  e f f e c t i v e l y  e l i m i n a t e d  t h e  n o i s e  from t h e  s i g n a l  
as s e e n  by the  PDP 1 1 / 3 4 .  The rea l  s i g n a l  remained e s s e n t i a l l y  
u n a f f e c t e d  by t h e  f i l t e rs  as it had been de termined ' '  t h a t  t h e  

r e sponse  of the s l a v e  arms t o  t h e  s i n u s o i d a l  motions of t h e  master 
drops  s h a r p l y  a t  f r e q u e n c i e s  above 3 Hz. 

U n f o r t u n a t e l y ,  master and s l a v e  grounds va ry  randomly. The aver -  
age d e v i a t i o n  is about 10  mV w i t h  a maximum observed  d i f f e r e n c e  of 
16  mV. T h i s  has l i t t l e  effect  on t h e  p o s i t i o n  s i g n a l s  (+ I5  V )  b u t  

c o n t r i b u t e s  si gni  f i can t  1 y t o  c u r r e n t  si gnal u n c e r t a i n t y  
Analog s i g n a l s  are conve r t ed  t o  d i g i t a l  s i g n a l s  by a DEC ADOI-D 

c o n v e r t e r , "  T h i s  is a high-speed c o n v e r t e r  capab le  of hand l ing  up t o  
10,000 sarnples/s w i t h  a s e t t l i n g  time of on ly  25 us. The r a n g e  of the 

c o n v e r t e r  is f l 0  V, w i t h  o p t i o n a l  g a i n s  of 2, 4 ,  and 8. A s  t h e  

p o s i t i o n  s i g n a l  r a n g e  is +15 V, v o l t a g e  d i v i d e r s  were added t o  the  

p o s i t i o n  s i g n a l s  t o  prevent  s a t u r a t i o n .  The s i g n a l s  were put  across 
5- and IO-Ka r e s i s t o r s  i n  series, wi th  the  PDP 11 /34  r e a d i n g  t h e  v o l t -  
age a c r o s s  t h e  10-KSk r e s i s t o r .  These r e s i s t o r s  were o f f - t h e - s h e l f  
items accurate o n l y  t o  +5%. Their  va lues  were measured p r e c i s e l y  w i t h  

a Tek t ron ix  DM 5013 ( I C  S043154) ohmmeter, and t h e  e x a c t  r a t i o  f o r  
each  channel  was incorporzbed  i n t o  t h e  c a l i b r a t i o n .  The c u r r e n t  s i g -  
n a l s  were read w i t h  a g a i n  f a c t o r  of eight ( i * e * ,  a ful l -scale  r e a d i n g  
of 1.25 V = 2000 counts) 

2.4.2 Sof tware  

Two t a s k s ,  r u n n i n g  i n  real  time, were coord ina ted  u s i n g  s y s t e m  

g l o b a l  e v e n t  f lags  t o  l o g  the  data p r e c i s e l y  and r e l i a b l y .  These 
t a s k s  were w r i t t e n  i n  FORTRAN Four  P l u s .  The o p e r a t i n g  sys tem used 
was Vers ion  3.2 of RSX-11M.'2 

The f i r s t  t a s k ,  A N A I N ,  was the s y s t e m  analog i n p u t  s cann ing  t a s k .  

It; scanned all 24  ana log  i n p u t  channels  and p l aced  the  data i n  a 
dynamic memory common. It; r a n  on its own s o f t w a r e  timer a t  10 Hz, 
wi th  n e g l i g i b l e  timestep v a r i a b i o n  ( s e e  Appendix B ) .  The channel  
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nunbers ( i n c l u d i n g  g a i n s )  and time between s c a n s  were a l s o  elements  of  
t h e  dynamic common. These o r d i n a r i l y  remain at 0 through 2 3  arid 

0.1 s ,  r e s p e c t i v e l y ,  bu t  could  be changed r e a d i l y  il" des i red .  

'The dynamic common had room f o r  4096 tuo-byte  wordsp most of 
which (3900) were used as two 1950-word data b u f f e r s .  Each time i.t 

scanned t h e  da ta ,  A N A l N  p l a c e d  i n c r e m e n t a l l y  i n  one of  the b u f f e r s  t he  

15 channe l s  of  i n t e r e s t  (there is one b lank  channel  between t h e  7 pos i - -  
t i o n  s i g n a l s  and 7 c u r r e n t  s i g n a l s ) .  When a b u f f e r  was f i l l e d ,  A N A I N  

cheeked t o  see whether t h e  da ta - logg ing  g l o b a l  event  f l a g  was s e t ,  

i n d i c a t i n g  t h a t  data l o g g i n g  was a c t i v e .  I f  it wa3 n o t ,  A N A I N  s imply 
reset its b u f f e r  index  and r e p e a t e d .  I% the f l a g  was s e t ,  s e v e r a l  
checks were processed.  The b u f f e r  index  was reset. The b u f f e r  ident i - ,  
f i c a t i o n  f l a g ,  t h e  3091st element o f  t h e  cormtion, was f l i p p e d  ( i t s  
va lue  is +1 or - 1 )  so t h a t  f u r t h e r  s cann ing  could con t inue  l o a d i n g  t h e  

second b u f f e r  w h i l e  LOGDAT ( t h e  w r i t i n g  t a s k )  wrote  t h e  f irst  b u f f e r  
t o  d i s k .  The " b u f f e r  dumped" f l a g  M a s  checked. T h i s  f l a g  was set by 
LOGDAT when i t  f i n i s h e d  dunping a b u f f e r .  If this f l a g  was not s e t ,  
t h e n  LOGDAT had no t  f i n i s h e d  dunping t h e  b u f f e r  t h a t  A N A I N  was pre- 
p a r i n g  t o  write t o .  If t h i s  occu r red ,  A N A I N  clearied t h e  da ta - logging  
f l a g s  and s e n t  a message t o  t h e  t e r m i n a l  stat . irag t h a t  data l o g g i n g  had 

been abor t ed .  (Note:  t h i s  c o n d i t i o n  never occur red ;  i t  took  A N A I N  

13 s t o  f i l l  a buffer-,  while LOGDAT could dump i t  i n  about  3.5 s . )  i f  

t h i s  f l a g  was s e t ,  A N A I N  cleared t h e  f l a g ,  se t  t h e  " b u f f e r  f u l l r '  f l a g ,  
and proceeded w i t h  scann ing  and l o a d i n g  t h e  second b u f f e r .  T h i s  tech- 

n ique  is referred t o  as "double  bu f fe r ing . "  Note t h a t  there is no 
Tfwindowr? open f o r  a s c a n  t o  go by wi thout  t h e  prev ious  s c a n  be ing  
logged. 

The functiohr o f  the  second t a s k ,  LOGDAT, should now be c lear ,  

'This t a s k  f irst  opened a d i s k  f i l e  and r e q u e s t e d  the o p e r a t o r  t o  inpu t  
a r e c o r d  number f o r  the  data. Y l i s  number Mas w r i t t e n  t o  d i s k ,  and 
was a l s o  r eco rded  by t h e  o p e r a t o r  i n  a da ta - logging  notebook a long  
wi th  all .  p e r t i n e n t  i n fo rma t ion  about  the t a s k .  After a 13-3 d e l a y  ( t o  
a l low t h e  o p e r a t o r  t o  begin  t h e  t a s k ) ,  t h e  da ta - logging  flag was set, 

and LOGDAT w a i t e d  f o r  t h e  i7buffel- f u l l 1 '  f l a g  t o  be s e t .  \Jhen this 

occur red ,  t h i s  f l a g  was immediately cleared. LOGDAT then  checked the  
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da t a - logg ing  f l a g .  I f  it was clear,  the  d i s k  f i l e  was c l o s e d ,  and a 
message was s e n t  t o  the t e r m i n a l  ( D A T A  LOGGING E N D I N G ) .  L f  the  f l a g  

was set ,  one of t he  b u f f e r s  (de te rmined  by the 3901st  e lement  of t h e  

common) was dumped Lo d i s k  ( u n f o r m a t t e d j  i n  15-word r e c o r d s .  When t h e  
e n t i r e  b u f f e r  had been dumped, LOGUAT set  t h e  " b u f f e r  dumpedp1 f l a g  and 

went back t o  wait f o r  t h e  " b u f f e r  f u l l r f  f l ag ,  Data-logging was te rmi-  
n a t e d  by r u n n i n g  a n o t h e r  t a s k ,  STPLOG, which s imply  cleared the  data- 

logging  f lag.  

2.4.3 Procedures  

The o p e r a t o r s  were a l lowed t o  perform each t a s k  twice t a  become 

f a m i l i a r  w i t h  the s y s t e m .  While a l l  f o u r  ope!-ators were expe r i enced  
w i t h  mechanical  man ipu la to r s  and a d i f f e r e n t  s e rvoman ipu la to r  s y s t e m ,  
o n l y  two of t h e  o p e r a t o r s  were f a m i l i a r  w i t h  the  RSDF system. 

When per forming  t h e  t a s k s  f o r  data l o g g i n g ,  t h e  o p e r a t o r s  were 
t o l d  t o  complete the t a s k  as r a p i d l y  as could  be done safely and e f f e c -  
t i v e l y .  A g iven  t a sk - - inc lud ing  t r a n s p o r t e r  movements, camera a d j u s t -  
ments ,  and a l l  manipula tor  work--was performed e n t i r e l y  by one 
o p e r a t o r .  The data l o g g e r  was started when t h e  operabor  began the 
t a s k ,  b u t  from 0 t o  13 s of data were no t  r eco rded  because  t h e  f i r s t  
b u f f e r  was n o t  dumped. The l o g g e r  was s topped  when t h e  o p e r a t o r  com- 
p l e t e d  t h e  t a s k ,  bu t  a g a i n  0 t o  13 s of data were not  r eco rded  because 
the l a s t  b u f f e r  was no t  dumped. Thus, a l l  of t h e  data Were t aken  
d u r i n g  o p e r a t i o n - - t h e r e  were no l o n g  p e r i o d s  of da t a - logg ing  w i t h  t he  

arms no t  i n  use ,  which would have b i a s e d  the  data with zero motor cur- 
r e n t  and c o n s t a n t  p o s i t i o n .  Note t h a t  t h e r e  were s h o r t  p e r i o d s  when 
the arm was n o t  i n  o p e r a t i o n ,  such  as when the o p e r a t o r s  were moving 
the t r a n s p o r t e r  or a d j u s t i n g  t h e  cameras. 

Each o p e r a t o r  performed t a s k s  fo r  about  1 h per day f o r  about 
e i g h t  w e e k s .  The o p e r a t o r s  could  t y p i c a l l y  complete  one t o  e i g h t  
t a s k s  i n  a s e s s i o n .  

The ins t rumen t  package t a s k  was performed 23 times, t h e  motor 
mount t a s k  117 times, and the 30-in. f l a n g e  t a s k  1 1 2  times. Each t a s k  

i nc luded  bo th  assembly and disassembly.  Assembly and disassembly data 
were r e c o r d e d  s e p a r a t e l y  so tha t  t h e  o p e r a t o r s  could  re lax and release 



t h e  manipula tor  f o r  about  20 t o  30 s af te r  comple t ing  t h e  assembly or  
d i sa s sembly .  The 6i.in. f l a n g e  and t u b i n g  s e r v i c e  jumper  d i sa s sembly  

t a s k s  were performed 75 and 76 times ~ e s p e c t i v e 1 . y .  
Counting a s s e m b l y  and d isassembly  as separate t a s k s ,  t he re  were a 

t o t a l  of 653 t r i a l s  t o t a l i n g  47.56 h o f  o p e r a t i o n .  

2.5 D A T A  REDUCTlON 

A l l  da ta  r e d u c t i o n  except  g r a p h i c  d i s p l a y  was done on t h e  RSDF 

PDP 1 1 / 3 4  computing system. Data Mere logged at, 10 Hz9 and each data 

sample c o n s i s t e d  of seven in t ege r -va lued  p o s i t i o n  s i g n a l s  and  seven  
in t ege r -va lued  motor -cur ren t  signa1.s each from t h e  slave r i g h t  arm. 
A s  a t y p i c a l  task r e q u i r e d  about  5 min, there were about  145,000 words 

of raw data  per t a s k .  

The f i r s t  reducirig program read t h e  r e c o r d  niirnber from the raw 

da ta  f i l e  and tagged o u t p u t  d a h  P i les  w i t h  the  r e c o r d  number, asso-  
c i a t i n g  t h e  data w i t h  the  t a s k  from which i t  was gene ra t ed .  After 
i n i t i a l i z i n g  a l l  arrays,  t h e  f irst  f i v e  da ta  samples were read i n t o  
memory f o r  a f i v e - p o i n t  d i f f e r e n t i a t i o n  scheme. The f irst  two c u r r e n t  
samples  were sk ipped  s o  t h a t  v e l o c i t y  and current ,  data would remain 
synchronized .  The f i r s t  f i v e  p o s i t i o n  s i g n a l s  were cal ibrated t o  DOF 

r a d i a n s ,  complet ing t h e  s e t  u p  %or the  Tiworking loop" o f  da t a  

r e d u c t i o n .  
I n  the working l o o p ,  t h e  D O F  v e l o c i t i e s  were f i r s t  determined by 

a f i ve -po in t  c e n t r a l  d i f f e r e n c e  a lgo r i thm.  The f ive"poin t  a lgor i thm 

al.I.owed for  a be t t e r  t r a d e y o f f  t r u n c a t i o n  error and u n c e r t a i n t y  due t o  
p o s i t i o n  s i g n a l  u n c e r t a i n t y  over  a t h r e e s p o i n t  a lgo r i thm (see 
Appendix C> . Acce le ra t ions  were determined by a th ree -po in t  c e n t r a l  
d i f f e r e n c e  a l g o r i t h n .  A f ive;poiri t  second d e r i - v a t i v e  a lgo r i thm would 
y i e l d  a higher  u n c e r t a i n t y  t h a n  t h e  t h r e e - p o i n t  a lgo r i thm due t o  pos i -  
t i o n  s i g n a l  u n c e r t a i n t y .  Acce le ra t ion  d a t a  were used o n l y  f o r  es t i -  

mating p e a k  a c c e l e r a t i o n s ,  due  t o  t h e  h igh  u n c e r t a i n t y .  
The peak v e l o c i t i e s ,  a c c e l e r a t i o n s ,  and mechanical  power f o r  each 

DOF and c u r r e n t  f o r  each motor were determined by ave rag ing  t h e  f i v e  
h i g h e s t  va lues  of  each f o r  t h e  e n t i r e  experiment .  T h i s  a l lowed f o r  
some smoothing of t h i s  p e a k  va lue  data ,  
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The c u r r e n t  data were t h e n  c a l i b r a t e d  t o  amperes. The e l e c t r i c a l  
power was de termined  by P = I’R and i n t e g r a t e d  ( r e c t a n g u l a r  r u l e )  t o  
f i n d  the t o t a l  energy  per motor. The p o s i t i o n s  and v e l o c i t i e s  were 
s c a l e d  t o  the k inemat i c  r anges  s p e c i f i e d  i n  t h e  Opera t ion  and Mainte- 
nance Manual fo r  t he  SM-229.’ The j o i n t  t o r q u e s  were calibrated t o  
motor c u r r e n t s  (See Appendix B ) .  S i n c e  the maximum motor c u r r e n t  was 
4.5 A, the maximum t o r q u e  t o  use  i n  s c a l i n g  was de termined  by e x t r a -  
p o l a t i n g  t he  c a l i b r a t i o n  t o  t h i s  va lue .  The maximum mechanical  power 
t o  scale  each j o i n t  t o  was de termined  as 1 / 4  T,,S1,,, u s i n g  the maximum 
t o r q u e  and v e l o c i t y  v a l u e s  p r e v i o u s l y  de te rmined .  

S i n c e  a l l  of the seven  motors were i d e n t i c a l ,  t h e  c u r r e n t s  were 
s e a l e d  e q u a l l y  fo r  each. A s  s ta ted b e f o r e ,  the maximum c u r r e n t  was 
4.5 A. The r e s i s t a n c e  of t h e  motors  was measured and r eco rded  (See 

Appendix B ) .  The power was c a l c u l a t e d  by P = 1 2 R .  

His togram c u r r e n t  data i n  increments  of 2% of the  maximum were 
gene ra t ed  u s i n g  an a r r a y  o f  c o u n t e r s .  The maximum number of data 
samples i n  which each motor s t a y e d  above 60% of maximum c u r r e n t  was 
counted ,  w i t h  a l lowance  f o r  up t o  t e n  counts ( 1  s )  below t h e  60% l e v e l  
b e f o r e  coun t ing  was r eze roed .  The a p p l i e d  t o r q u e  p e r  DOF was cali-  
brated t o  t h e  motor c u r r e n t s  and t h e  DOF power was de termined  by 

t o r q u e  times v e l o c i t y .  The t o t a l  mechanical  energy  t r a n s f e r r e d  per 

DOF was found by r e c t a n g u l a r  r u l e  i n t e g r a t i o n  of power data.  The 

power, p o s i t i o n ,  v e l o c i t y ,  and t o r q u e  were t h e n  i n d i v i d u a l l y  s e a l e d  t o  
t h e  DOFs. Histogram data were gene ra t ed  fo r  each DOF i n  t he  same 
manner as c u r r e n t  h i s togram data were gene ra t ed .  

The f i v e - p o i n t  p o s i t i o n  s i g n a l  array and t h r e e - p o i n t  c u r r e n t  
s i g n a l  array were t h e n  incremented one t i m e s t e p ,  and the  new data 

sample was read in .  The new p o s i t i o n  data were c a l i b r a t e d .  T h i s  

ended t h e  working l o o p  o f  data r e d u c t i o n .  
After t h e  last data sample was p rocessed ,  separate data f i l e s  

were opened f o r  each of the fo l lowing :  

1 .  peak v a l u e  of v e l o c i t y  and a c c e l e r a t i o n ,  
2. p o s i t i o n  h is togram data,  

3. v e l o c i t y  h i s tog ram data ,  
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4. t r a n s f e r r e d  mechanical energy ,  

5. maxirflwi time above 60% of uiaximum c u r r e n t ,  
6. c u r r e n t  his ' iog~arn data,  

7. nechan ica l  power histogyarn data ,  

8. t o t a l  e l ec t r i ca l  energy ,  and 
9. DOF to rque  h is togram data.  

A s  mentioned,  t h e  r e c o r d  nutuber of the experiment  was w r i t t e n  t o  
each data f i l e .  The t o t a l  number of data samples  for  t he  experiment  
was w r i t t e n  t o  each data f i l e  so t h a t  composite data could  be r e a d i l y  
ob ta ined .  Upon 5 x i t  , t h e  program f l a g g e d  either s u c c e s s f u l  complet ion 
or an a p p r o p r i a t c  error message. 

Composite results were determined by ano the r  t a s k  ( there  were 
f i v e  cornpositing tasks--one for. each expe r imen ta l  t a s k ) .  T h i s  t a s k  

opened a h is togram data f i l e  and i t s  ca r re spond ing  o l d  coniposite h i s t o -  
gram d h t a  f i l e  as i n p u t  f i l e s  and a new composite h i s togram f i l e  as an 
output, f i l e .  The t a s k  sk ipped  over  t h e  r e c o r d  number i n  the new f i l e ,  

and r e a d  the number of data samples  i n  each of t h e  i n p u t  f i l e s ,  The 

sum was w r i t t e n  t o  the  o u t p u t  f i l e .  Each h is togram da ta  va lue  was 
updated as 

where 

N1 = number of data samples  i n  t he  new his togram f i l e ,  

Value1 = h i s tog ram data va lue  i n  the new his togram f i l e ,  

N2, Value2 -- number and va lue  fop t h e  old composite histogram 
f i l e .  

The t o t a l  energy da ta  f i l e s  were updated s i m i l a r l y .  'The peak 

va lue  data f i l e s  wrote the  highest  va lues  t o  t he  new o u t p u t  f i l e  and 
updated t h e  average  peak v a l u e  per  t a sk ,  

When a l l  f i l e s  were s u c c e s s f u l l y  composi ted,  an i n d i r e c t  command 
f i l e  renamed t h e  raw data f i l e  and t h e  i n d i v i d u a l  experiment  data 

f i l e s  t o  i d e n t i f y  them as having been crunched and composited, The 
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new composi te  data f i l e s  were renamed as new v e r s i o n s  of composi te  

data f i l e s ,  and the  composi ted f i l e s  were t h e n  purged. 

Another cornposit ing t a s k  updated  t h e  mean and v a r i a n c e  of the  

peak v a l u e s  per  experiment  per t a s k  of v e l o c i t y ,  a c c e l e r a t i o n ,  rnechani- 
cal power, and motor c u r r e n t .  

It  was later decided t o  go back through t h e  data t o  e x t r a c t  more 
in fo rma t ion .  A d d i t i o n a l  data r e d u c t i o n  t a sks  based on the  above tasks 

were w r i t t e n  t o  obt,ain h is togram data i n  2% increments  ( t he  o r i g i n a l  

t a s k  used 5% i n c r e m e n t s ) ,  and t o  o b t a i n  three d imens iona l  h i s tog rams  
of mechanical  power? ( v e l o c i t y  v e r s u s  to r ique ) ,  p o s i t i o n  v e r s u s  t o r q u e o  
and p o s i t i o n  v e r s u s  v e l o c i t y  p e r  DOF. Another t a s k  was w r i t t e n  t o  
o b t a i n  3-D p l o t s  of the  f r o n t ,  t o p ,  and s i d e  views of wrist p o s i t i o n  
i n  base frame c o o r d i n a t e s  and a 3-D p l o t  of elbow r o l l  (yaw) v e r s u s  
wrist p i t c h .  A s  w i t h  t h e  2-D h i s togram p l o t s ,  t h e  dependent variable 

fo r  a l l  3-D p l o t s  was the  pe rcen tage  of t o t a l  time. 
A l l  composi te  r e s u l t s  were o b t a i n e d  pe r  expe r imen ta l  t a s k .  The 

r e s u l t s  f o r  t h e  t u b i n g  s e r v i c e  jumper-removal t a s k  and t h e  6-in.  
f lange-removal  t a s k  were t h e n  averaged  w i t h  e q u a l  we igh t ing  and consid-  
ered t o  be one t a s k .  These r e s u l t s  and the  resu l t s  for t h e  o t h e r  
three t a s k s  were t h e n  averaged  w i t h  e q u a l  we igh t ing  t o  o b t a i n  t h e  

f i n a l  composited r e s u l t s .  



3. DUTY CYCLE EXPERIMENTAL RESULTS 

The r e s u l t s  of the expe r imen ta l  s t u d y  w i l l  now be p resen ted .  
Unless s p e c i f i c a l l  y s ta ted ,  a l l  r e s u l t s  p re sen ted  were o b t a i n e d  by 
composi t ing ,  over  time, t h e  r e s u l t s  f o r  each exper imenta l  t a s k ,  and 
t h e n  composi t ing w i t h  e q u a l  we igh t ing  t h e  results Tor t h e  f o u r  t a s k s  

( r eca l l  t ha t  each task is a c t u a l l y  t h e  average  o f  two t a s k s ) .  

P r e l i m i n a r y  o b s e r v a t i o n s  o f  the exper iments  will first be pre- 
s e n t e d .  The p o s i t i o n  data w i l l  be p re sen ted  from the  p e r s p e c t i v e  of 
t h e  i n d i v i d u a l  DOFs, and the vsbase frame9? p e r s p e c t i v e  of wrist posi-  
t i o n  and o r i e n t a t i o n .  Ve loc i ty  and t o r q u e  d a t a  w i l l  be p re sen ted  per  
DOF as average  and o v e r a l l  peak v a l u e s  per  t a s k .  Motor-current  data 

will be p resen ted  s i m i l a r l y  per- motor e Histograms of t h e  pwcentage 

o f  maximum ve r sus  t h e  pe rcen tage  of time w i l l  be p re sen ted  f o r  ve loc i -  
t i e s ,  t o r q u e s ,  and c u r r e n t s .  Torque and v e l o c i t y  data will be corn- 
bined per  DOF i n  3-D histowam mechanical  power p l o t s  w i t h  t h e  

pe rcen tage  of maximum v e l o c i t y  and percent  of maximum to rque  as t h e  

independent  a x i s ,  and log of t h e  pe rcen tage  o f  t o t a l  time as the  depen- 
dent  a x i s .  AvePage t o t a l  e lec t r ica l  energy  pe r  rnotoy per' t ask  and 
ave rage  t o t a l  mechanical energy  per DOF per  task w i l l  be presen ted .  

F i n a l l y ,  3-D p o s i t i o n - t o r q u e  p l o t s  w i l l  be p re sen ted  pe r  DOF 

which w i l l  be similar t o  t h e  3-D mechanical  power p l o t s .  

3.1 PRELIMINARY OBSERVATIONS 

It shou ld  be noted  that  i n d l v l d u a l  v a r i a t i o n s  among human opera- 
t o r s  can be cons ide red  t o  r e p r e s e n t  a s t o c h a s t i c  i n p u t  t o  system. The 

use  o f  on ly  f o u r  o p e r a t o r s  does not  t h e n  r e p r e s e n t  a s u f f i c i e n t  sample 
s i z e .  Thus,  t h e  q u a n t i t a t i v e  r e s u l t s  may be expec ted  t o  change f o r  
larger  samples, but the  q u a l i t a t i v e  r e s u l t s  are be l i eved  t o  be val i d .  

The t r a n s p o r t e r  system a l lowed t h e  o p e r a t o r  t o  approach  t h e  work 
s i t e  from any d i r e c t i o n  and t o  g e t  as c l o s e  as des i red .  T h i s  e l imi-  
n a t e d  any v a r i a t i o n s  due  t o  t he  l o c a t i o n s  o f  t h e  work s i tes  w i t h i n  the  

remote ce l l .  

34 



3 5 

It was appa ren t  from a l l  of the  tasks  t h a t  t h e  wrist t o r q u e  
c a p a c i t y  was a s i g n i f i c a n t  l i m i t a t i o n  t o  t h e  o v e r a l l  manipula tor  capa- 

b i l i t y .  A t  times it was d i f f i c u l t  t o  ho ld  t h e  impact wrench hor izon-  
t a l l y ,  as t h e  t o r q u e  r e q u i r e d  was nea r  c a p a c i t y .  The s t a b i l i t y  margin 
was g r e a t l y  reduced  a t  h igh  t o r q u e s ,  and d i s t u r b a n c e s  i n  the  master 
w r i s t  p o s i t i o n  m u l d  cause o s c i l l a t i o n s  i n  t h e  s l a v e  w r i s t .  T h i s  was 
also appa ren t  wi th  t h e  6- in .  f l a n g e ,  which had t o  be he ld  wi th  its 
c e n t e r  of g r a v i t y  w e l l  o u t  from t h e  tong. Reassembly of t h e  f l a n g e  
was n e a r l y  imposs ib l e  because o f  t h i s  and was t h e r e f o r e  o m i t t e d  from 
the  t e s t i n g .  No o t h e r  j o i n t  expe r i enced  such  problems. 

S i n c e  d i s a s s e m b l y  was done o n l y  on t h e  t u b i n g  jumper and 6-in. 
f l a n g e  t a s k s ,  t h e  data f o r  t h e s e  t a s k s  were p r i m a r i l y  r e p r e s e n t a t i v e  
of t o o l  changing i n  p i c k i n g  and r e p l a c i n g  t h e  impact wrench i n  its 
ho lde r  and h o r i z o n t a l  b o l t  removal w i t h  t h e  impact wrench. The pos i -  
t i o n  r ange  used  i n  these tasks was expec ted  t o  be rather small. The 

motor -cur ren t  r ange  was expected t o  be r e p r e s e n t a t i v e  of very  o f t e n  
repeated t a s k s  such  as t o o l  changing and h o r i z o n t a l  b u l k  removal. I t  

was the  s i m i l a r i t y  between t h e s e  t a s k s  tha t  caused them t o  be consid-  
e r e d  one t a s k .  

S ince  the  t r a n s p o r t e r  s y s t e m  was mounted overhead wi th  t he  rnanipu- 
lator on a t e l e s c o p i n g  h o i s t ,  it w a s  never  n e c e s s a r y  t o  r e a c h  upward 
t o  perform tasks. Thus, the upper r ange  of t h e  shou lde r  p i t c h  !arm 
r e a c h i n g  up> was not  expec ted  t o  be used very  much, I t  is impor t an t  
t o  n o t e  t h a t  t h i s  probably  is not  the c a s e  f o r  a v e h i c l e  t y p e  t r a n s -  
p o r t e r  sys t em and t h a t  r e d u c i n g  t h e  k inemat i c  r a n g e  of t h i s  motion 
cou ld  be r e s t r i c t i v e  i f  t h e  man ipu la to r s  were mounted on a ground- 
based t r a n s p o r t e r  sys t em.  

The ins t rumen t  package t a s k  had t h e  g r e a t e s t  i n c r e a s e  i n  d i f f  i- 
c u l t y  between a c t u a l  "hands on" work and remote work w i t h  t h e  manipu- 
l a t o r s .  T h i s  was because t h e  p i n  connec to r s  and attached c a b l i n g  were 
round,  caus ing  them t o  s l i p  i n  t h e  tong. T h i s  made it d i f f i c u l t  t o  
p r o p e r l y  o r i e n t  and engage t h e  connec to r s .  Thus, t h i s  t a s k  was rep re -  
s e n t a t i v e  of un fo reseen  t a s k s  f o r  which s p e c i a l  t o o l i n g  has no t  been 
developed ,  and of work i n  areas u s i n g  o l d  equipment wi thou t  modern 
remote t o o l i n g  a d a p t a t i o n s .  



The elbow p i t c h  appeared  t o  have t h e  slowest response  of  any of 

the j o i n t s .  The o p e r a t o r s  would of ten move t h e  inaster elbow at4 a r a t e  
t h a t  appeared t o  be very  nea r  t h e  des ign  l i m i t .  T h i s  r e s u l t e d  i n  
decreased f o r c e  s e n s i t i v i t y  i n  this motion. The f r i c t i o n  i n  moving 
the  elbow p i t c h  was a l s o  c o n s i d e r a b l y  greater than  i n  any o t h e r  j o i n t .  
This  was because the elbow p i t c h  is d r i v e n  e n t i r e l y  by  gears and has 

more gears i n  its d r i v e  t r a i n  t h a n  any o t h e r  DOF. T h i s  a l so  r e s u l t s  
i n  a greater i n e r t i a  t h a n  i n  any o t im-  DOF. Thus, high c u r r e n t s  i n  
the  elbow p i t c h  motor m y  be caused more by a c c e l e r a t i n g  the consid-  
erable i n e r t i a  and by f r i c t i o n  t o r q u e s  t h a n  by s t a t i c  loading* 

The man ipu la to r s  were tuned  a t  i n t e r v a l s  of about  two w e e k s  

d u r i n g  the  t e s t i n g  p e r i o d ,  (The t u n i n g  p r o c e d w e  Mas presen ted  
ear l ie r .  About halfway through t h e  t e s t i n g  pe r iod ,  it was discoveyed 
t h a t  t h e  maximum c u r r e n t  t h a t  could be gene ra t ed  i n  t h e  s l a v e  motors  
could be checked easily by s w i t c h i n g  t h e  s l a v e  t o  computer d r i v e  and 
a p p l y i n g  a 1 0 - V  d r i v e  s i g n a l .  This  is t h e  maximum value  t h e  p o s i t i o n  
e r r o r  s i g n a l  can a t t a i n  b e f o r e  t he  b r a k e s  are locked.  T h i s  was done 

b e f o r e  and a f t e r  t he  man ipu la to r s  %ere t uned  t o  g e t  an idea of the 
a c t u a l  maximum s t a t i c  c u r r e n t  a t t a i n a b l e  f o r  9ach motor. Note t h a t  

fo r  s h o r t  per iods  of time t h e  a c t u a l  c u r r e n t  could  exceed this l i m i t  

due t o  an a d d i t i o n a l  vo l tage- - the  back emf--being qlappl iedUP t o  the 

motor.  T h i s  can occur’ o n l y  when t h e  a c c e l e r a t i o n  and v e l o c i t y  are  i n  
o p p o s i t e  d i r e c t i o n s  

It was expec ted  t h a t  the  o p e r a t o r s  would n o t  o f t e n  take the rnani-, 
p u l a t o r  very  close t o  t h e  c u r r e n t  limit, Close  t o  t h i s  l i m i t ,  it 
becomes ve ry  e a s y  t o  pass t h e  p o s i t i o n  e r r o r  l i m i t  w i t h  o n l y  a s l i g h t  

movement of the  master, and t h u s  l o c k  the brakes.  When this o c c u r s ,  
t h e  o p e r a t o r  must. t u r n  h i s  a t t e n t i o n  from the  task b e i n g  pei-formed t o  
r e a l i g n  t h e  master w i t h  t h e  s l a v e  and release t h e  brakes.  T h i s  is 
inconven ien t ,  and the o p e r a t o r s  n a t u r a l l y  t e n d  t o  avo id  t h i s  

p o s s i b i l i t y .  
The data on maximum ( s t a t i c )  c u r r e n t  a t t a i n a b l e  a r e  presen ted  i n  

Table 5. The averaged v a l u e s  probably  r e p r e s e n t  a more a p p r o p r i a t e  
maximum c u r r e n t  per motor t h a n  does t h e  des ign  va lue  of  4.5 A. Note 
t h a t  t h e  v a l u e s  for. t h e  maximurn s t a t i c  c u r r e n t  are not  t h e  maximum 
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s t a t i c  c u r r e n t  a t t a i n a b l e  a t  any time d u r i n g  the  t e s t i n g - - t h e y  are t h e  

ave rage  v a l u e s  j u s t  a f te r  r e t u n i n g  f o r  two d i f f e r e n t  r e t u n i n g s  and two 
d i r e c t i o n s  per motor .  The man ipu la to r s  were r e t u n e d  t w i c e  b e f o r e  the  

measurement t e c h n i q u e  was d i scove red .  Note tha t  t h e  lowes t  c i r r e n t s  
a t t a i n a b l e  were for  the  s h o u l d e r  motors .  It was not  f e l t  t h a t  t h i s  

provided  a s e r i o u s  l i m i t a t i o n ,  s i n c e  t h e  shou lde r  p o s i t i o n  e r r o r  
s i g n a l s  caused t h e  brakes t o  e n e r g i z e  o n l y  a very  few times d u r i n g  the 
e n t i r e  t e s t i n g  pe r iod  and, when they d i d ,  the  manipul.atot-s were 
r e t u n e d  w i t h i n  t he  n e x t  two days .  

P i ck ing  up and r e p l a c i n g  the  impact wrench r e q u i r e d  c o n s i d e r a b l e  
s k i l l ,  which a l l  of t h e  o p e r a t o r s  a c q u i r e d  f a i r l y  qu ick ly .  By t h e  end 
of the  t e s t i n g  p e r i o d ,  the  o p e r a t o r s  could  p i c k  up or  replace t h e  
wrench i n  about  5 s .  

Tab le  5. S t a t i c  maximum c u r r e n t s  per  motor ,  amperes 

Aver age 
Before After per cen t  age 

Motor t u n i n g a  tun inga  of maximum 

Upper shou lde r  2*11  2.93 2.52 ( 5 6 % )  
Elbow p i t c h  2.39 3.75 3.07 (68%) 
Lower shou lde r  2.60 2.93 2.77 (62%) 
Right  wrist 3.56 3.70 3.63 (81%) 
Left wrist 4.03 4.03 4-03  ( 9 0 % )  
Elbow r o l l  3.78 3.93 3.86 (86%) 
Tong 2.59 3.49 3.a4 (68%) 

aAverage of four  values--two r e t u n i n g s  times 
two d i r e c t i o n s .  

3.2 KINEMATIC RANGES 

The usage p a t t e r n s  of t h e  k inemat i c  r a n g e s  w i l l  now be p resen ted .  

3.2.1 I n d i v i d u a l  Yo in t s  

F i g u r e s  7 through 12 r e p r e s e n t  the use of the  des ign  motion r ange  
of each  j o i n t .  Each p l o t  is drawn w i t h  a f r o n t ,  s i d e ,  or t o p  v iew of 
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OKNL-DWG 84-16665 

\ 
Radius  i s  a pe rcen tage  of 
t o t a l  o p e r a t i o n  time w i t h i n  
t h e  co r re spond ing  p o s i t i o n  
band. 

I 

F i g ,  7 .  Range of shoulder  p i t c h  position usage. 
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Radius is a percentage of 
SHOULDER RND ELBOW 

/ 

LEFT RIGHT 
F i g .  8. Range of shoulder  r o l l  position usage. 
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Radius is a percentage of 
total operation time within 
t h e  corresponding position 
band. 

ORNL-DWC 84-16667 



41 

Radius is a percentage of 
total operation time within 
the corresponding posit iorT ORNL-I)W(; 06-16668 

band. Range is k170" /------'-'----- 

IOULOEK PIVOT 

Fig. 10. Range of elbow r o l l  position usage. 
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F i g .  11.  Range of wrist p i t c h  position usage. 



OKNL-DWG 84-1 6670 

Radius i s  a pe rcen tage  of 
t o t a l  o p e r a t i o n  t i m e  w i t h i n  
t h e  cor responding  p o s i t i o n  
band. Range i s  +160° 

Fig. 12. Range of wrist roll position usage. 
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t h e  man ipu la to r ,  depending on which view c l e a r l y  p r e s e n t s  the spec i f ic  

j o i n t  n o t i o n  i n  the  r e f e r e n c e  p o s i t i o n .  The manipula tor  is sketched 

i n  as i t  would a p p e a r  from t h e  s p e c i f i c  view when i n  t h e  r e f e r e n c e  
p o s i t i o n .  'The angu la r  range  of  each po la r  p l o t  cor responds  t o  t h e  

n o t i o n  range  of  t h e  DOF t h a t  is p l o t t e d ,  The r a d i u s  o f  each " p i e  

s l i c e "  is p r o p o r t i o n a l  t o  t h e  pe rcen tage  of t o t a l  time s p e n t ,  w i t h i n  
t h a t  range  of  motion. A n o t e  is i n  o r d e r  concern ing  F i g .  1 2  wrist 

r o l l  p o s i t i o n  usage. To p i c t u r e  what is be ing  r e p r e s e n t e d ,  conside? 
t h e  tong  t o  be ho ld ing  a p in  or bar such t h a t  i t  is ve r7 t i ca i  i n  t h e  

r e f e r e n c e  p o s i t i o n .  The f i g u r e  r e p r e s e n t s  the  h is togram o f  t h e  
o r i e n t a t i o n  of t h a t  bar k r i t h  respect t o  t h e  wrist. 

An i n t e r e s t i n g  aspect of these  p l o t s  is t h e  r a t i o  of t h e  pe rcen i  
tage t ime i n  0 t o  2% (98  t o  100%) o f  range  to the percentage  time i n  2 

t o  4% ( 9 5  t o  98%) of  r ange .  T h i s  w i l l  be referred t o  as t h e  lower 
( u p p e r )  "end r a t i o . F f  If t h i s  end r a t i o  is greater t h a n  one ,  i t  is an 
i n d i c a t i o n  t h a t  t h e  o p e r a t o r s  are  t a k i n g  t h e  manipula tor  t o  its l i m i t  

and ho ld ing  i t  there.  This  s u g g e s t s  t h a t  ex tend ing  this p a r t i c u l a r  
l i m i t  would be a p p r o p r i a t e .  Another noteworthy aspect of these p l o t s  

is the  pe rcen tage  of range  n o t  used. This  r e p r e s e n t s  a range  o f  
motion t h a t  could be e l i m i n a t e d  i f  any s a v i n g s  would be ob ta ined .  
These parameter's are summarized i n  Table  6. 

3.2.2 Wrist P o s i t i o n s  and O r i e n t a t i o n s  

The h is tograms p resen ted  i n  the  p rev ious  s e c t i o n ,  while ve ry  use- 
f u l  des ign  a i d s ,  do not adequa te ly  p r e s e n t  t h e  l o c a t i o n  and o r i e n t a -  
t i o n  of the  wrist. That  i s ,  no th ing  i s  s a i d  o f  where t h e  shou lde r  
roll and elbow p i t c h  are when the shou lde r  p i t c h ,  f o r  exanp le ,  is a t  

28 t o  30% of  i t s  range .  For this r e a s o n ,  t h e  3 & D  h is togram p l o t s  of 

F i -gures  I 3  through 1 6  are p resen ted .  F igu res  13,  1 4 ,  and 15 r e p r e s e n t  
t he  p o s i t i o n  of t h e  w r i s t  as s e e n  from t o p ,  r i g h t  s ide ,  and back 
r e s p e c t i v e l y ;  F ig .  1 6  p l o t s  t h e  elbow r o l l  ve r sus  t h e  wrist p i t c h .  I n  

each of these  p l o t s ,  t h e  darkes t  areas are  t h o s e  used the most.  The 

sing1.e most used  block is e n t i r e l y  black.  The nex t  shade  (which  

appears b l a c k )  r e p r e s e n t s  t h o s e  areas whose time use was 60 t o  100% 

t h a t  of t h e  most used b lock ,  t h e  nex t  shade r e p r e s e n t s  36 t o  SO%, t h e  
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next  21.6 t o  362, and s o  on. T h i s  geometr ic  scale w i t h  a r a t i o  of 0.6 
was chosen s o  t h a t  the  l i g h t e s t .  of t h e  t e n  shades r e p r e s e n t s  1% of t h e  

time use  of t h e  most used b lock .  Areas t h a t  were used ,  h u t  f o r  a time 

less than  1 %  of the  maximum are i n d i c a t e d  by l i g h t  do ts .  

Table 6.  DOF p o s i t i o n  end r a t i o s  and unused r anges  
I_ I- --- 

P o s i t i v e  __ Negat ive  

Pe rcen tage  End [Inused Percentage  End IJnused 
DOF' time a t  end r a t i o  range  time a t  end r a t i o  range  

.--I ( deg 1 -I ( de& 

SP(+ = up)a  0 0 2 .2  0.38 2.42 0 
SA(+ = r i g h t l a  0.01 0.94 0 1 .81 3 - 2 3  0 

1.53 0 
48 

E P ( +  = 0 
ER(+ =I l e f t ) a  0.27 1.23 0 0 
WP(+ = up)a  >.01 . I 4  0 0 .20 1.87 0 
WR(+ 3 C C W P  0.08 0.89 0 0.17 1 7 * 1  0 

_- 
4 5 0.33 - 

II 

aFor each  Dol?, p o s i t i v e  i s - t h a t  r o t a t i o n  which would cause t h e  
t o n g  t o  move i n  the  d e f i n e d  d i r e c t i o n  when t h e  arm is i n  the  r e f e r e n c e  
p o s i t i o n *  

bFor t he  w r i s t  r o l l ,  p o s i t i v e  i s  a coun te rc lockwise  (CCW) r o t a t i o n  
when viewed from behind t h e  man ipu la to r ,  

The r e f e r e n c e  p o s i t i o n  of each of t he  j o i n t s  is i n d i c a t e d  by the 

clear round symbols.  I t  shou ld  be clear which symbol r e p r e s e n t s  t h e  
wrist. 

Note t h a t  the  p o s i t i o n  of t h e  wrist when a c c e s s i n g  the  wrench 

h o l d e r  shows up c l e a r l y  on each of t he  p o s i t i o n  g r i d s ,  bu t  t h e  o r i e n t a -  
t i o n  of the wrist when a c c e s s i n g  the  wrench h o l d e r  (elbow 
ro l l .  = 1 1 4  i n .  l e f t ,  wrist p i t c h  = 1 4 O  down) does not show up. Th i s  

i n d i c a t e s  t ha t  when p i c k i n g  up o r  r e p l a c i n g  the  wrench, t h e  o p e r a t o r s  
f irst  p l a c e  t h e  wrist n e a r  t h e  h o l d e r ,  t h e n  o r i e n t  t h e  wrist. When 
moving away from the h o l d e r ,  t he  wrist is a lmost  immediately o r i e n t e d  
forward .  Thus ,  t he  too l -changing  c o n f i g u r a t i o n  w i l l  s i g n i f i c a n t l y  
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Ilark areas are used B most 

( l o g  scale). O r i g i n  i s  
the  s h o u l d e r  p i v o t .  

~ -~ ~ 7 ~ ~ 1 
-~ 

T ~~ I 

E. ’ j .%uF C P  A1.,,5 7 ’ ~ , L .Ill 4 

LEFT KIL’I 
F i g .  13. Wrist positjon gr id - - top  view, 
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ORNL-DWC, 84-16672 

Dark areas are used iriost 
(log scale). O r i g i n  is 
the shoulder  pivot. 

Fig .  14 .  Wrist p o s i t i o n  g r i d - - r i g h t  s i d e  view. 
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the  shoulder  pivot .  
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M ( l o g  sca le ) .  O r i g i n  i s  
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F i g .  15. Wrist position gr id- -back  view.  
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af fec t  t h e  main p o s i t i o n s  of  the  uppep three  ( p o s i t i o n i n g )  a n g l e s  
(shouldex- p i t c h  and r o l l ,  arid elbow p i t c h )  but w i l l  have on ly  a small. 

e f f e c t  on the mean p o s i t i o n s  of t h e  lower three ( o r i e n t a t i o n )  a n g l e s .  
A 8  noted  earJ.ier, t h e  o p e r a t o r s  qu ick ly  became very  s k i l l e d  a t  p i ck ing  
up and r e p l a c i n g  t h e  impact wrench and could  do i t  i n  5 s .  

The t o p  and back views c lear ly  i n d i c a t e  t h a t  t h e  w r i s t  is t a k e n  
inward toward the  o p e r a t o r  from t h e  r e f e r e n c e  p o s i t i o n  most of  t h e  time. 

The t o p  and s i d e  views i n d i c a t e  t h a t  excep t  f o r  t o o l  changing,  t h e  

wrist is used w i t h  approximate symmetry about  t he  r e f e r e n c e  p o s i t i o n  i n  
t h e  forward d i r e c t i o n ,  pe rhaps  behind Lhe r e f e r e n c e  p o s i t i o n  s l i g h t l y  
more than  i n  f r o n t  of i t .  The back and s i d e  views i n d i c a t e  t h a t  t h e  

wrist is l o c a t e d  s l i g h t l y  below t h e  r e f e r e n c e  p o s i t i o n  most oT the  

time, and t h a t  n e a r l y  a l l  of t he  upper range  o f  motion is never  used.  
Note t h a t  i n  t h e  t o p  view, a lmos t  the e n t i r e  r ange  is used.  

The wr-ist o r i e n t a t i o n  g r i d  i n d i c a t e s  t h a t  most o f  t h e  time t h e  
w r i s t  is p i t c h e d  down s l i g h t l y  ( - 5 O )  and yawed inward about; 10 t o  15" .  

Each of these motions is used asymmetr ica l ly  about  t he i r  most used posi-i 
t i o n s ;  the  wrist is p i t c h e d  down more t h a n  up and yasqed i n  more t h a n  
o u t  about  t h e  most used o r i e n t a t i o n ,  and even more so  about  t h e  refer-. 
ence o r i e n t a t i o n .  It  is i n t e r e s t i n g  t o  n o t e  t h a t  i f  one o r i e n t s  o n e ' s  
own wrist about  a cu rve  d e s w i b e d  by t h e  c e n t r o i d s  of each  of t h o  
shaded r e g i o n s ,  i t  appea r s  t o  be t h e  most na tura l .  pa th  for t h e  ~ r i s t ,  t o  
fo l low 3 

3.2.3 Mean P o s i t  i o n s  

I t  is of  i n t e r e s t  t o  know t h e  mean p o s i t i o n  f o r  t h e  i n d i v i d u a l  
J o i n t s  and f o r  t he  a b s o l u t e  wrist p o s i t i o n .  These da ta  are p resen ted  
i n  Table 7. For the i n d i v i d u a l  j o i n t s ,  the mean p o s i t i o n  is retecenced 
t o  t h e  r e f e r e n c e  c o n f i g u r a t i o n  of  t h e  mani p u l a t o r .  For t he  a b s o l u l e  
wrist p o s i t i o n s  t h e  x, y ,  and z p o s i t i o n s  are r e f e r e n c e d  t o  t he  w r i s t  

p o s i t i o n  i n  t he  r e f e r e n c e  c o n f i g u r a t i o n .  
The mean p o s i t i o n  of t h e  i n d i v i d u a l  j o i n t s  Has Pound by ave rag ing  

a?1 of t h e  sampled data .  The mean a b s o l u t e  wrist p o s i t i o n s  were found 
by f i n d i n g  t h e  l r c e n t r o i d f t  of t h e  h is togram b locks ,  a s s o c i a t i n g  all-  of 
the time i n  a given block w i t h  t h e  c e n t e r  of  t h a t  block.  
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Table 7. Mean p o s i t i o n s  

Locat i o n  Mean P o s i t i o n  

I n d i  v i  dua 1 J o i n t  s 
Shoulder  p i t ch  -9.8" (down) 
Shoulder  p i t c h  -1 3.0° ( l e f t )  

Elbow r o l l  4 2 . 5 O  ( l e f t )  
Wrist p i t c h  - 1 7 . 7 O  (down) 
Wrist roll 4.0° (CCW] 

Elbow p i t c h  5.1 (fQ??wmd) 

Base Frame wrist p o s i t i o n s  
Vertical (XI 27.36 i n .  (downla 

0.86 i n .  (downIb 
Forward ( y )  22.21 i n .  ( fo rward )a  

3.29 i n .  (backward)b 
Transve r se  ( z  1 4,77 i n .  ( l e f t l a  

4.77 i n .  ( 1 e f t ) b  

a R e l a t i v e  t o  the  s h o u l d e r  p i v o t .  

b R e l a t i v e  to the wrist p o s i t i o n  i n  t h e  
r e f e r e n c e  c o n f i g u r a t i o n .  

3.3 MOTOR CURRENTS AND ENERGY 

The p e r i o d i c  usage o f  motor c u r r e n t s  and energy  consumption w i l l  

now be p resen ted .  Recall that  the elbow p i t c h  and r o l l  are d r i v e n  
d i r e c t l y  by separate motors  s o  t h a t  normal ized  h is togram p l o t s  of motor 
c u r r e n t  and j o i n t  t o r q u e  cor respond e x a c t l y .  This  is not  t r u e  of t h e  
shou lde r  and w r i s t  p i t c h e s  and r o l l s ,  which are  d r i v e n  by d i f f e r e n t i a l s .  

For these DOFs, t he  p i t c h  t o r q u e  is p r o p o r t i o n a l  t o  the sum of t h e  two 
motor c u r r e n t s ,  and t h e  r o l l  t o r q u e  is p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  
of t h e  two. Figures  17 through 23 p r e s e n t  t he  c u r r e n t  usage of the  

motors .  A l o g  s c a l e  was used s o  t h a t  t h e  very  s h o r t  times a t  which the 

motors  o p e r a t e d  a t  high c u r r e n t s  could be seen .  It is impor tan t  t o  
bear i n  mind t h a t  t h e  data p resen ted  earlier i n  Table  5, which i n d i -  
cated tha t  the maximum c u r r e n t  a t t a i n a b l e  v a r i e d  w i t h  time and from 
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motor t o  motor ,  was below the  des ign  l i m i t  of 4.5 A f o r  a l l  of the  

motors .  

. 

r- 

..... . 

!22 
. .. ... . .. . . . . . . . 

33 : 333 f 5s 

1 

PERCENT OF MHXIMUM CIJRRCNT 

Fig.  23. Cur ren t  h i s tog ram f o r  t o n g  motor. 

Table  8 p r e s e n t s  t h e  average  energy  consumed by each  motor per  

task. The data i n  t h i s  table are no t  t he  a c t u a l  energy  consumed by t h e  

motors bu t  are t h e  i n t e g r a l s  of L 2 R ,  where I is t h e  measured c u r r e n t  
and R is t h e  nominal v a l u e  of t h e  winding r e s i s t a n c e  for  each motor 
s u p p l i e d  by t h e  manufac turer  (5.5 a ) .  The a c t u a l  r e s i s t a n c e s  of the 

motors were measured, and they  d e v i a t e d  s i g n i f i c a n t l y  from t h e  nominal 
va lue  (data i n  Appendix 6) .  Since the aim of t h i s  s t u d y  is t o  p r e s e n t  
g e n e r i c  d u t y  c y c l e s l  it was f e l t  that  the  va lues  of i n t e r e s t  were the  

r e l a t i v e  va lues  of the i n t e g r a l  of t he  c u r r e n t  s q u a r e d  over time f o r  
each of t h e  motors  and tha t  u s i n g  t h e  a c t u a l  r e s i s t a n c e  values  would 
o n l y  obscure  these data. The i n t e r e s t e d  r e a d e r  can e a s i l y  c a l c u l a t e  
t he  a c t u a l  e n e r g i e s  per  motor i f  he or she desires them. 

F i g u r e s  17  and 18 and Table 8 c l e a r l y  show tha t  t h e  two shou lde r  
motors had c o n s i d e r a b l y  d i f f e r e n t  d u t y  cycles. The lower shou lde r  
motor consumed more t h a n  twice t h e  energy  consumed by the  upper 
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shoulder  motor. The h is togram b l o c k s  above 33% (1.5 A) ave rage  about  a 

decade larger on t h e  lower s h o u l d e r  motor p l o t  t h a n  on t h e  upper 
shou lde r  motor p l o t .  T h i s  s i g n i f i c a n t  d i f f e r e n c e  is related t o  the  

f ac t  tha t  t h e  s h o u l d e r  is r o l l e d  inward most of t h e  time.. This  will be 

a s u b j e c t  of d i s c u s s i o n  i n  the  nex t  c h a p t e r .  

Table  8. Average energy  and peak c u r r e n t  pe r  motor pep task  

Motor 
Energy, W-s Avwage  peak c u m  e n t  A 

(pe rcen tage  of  t ong)  (pe rcen tage  of maximum) 

Upper shou lde r  123 (2.7%) 1.11 (24.72) 
Lower shou lde r  273 (6 .0%)  1.58 (35.1%) 
Elbow p i t c h  258 (S.7'5) 1.66 (36.9%) 
Elbow r o l l  220 (4.9%) 1.74 (38.7%) 
Lef t  wr i st 708 (15.7%) 2.45 (54.4%) 
Right, wr 1st 877 (19.48)  2.63 (58.45) 
Tong 4522 (100%) 3.23 (71.8%) 

Comparing the  l o v e r  shoulder' and elbow p i t c h  motor data i n d i c a t e s  
comparable du ty  cycles i n  bo th  c u r r e n t  d i s t r i b u t i o n  and t o t a l  energy.  

The elbow r o l l  h i s togram data ( F i g .  20) i n d i c a t e s  a smooth drop 

up t o  about  70% of peak c u r r e n t  hut  r i s e s  s l i g h t l y  above t h i s  va lue .  
Th i s  rise is an  i n d i c a t i o n  t h a t  t h e  motor and/or  gear  r e d u c t i o n  is  

under s i zed. 

The h igh  wrist t a r q u e s  a l l u d e d  t o  ear l ier  can be s e e n  c l e a r l y  by 

comparing F igs .  21 and 22 t o  F i g s ,  17  th rough 20. For  t h e  wrist 
motors t he  h is togram blocks  above about  20% are  c o n s i d e r a b l y  higher  

t han  t h o s e  of t h e  o t h e r  DOFs. A d d i t i o n a l l y ,  each wrist motor consumed 
more t h a n  three tims the energy  consumed by any ot*her motor ,  w i t h  the 
e x c e p t i o n  of the t o n g  motor.  

The du ty  c y c l e s  of t he  t o n g  motor were s u r p r i s i n g .  This  motor ,  
which performed p r a c t i c a l l y  no mechanical  work consumed about  twice 
t h e  energy  of a l l  s i x  of the  o t h e r  inotors combined. The r ise i n  the 

he ight  of t h e  h is togram blocks  a t  high  c u r r e n t s  i n d i c a t e s  t h a t  the  



57 

o p e r a t o r s  ho ld  the  tong  g r ipped  t i g h t l y  s h u t  much of' t h e  time. T h i s  

is a l s o  i n d i c a t e d  i n  T a b l e  9 ,  where it can be s e e n  t h a t  t h e  t o n g  motor 
remained con t inuous ly  above 60% of peak c u r r e n t  f o r  an average  of 
27.7 s f o r  each t a s k .  

Table 9. Average and maximum cont inuous  time above 60% c u r r e n t  
( i n  seconds )  

Average time over  60% Maximum time over  6 0 %  
Motor c u r r e n t  per  t a s k  ( o v e r a l l )  

Upper shou lde r  0.03 
Lower shou lde r  0.4 
Elbow p i t c h  0.3 
Elbow r o l l  0.3 
Lef t  wrist 0.8 
Right wrist 1 .0 
Tong 27.7 

5.9 
13.8 

9.7 
10.1 
11.8 
12.6 

273. 'I 

3.4 J O I N T  V E L O C I T I E S  

F i g u r e s  24 th rough  29 p r e s e n t  the  use  of t h e  DOF v e l o c i t i e s  i n  
h i s tog ram form. Each DOF is scaled i n d i v i d u a l l y  t o  its des ign  r ange .  
The des ign  r a n g e s  were g iven  i n  Table  2. 

A r i s e  i n  the pe rcen tage  time a t  high v e l o c i t i e s  ( > g o % )  compared 
t o  t h e  pe rcen tage  of  time i n  t h e  70 t o  90% r ange  is an i n d i c a t i o n  t h a t  

a h i g h e r  maximum v e l o c i t y  is desirable.  When a DOF is moving a t  c l o s e  
t o  i t s  maximum v e l o c i t y ,  there  is ve ry  l i t t l e  f o r c e  feedback i n  t h a t  

DOF. Note tha t  h i g h - v e l o c i t y  s p i k e s  can occur  due t o  c o l l i s i o n s  w i t h  

the su r round ings .  T h i s  i s  the  case w i t h  t h e  shou lde r  p i t c h .  It is 

clear t h a t  t he  v e l o c i t i e s  i n d i c a t e d  i n  t he  98 t o  100% block  were 
caused by such  c o l l i s i o n s  rather t h a n  cont inuous  i n p u t  from the  

o p e r a t o r  because there were ve ry  few ( < . 0 0 l % )  v e l o c i t i e s  above t h e  52% 

b lock .  



58 

O R N L - D W  84-16682 

c 

F i g .  24. Veloci ty  h i s tog ram f o r  shoul.der p i t c h .  

ORNL-DWC. 8L-16683 

1 

F i g ,  25. Vel-ocity h i s tog ram Tor shoulder  r o l l .  
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URNl.-l)XK'G 84-16686 

F i g .  28. Velocity histogram f o r  wrist p i t c h .  

ORNL-DiK 84-16687 

F i g .  29.  V e l o c i t y  histogram f o r  wrist r o l l .  
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The elbow DOF h i s tog rams  ( F i g s .  26 and 27) i n d i c a t e  t h a t  a h ighe r  
maximum v e l o c i t y  may be desirable  f o r  these DOFs. The wrist DOF h i s t o -  
grams ( F i g s .  28 and 2 9 )  i n d i c a t e  t h e  o p p o s i t e :  t h e i r  maximum ve loc i -  
t i e s  are we l l  above t h e  h i g h e s t  v e l o c i t y  e v e r  used by the  o p e r a t o r s ,  
The shou lde r  DOF h i s tog rams  ( F i g s .  24 and 25) i n d i c a t e  des ign  maximum 
v e l o c i t i e s  c o n s i d e r a b l y  above t h o s e  a p p l i e d  by t h e  o p e r a t o r s ,  bu t  
a g a i n  it must be emphasized t h a t  the c o n t r o l  system d i d  no t  a l low f u l l  
v o l t a g e  t o  be a p p l i e d  t o  these  motors. 

Table 10 p r e s e n t s  t he  ave rage  peak v a l u e s  of v e l o c i t y  and accele-l 
r a t i o n  per  t a s k  f o r  each DOE. 

Table 10. Average peak v e l o c i t i e s  and a c c e l e r a t i o n s  
per t a s k  

Average peak v e l o c i t y  Average peak 
(rad/s 1 (per cen tage  aceeler a t  i on 

DOF of maximum) ( r ad / s2 )  

Shoulder  p i t c h  0.323 (25.4%) 
Shoulder  r o l l  0.368 ( 1  8.7%) 
Elbow p i t c h  0.530 (43 .7%)  
Elbow r o l l  2.244 (31.6%) 
Wr is t p i t c h  1.733 (12.0%) 
Wrist r o l l  2.141 (9.3%) 

1.232 
1.51 9 
2.423 

15.74 
13.59 
16.08 

3.5 MECHANICAL POWER AND ENERGY 

The motor c u r r e n t  and j o i n t  v e l o c i t y  data w i l l  now be combined as 
mechanical  power data. The data w i l l  be expres sed  i n  t h e  j o i n t  eoord i -  
n a t e  sys tem,  and t h u s  t h e  normal ized  shou lde r  and wrist p i t c h  t o r q u e s  
are t h e  sum of  t h e  two motor c u r r e n t s  d iv ided  by twice t h e  maximum 
c u r r e n t  per motor ,  and t h e  s h o u l d e r  and wrist r o l l  t o r q u e s  are t h e  

d i f f e r e n c e  of t h e  two motor c u r r e n t s  d iv ided  by twice the maximum 
c u r r e n t  per  motor.  

The mechanica l  power for  each DOF is p r e s e n t e d  as 3'D histograms 
i n  F igs .  30 th rough  36. The independent  v a r i a b l e s  are t h e  normal ized  
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A Log scale normalized 
OKNI,-DW(; 84-1 6688 

l . 0  

Fig.  30. Ideal mechanical power g r i d .  
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ORNL-DWG 84-16689 

Log scale normalized 
to t he  m a x i m u m  value. 

F i g .  31. Mechanical  power g r i d  f o r  s h o u l d e r  p i t c h .  
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ORNTA-DWG 84- 1 6  6 9 0 

Log scale nornia1.i-zed 
t o  t h e  m a x i m u m  value, 

' .o 
F i g ,  32. Mechanical power g r i d  f o r  shoulder  r o l l .  
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ORNL-UWG 84 -1 6 691 

Log scale normalized A 

1'. Q 

Fig. 33. Mechanical power g r i d  for elbow p i t c h .  
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ORNL-DWG 84-16692 
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ORNL-13WG 84- 166 9 I+ 

Log sc.zt1.e normalized 
t o  the maximum value 

1'. 0 

F i g .  36. Mechanical power g r i d  fo r  wrist roll. 
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v e l o c i t y  and t o r q u e ,  and t h e  dependent v a r i a b l e  is  the log  of the  per- 
cen tage  of t o t a l  o p e r a t i o n  time. The l o g  s c a l e  was a g a i n  used t o  
emphasize t h e  r e l a t i v e l y  s h o r t  times that t h e  DOF is used a l o n g  t h e  

d i agona l  which r a n g e s  from peak t o r q u e  through peak power ( a t  50% 
t o r q u e  and 50% v e l o c i t y )  t o  peak  v e l o c i t y .  For ease of p r e s e n t a t i o n  
t h e  dependent  v a r i a b l e  at each g r i d  p o i n t  was f u r t h e r  normal ized  t o  
the highest  g r i d  b lock ,  which f o r  e v e r y  DOF was the  0 t o  4% t o r q u e  and 
0 t o  4% v e l o c i t y  b lock .  

Note t h a t  on some of t h e  g r i d s ,  "spikestv can be s e e n  t h a t  i n d i -  
cate t h , a t  t i m e  was s p e n t  a t  high t o r q u e  and high v e l o c i t y .  Recall 
tha t  the  2-aXiS scale is l o g a r i t h m i c ,  so  t h e s e  s p i k e s  r e p r e s e n t  ve ry  
s h o r t  p e r i o d s  of time and were most probably  caused by c o l l i s i o n s  with 

the s u r r o u n d i n g s .  
F igu re  30 p r e s e n t s  what t h i s  au tho r  fee l s  is an llidealll power 

g r id .  While t he  exact shape  of t h i s  "idealw g r i d  is p r i m a r i l y  a ph i lo -  
s o p h i c a l  q u e s t i o n ,  t he  p o i n t s  t o  be emphasized are  t h a t  the  g r i d  is 
symmetric about  the  main d i agona l  ( t h e  v e l o c i t y  and t o r q u e  p o t e n t i a l  
are used e q u a l l y )  and is  nonzero 9646 of its p o t e n t i a l  i n  bo th  v e l o c i t y  
and t o r q u e .  If the g r i d  is n o t  symmetrical about  t h e  main d i a g o n a l ,  
t h e n  the gear  r e d u c t i o n  is such t h a t  t he  power of the  motor is no t  
be ing  t r a n s f e r r e d  t o  the  j o i n t  as e f f e c t i v e l y  as desired. If the  g r i d  
ex tends  t o  100% of  p o t e n t i a l  i n  ei ther v e l o c i t y  o r  t o r q u e ,  pa r t i cu -  
l a r l y  i f  it rises nea r  1009, t hen  a greater p o t e n t i a l  may be needed. 
Th i s  can be achieved  by changing  the  gear r e d u c t i o n  ( i f  the  g r i d  was 
not  symmetric) or by u s i n g  a l a r g e r  motor o r  changing the  d r i v e  method 
( i .e . ,  di rect  d r i v e  or d i f f e r e n t i a l  d r i v e ) .  

The s h o u l d e r  p i t c h  and r o l l  g r i d s  (Figs. 31 and 32) a t  first 

g lance  i n d i c a t e  tha t  t h e  motors  are l a r g e r  t h a n  needed. The reader is 

a g a i n  reminded,  however, t h a t  f u l l  power could  no t  be a t t a i n e d  with 

these motors .  I n  a d d i t i o n ,  t he  mean o p e r a t i n g  c o n f i g u r a t i o n  of t h e  

man ipu la to r  was such tha t  a g r a v i t y  l o a d  r e s u l t e d  i n  s imul taneous  
p i t c h  and roll t o r q u e s .  The maximum to rque  and v e l o c i t y  of the  

s h o u l d e r  p i t c h  are based on there be ing  no l o a d  on t h e  shou lde r  r o l l  
( reca l l  t he  d i f f e r e n t i a l  d r i v e ) ,  and t h e  a c t u a l  shou lde r  p i t c h  ( r o l l )  
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c a p a c i t y  being reduced when t h e r e  is  a load on the shou lde r  r o l l  
( p i t c h ) .  Thus,  t h e  t r ’ue  c a p a c i t y  for’ p i t c h  and r o l l  t o r q u e s  varies 
from t h e  i n d i c a t e d  (maxiinurn) va1.m down t o  h a l f  of t h i s  va lue ,  
depending on t h e  loading .  The g r i d s  are r e l a t i v e l y  symmetr ica l ,  indi -  

c a t i n g  t h a t  t h e  gear  r e d u c t i o n  is apprwpr ia te .  The g r i d s  ex tend  a 
l i t t l e  f a r t h e r  a l o n g  t h e  t o r q u e  axis  t h a n  t h e  v e l o c i t y  a x i s  s o  t h a t  
t h e  gear  r e d u c t i o n  shou ld  be reduced s i . i g h t l y .  

The elbow p i t c h  g r i d  (F ig .  33) has a n o t i c e a b l e  r ise a t  100% of 
v e l o c i t y ,  i n d i c a t i n g  t h a t  t h i s  maxl mum v e l o c i t y  shou ld  be i n c r e a s e d ,  
The g r i d  is r e l a t i v e l y  symmetrical, i n d i c a t i n g  t h a t  the gear  r e d u c t i o n  
is a p p r o p r i a t e .  Thus, t o  i n c r e a s e  t h e  maximum v e l o c i t y ,  a l a r g e r  
motor must be used. Along t h e  to rque  ax i s ,  t h e  g r i d  drops  s lowly ,  
T h i s  is p r i m a r i l y  due t o  the s i g n i f i c a n t  f r i c t i o n  i n  t h i s  DOF. 

The elbow r o l l  g r i d  (F ig .  34) has a s l i g h t  rise a t  peak v e l o c i t y ,  
bu t  it is not  as n o t i c e a b l e  as it was on t h e  elbow p i t c h .  S i g n i f i c a n t  
time is s p e n t  a t  h igh  to rque .  The g r i d  is r e l a t i v e l y  symmetr ical  
about t h e  d i agona l .  The s l i g h t ;  rises a t  peak ve l -oc i ty  and peak t o r q u e  
i n d i c a t e  a p o s s i b l e  need f o r  a l a r g e r  motor. 

The wrist g r i d s  ( F i g s .  35 and 36) show t h a t  t h e  gear  r e d u c t i o n  is 

i n a p p r o p r i a t e .  The g r ids  **hug’? the  t o r q u e  a x i s ,  ex t end ing  t o  a lmost  
l o o % ,  but  do no t  exceed abou t  40% of peak v e l o c i t y .  The gear  reduc-  
t i o n s  could  e a s i l y  be doubled f o r  t h e s e  DOFs. 

The rnechani cal  energy gene ra t ed  i n  each j o i n t  was c a l c u l a t e d  fop. 

each t a s k  by i n t e g r a t i n g  t h e  a b s o l u t e  va lue  of to rque  times angu1.w 

v e l o c i t y .  Th i s  gave the t o t a l  flow of  energy pe r  j o i n t ,  - not  t h e  n e t  
energy  a p p l i e d  by t h e  i i ianipulator ,  Note t h a t  t h i s  energy i n c l u d e s  
both t h a t  l o s t  t o  f r i c t i o n  and t h a t  used t o  accelerate and decelerate 
masses. These r e s u l t s  are given as an average  va lue  per  t a s k  i n  
Table  11  a l o n g  w i t h  an average  va lue  of t h e  peak power per t a s k .  

3.6 POSITION-TORQJE RELATIONSHIPS 

It is o f  i n t e r e s t  t o  know t h e  p o s i t i o n  of t h e  j o i n t s  a t  t h e  time 
t h e y  expe r i ence  h igh  to rques .  This has a p p l i c a t i o n s  i n  a n a l y z i n g  the  

wear and stress i n  t h e  v a r i o u s  coapanents. These data are p resen ted  
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i n  F igs .  37 through 42. The fo rma t  is much t h e  same as for the 
mechanical  power g r i d s ,  a l t hough  the p e r s p e c t i v e  has been changed t o  
more c l e a r l y  view the  t o r q u e  d i s t r i b u t i o n  a long  a g iven  p o s i t i o n  l i n e .  

The s h o u l d e r  p i t c h  g r i d  ( F i g .  37) shows tha t  moderate  t o r q u e s  

(<40%) are d i s t r i b u t e d  i n  an approximate Gaussian time d i s t r i b u t i o n  
about  t h e  mean o p e r a t i n g  p o s i t i o n  (-9.8").  P e a k  t o r q u e s  are a t  about  
-Bo and about  - 4 O O .  The s h o u l d e r  p i t c h  is a t  about  -40° when t h e  
wrench ho lde r  is accessed. 

Tab le  1 1 .  Average mechanical  energy  and 
peak power per t a s k  

Energy i n  l b f  Average peak power 
( Per c e n t  age of i n  1 b y / s  ( Per cen t  age 

DO F shou lde r  p i t c h )  of maximum) 

Shoulder  p i t c h  407 (100%) 57 (12%) 
Shoulder  roll 298 (73%)  26 ( 5 % )  
Elbow p i t c h  406 (100%) 43 (19%)  
E l b o w  roll 292 (72%) 54 (19%) 
Wrist p i t c h  369 (94%)  48 ( 1 1 % )  
W r  i s t roll 175 (43%)  24 ( 4 % )  

The s h o u l d e r  roll (F ig .  38) e x p e r i e n c e s  h i g h e s t  t o r q u e s  when 
r o l l e d  i n  toward t h e  o p e r a t o r  c l o s e  t o  i ts l i m i t .  T h i s  is where 
g r a v i t y  l o a d i n g  produces the  h i g h e s t  t o rque  on t h i s  DOF. Note t h a t  

t h e  t o r q u e  d i p s  down very  low a t  O o ,  where g r a v i t y  l o a d i n g  produces no 
t o r q u e  on t h i s  DOF. 

The elbow p i t c h  (Fig. 39) e x p e r i e n c e s  h igh  t o r q u e s  a t  around 
- l o o .  Note t h a t  g r a v i t y  l o a d i n g  produces very  l i t t l e  t o r q u e  i n  t h i s  

p o s i t i o n  ( u n l e s s  the  s h o u l d e r  is p i t c h e d  c o n s i d e r a b l y )  s o  t h a t  t h i s  

t o r q u e  is p r i m a r i l y  due t o  forward pushing  and p u l l i n g  l o a d s .  High 
t o r q u e  a l s o  occurs at  t h e  back end of the r ange  ( - 4 5 O ) .  T h i s  could  be 

due t o  pushing  a g a i n s t  the  l i m i t  i f  t h e  master s t o p  was s l i g h t l y  
behind the  s l a v e  s t o p .  High t o r q u e  occur s  a g a i n  a t  around +€ioo, proba- 
b l y  due t o  g r a v i t y  load ing .  

The elbow r o l l  t o r q u e  (F ig .  40) is  f a i r l y  even ly  d i s t r i b u t e d  
about  t h e  mean p o s i t i o n  ( - 4 2 O )  excep t  f o r  s i g n i f i c a n t  t imes  a t  h igh  
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Fig .  37. Position-torque g r i d  fo r  Shoulder p i t c h .  
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Fig. 38. Posi t ion-torque g r i d  f o r  shoulder  roll.  
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Fig. 39. Position-torque g r i d  for elbow p i t c h .  
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F i g .  40. Position-torque g r i d  for elbow r o l l .  
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Fig .  41. Posi t ion- torque  g r i d  f o r  wrist p i t c h .  
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Fig.  42. Position-torque g r i d  far wrist roll. 
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t o r q u e  a t  t h e  leftmost limit. Th i s  could be due a g a i n  t o  s l i g h t  d i f -  
ference i n  t h e  p o s i t i o n s  of t h e  master and  s l a v e  S tops ,  OP" due t o  

pushing a g a i n s t  t h e  holder  when removing o r  r e p l a c i n g  t h e  impact 
wrench. 

The w r i s t  p i t c h  t o r q u e  ( F i g .  4 1 )  is evenly  d i s t r i b u t e d ,  w i t h  peak 

t o r q u e  o c c u r r i n g  around O o ,  where t h e  g r a v i t y  load is g e n e r a l l y  the 

h i g h e s t .  The wrist r o l l  t o rque  (F ig .  42) peaks a t  t h e  c e n t e r  and a t  
t h e  innermost  l i m i t .  



4. APPLICATIONS TO MANIPULATOR DESIGN 

T h i s  s t u d y  has many v a l u a b l e  a p p l i c a t i o n s  t o  the des ign  o f  se rvo-  
man ipu la to r s .  The o p t i m i z a t i o n  w i l l  be accomplished w i t h  r e s p e c t  t o  
the measured du ty  c y c l e  data. Much e f f o r t  was put  i n t o  making these 

data as g e n e r i c  as p o s s i b l e  so  t h a t  t h e  r e s u l t s  can be g e n e r a l i z e d .  
The op t ima l  k inemat ic  r ange  f o r  each of t h e  DOFs w i l l  be p re sen ted  
based on t h e  p o s i t i o n  h i s tog rams  i n  F igs .  7 th rough 12 .  Optimal gear 

r e d u c t i o n s  w i l l  be p re sen ted  based on v e l o c i t y  and c u r r e n t  da t a ,  and 
on how t h e  mechanical  power g r i d s  of F igs .  31 through 36 are made sym- 
metrical as d i s c u s s e d  earlier.  The d i s t r i b u t i o n  o f  j o i n t  t o r q u e s  f o r  
nominal l o a d s  on t h e  tong i n  t h e  mean c o n f i g u r a t i o n  of  t h e  manipula tor  
w i l l  be p re sen ted .  R e l a t i v e  a c t u a t o r  s i z i n g s  w i l l .  be d i s c u s s e d  based 

on s c a l i n g  the power g r i d s  ( a f t e r  i n c l u d i n g  improved gear r e d u c t i o n s )  
up o r  down s o  that  t h e y  reach z e r o  j u s t  below 100% on the  t o r q u e  and 
v e l o c i t y  axes ,  These s i z i n g s  w i l l  be compared t o  t h e  s i z i n g s  needed 
t o  e q u a l i z e  t he  r e l a t i v e  loads on each motor f o r  nominal l o a d s  i n  t h e  

mean and wors t -case  c o n f i g u r a t i o n s .  
The e f f e c t i v e n e s s  of t h e  d i f f e ren t i a l  d r i v e  c o n f i g u r a t i o n s  of  the  

shou lde r  and wrist w i l l  be d i s c u s s e d ,  and changes i n  mounting configu-  
r a t i o n s  t h a t  could  improve t h i s  e f f e c t i v e n e s s  w i l l  be p re sen ted .  
F i n a l l y ,  stress problems and p o s s i b l e  ways of e l i m i n a t i n g  them w i l l  be 

d i s c u s s e d .  

4.1 MOTION RANGES 

The data p resen ted  i n  T a b l e  6 p rov ide  an e x c e l l e n t  basis  f o r  
s e l e c t i n g  improved DOF motion ranges .  Note t h a t  i f  t he  data sugges t  
t h a t  a r ange  shou ld  be ex tended ,  there is no way t o  de te rmine  e x a c t l y  
how much it shou ld  be ex tended ,  The a u t h o r  w i l l  s u g g e s t  a good 'Iseat 

of t h e  pants"  estimate of  what the r ange  shou ld  be. The reader is 
cau t ioned  t h a t  there are no data a v a i l a b l e  t o  s u b s t a n t i a t e  t h e  

magnitude of  an i n c r e a s e  i n  r a n g e ,  o n l y  t h a t  an i n c r e a s e  is indeed  
a p p r o p r i a t e .  

79 
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The lower end of t h e  shou lde r  p i t c h  r ange  should  be i n c r e a s e d  as 
i t  has  an enid r a t i o  of g r e a t e r  t han  u n i t y  and s i g n i f i c a n t  time-at-end. 
While t h e  data suggest.  t h a t  a s l i g h t  r e d u c t i o n  could be made i n  the  

upper end r ange ,  t h i s  is not  adv i sed  because t h i s  range  can become 

c r i t i c a l  for f loo r -based  man ipu la to r s .  An i n c r e a s e  of 10 t o  1 5 O  i n  
t h e  lower end of  the shou lde r  p i t c h  range  seems a p p r o p r i a t e .  

The o u t e r  shou lde r  r o l l  l i m i t  i s  scaled t o  nea r  p e r f e c t i o n .  The 

range  is used a l l  the  way t o  t h e  end but  has an end r a t i o  of  Less than  
one ,  i n d i c a t i n g  t h a t  the o p e r a t o r s  do not  ho ld  the  arm aga.inst  t h i s  

l i m i t , ,  The shou lde r  r o l l  range  is s y m m e t r i c  about  i ts r e f e r e n c e  yosi-  
t i o n ,  bu t  this is no t  t he  mean use p o s i t i o n  of the  DOF. The o p e r a t o r s  
p r e f e r  t o  r o l l  the  s h o a l d e r  inward so t ha t  the  wrists are c l o s e r  
t o g e t h e r .  Because of t h i s ,  t h e  inne r  r a n g e  is  inadequa te ,  and the 

operators  hold  the manipula tor  a g a i n s t  t h e  i n n e r  l i m i t  n e a r l y  2% of 

the time. The i n n e r  l i m i t  should  be i n c r e a s e d  by about  15". 

'Yhe elbow p i t c h  has a l a r g e  o u t e r  r ange  t h a t  was never  used. The 

manipula tor  becomes ve ry  d i f f i c u l t  t o  work w i t h  when t h e  elbow is 

p i t c h e d  s o  t h a t  t h e  arm is n e a r l y  s t r a i g h t .  The elbow is f r e e  t o  
t r a v e l  an a d d i t i o n a l  45" p a s t  t h i s  p o i n t ,  b u t  this range  was never 
used. T h i s  au tho r  b e l i e v e s  i t  has l i t t l e  u s e ,  and could be e l i m i n a t e d  
wi thou t  shedding  a tear .  The elbow p i t c h  can t r a v e l  o n l y  45" h a c k  

toward the  body. Th i s  l i m i t  had a g r e a t e r  t h a n  u n i t y  end r a t i o  and 
s i g n i f i c a n t  t ime-at-end and t h e r e f o r e  shou ld  be i n c r e a s e d  by about  5 
t o  100. 

The elbow r o l l .  (yaw) has a r ange  which is symmetric about  i ts 
r e f e r e n c e  p o s i t i o n .  This is i n a p p r o p r i a t e  and does no t  re f lec t  t he  

c o n t r o l  motions of t h e  human operat.or. I t  is much easier t o  yaw the 
wrist i n  t h a n  o u t .  Consider  a l s o  t h a t  t h e  o p e r a t o r  ( u n l i k e  t h e  rnanipu- 
l a t o r )  can yaw h i s  or her shou lde r  as well as the  wrist t o  app ly  an 
inward elbow r o l l  motion t o  t h e  master q u i t e  e a s i l y ,  b u t  t h i s  motion 
is d i f f i c u l t  and cramped when app ly ing  an outward elbow r01.l. motion 
( t h e  o p e r a t o r ' s  elbow jams a g a i n s t  t h e  r i b s ) .  T h i s  is ref lected i n  
t he  pos i t i on -use  graph o f  t h e  elbow r o l l .  Note t h a t  t h e  elbow r o l l  is 
just i n  from O o  much of the time, but; when i t  is  moved, i t  i s  n e a r l y  
always t aken  inward. A s l i g h t  i n c r e n s e  i n  the  inward r ange  of 
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approximate ly  I O o  is needed while the outward r ange  could  be reduced 
by up t o  4 5 O ,  a l though  a l e s s e r  r e d u c t i o n  of 30" is sugges t ed  t o  
accommodate nove l  t a s k s .  

The upper  wrist p i t c h  r ange  is w e l l  s c a l e d  and shou ld  n o t  be 

changed. The lower r ange  has a greater t h a n  u n i t y  end r a t i o  and 

shou ld  be i n c r e a s e d  by about  5 t o  l o 0 .  

The wrist roll could use a s l i g h t l y  i n c r e a s e d  c lockwise  range  
(from behind)  of approximate ly  IOo .  An even larger i n c r e a s e  may be 

appropr-iate f o r  f u t u r e  a p p l i c a t i o n s  such  as r o b o t i c  assembly of 
t h r e a d e d  par ts .  These r e s u l t s  are summarized i n  Table 12. 

Table 12. Improved motion r a n g e s  

Motion rangea  
DOF Direct ion  ( d e g r e e s )  Suggested change 

Shoulder  p i t c h  
Shoulder  p i t c h  
Shoulder  r o l l  
Shoulder  r o l l  
Elbow p i t c h  
Elbow p i t ch  
E l b o w  r o l l  
Elbow r o l l  
Wrist p i t c h  
Wrist p i  t ch 
Wrist r o l l  
Wrist r o l l  

U P  
down 
i n  ( l e f t )  
ou t  ( r i g h t )  
forward 
backward 
i n  ( l e f t )  
ou t  ( r i g h t )  
UP 
down 
cw 
CCW 

60 
50 
45 
45 

135 
45 

170 
170 
45 

120 
160 
160 

none 
i n c r e a s e  10-1 5" 
i n c r e a s e  1 5 O  
none 
d e c r e a s e  4 5 O  
i n c r e a s e  5-1 O0 
i n c r e a s e  loo 
decrease 30" 
none 
i n c r e a s e  5-10" 
no ne 
i n c r e a s e  l o *  

- - 

Wrom r e f e r e n c e  p o s i t i o n .  

4.2 GEAR REDUCTIONS 

Improvements i n  t h e  gear r e d u c t i o n s  can be de termined  from the  

mechanical  power grids ( F i g s .  31 through 361, t h e  idea be ing  t o  make 

them symmetr ica l  about  the  main d i agona l  s o  tha t  the  motor is  be ing  

used e q u a l l y  f o r  speed  and t o r q u e .  U n f o r t u n a t e l y ,  t h i s  can be 

d i f f i c u l t  i f  the  data ex tend  all the way t o  100% a l o n g  one of t h e  axes .  
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T h i s  m a k e s  i t  imposs ib l e  t o  t e l l  what !!scale f a c t o r "  w i l l  shift the  

g r i d  s o  t h a t  i t  is symmetrical abou t  its d iagona l .  For  t h i s  reason, 
ano the r  t echn ique  is a l s o  used t h a t  is based on e q u a l i z i n g  t h e  

normalized ave rage  peak c u r r e n t s  per  t a s k  (Table  8)  and ave rage  peak 
v e l o c i t i e s  per t a s k  ( T a b l e  1 0 ) .  For example, t he  average  peak c u r r e n t  
i n  t h e  shou lde r  motors  was 24.7% and 35.1%. T h i s  is  s l i g h t l y  g r e a t e r  
t ha t  t h e  average  peak shou lde r  p i t c h  v e l o c i t y  of 25.11%. The average  
peak c u r r e n t  of t h e  two motors w 3 s  29-95.  I n c r e a s i n g  the gear reduc- 
t i o n  by 8.51 would match the peak v e l o c i t y  and peak c u r r e n t  (average  
o f  two v a l u e s )  a t  27.56%. Examining the  shou lde r  p i t c h  power g r i d  

confirms t h i s  va lue .  The g r i d  goes t o  z e r o  a t  about  75% a l o n g  t h e  

t o r q u e  ax is  and a t  about  60% a long  the v e l o c i t y  a x i s ,  imply ing  a 

needed i n c r e a s e  of about  8% i n  t h e  gear  r e d u c t i o n .  
Using t h e  ave rage  of t h e  two peak  c u r r e n t s  as t h e  peak shou lde r  

p i t c h  t o r q u e  assumes t h a t  the  p e a k  c u r r e n t  i n  each motol- occur red  
s imul t aneous ly  i n  t h e  same d i r e c t i o n .  'l'his is not  a dangerous assump- 
t i o n  as t he  p i t c h  w i l l  suppor t  c o n s i d e r a b l y  more t o r q u e  t h a n  t h e  r o l l  
i n  most c o n f i g u r a t i o n s ,  and i f  there  is a d i sc repancy ,  it wi.I.1 be 

toward an i n c r e a s e d  t o r q u e  c a p a b i l i t y .  Making a. s i m i l a r  assumption 
about  t h e  r o l l  t o r q u e s  does n o t  seem a p p r o p r i a t e ,  however. For tu-  
n a t e l y ,  t h e  power g r i d s  f o r  t he  shou lde r  and wrist r o l l s  do not  ex tend  
t o  100% a long  e i ther  a x i s ,  and t h e y  will be used t o  de te rmine  the  

improved gear  r e d u c t i o n s  f o r  these DOFs.  

The shou lde r  r o l l  power g r i d  drops  t o  zero a t  52% a l o n g  the  

v e l o c i t y  a x i s  and a t  60% a long  the t o r q u e  a x i s .  The  sugges t ed  change 
i n  the  gear r e d u c t i o n  is an i n c r e a s e  of 4% t o  match the  z e r o  c r o s s i n g s  
of t he  g r i d  a t  56%. 

The average  per-task peak  elbow p i t c h  v e l o c i t y  was 43.7% of maxi- 
m u m ,  w h i l e  t h e  peak c u r r e n t  was 35.9%. These can be matched a t  40.2% 

with a decrease o f  9% i n  t h e  gear  r e d u c t i o n .  
Analyzing t h e  wrist p i t c h  gear r e d u c t i o n  by t h e  two d i f f e r e n t  

t echn iques  y i e l d s  ve ry  d i f f e r e n t  r e s u l t s  e Matching t h e  average  peak  

v a l u e s  s u g g e s t s  an i n c r e a s e  of 1178, w h i l e  making the  g r i d  c r o s s  zero 
a t  t h e  same d i s t a n c e  a long  each a x i s  s u g g e s t s  an i n c r e a s e  of  45%. 

R e c a l l i n g  t h a t  t h e  wrist t o r q u e  was insufficient f o r  some tasks  ( such  
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as r e i n s t a l l i n g  t h e  6- in .  f l a n g e )  s u g g e s t s  t h a t  a c t u a l  g e n e r i c  u ses  of 

t h e  man ipu la to r  would r e q u i r e  t o r q u e s  greater t h a n  100% of p r e s e n t  
capacity. This would i n d i c a t e  that t h e  h ighe r  va lue  i s  more appropr i -  
ate.  Using t h e  f u l l  i n c r e a s e  of 117% would cause  the w r i s t  g r i d  t o  
reach z e r o  a t  about  100% a l o n g  the  v e l o c i t y  axis. For t h i s  r e a s o n ,  a 
gear  r e d u c t i o n  t h a t  causes  t he  g r i d  t o  r e a c h  ze ro  a t  90% on the  

v e l o c i t y  a x i s  was chosen as the  improved r e d u c t i o n  f o r  t h i s  DOF. Note 
t h a t  t h i s  i n c r e a s e d  t o r q u e  c a p a c i t y  w i l l  r e s u l t  i n  h i g h e r  stresses - i n  
the  d r i v e  tapes and g e a r s .  

_I - 
----- 

The elbow r o l l  gear r e d u c t i o n  was s e l e c t e d  by matching t h e  aver- 
age peak v a l u e s ,  while t he  wrist roll gear r e d u c t i o n  was s e l e c t e d  by 
matching t h e  z e r o  p o i n t s  of t h e  power g r i d  a l o n g  each a x i s .  

The improved gea r  r e d u c t i o n s  are summarized i n  T a b l e  13. Note 
that  the ave rage  p e a k  v e l o c i t y  and c u r r e n t  s c a l e d  t o  t h e  improved gear 

r e d u e t i o n s  g i v e  an i n d i c a t i o n  o f  t h e  idea l  re la t ive  motor s i z i n g s .  

T a b l e  13. Improved gear r e d u c t i o n s  

Average peak 
Actual gear I m p r  o ve d v e l v c i  t y  

r e d u c t i o n  Sugges ted  gear and t o r q u e  
DOF ( a ppr ox i- change r e d u c t i o n  per’ t a s k  

mat i on )a  ( $ 1  (%P 

Shoulder  p i t c h  39.93 +8.5 43* 32 27.5 
Shoulder  roll 29.4 +4 30.58 19.5 
Elbow p i t c h  43.47 -8.8 39.64 40.2 
Elbow r o l l  8,065 +10.7 8. 928 35.0 
Wrist p i t c h  3.912 +96 7.682 26.0 
Wrist r o l l  3.267’ +5 4 5.038 14.3 

QSee Table  3. 
t h e  improved gear r e d u c t i o n s .  

The t o n g  gear  r e d u c t i o n  was not  d i s c u s s e d .  The main problem w i t h  

t h e  t o n g  is t h a t  large amounts of energy  a r e  consumed when t h e  motor 
is s imply  h o l d i n g  a s t a t i c  t o r q u e .  T h i s  can be d i s t u r b i n g  i f  the mani- 
p u l a t o r  is used w i t h  a bat tery-powered sys tem.  I t  shou ld  be noted  
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t h a t  one a l t x r n a t i v e  would be t o  use  an ine reased  gea r  r e d u c t i o n  w i t h  

a smaller motor. 

4.3 ACTUATOR S I Z I N G S  

T r a d i t i o n a l l y ,  a c t u a t o r s  and gea r  r e d u c t i o n s  have been se lec ted  

on the  bas i s  of p rov id ing  a c e r t a i n  maximim speed and s u f f i c i e n t  
t o rque  t o  handle  wors t -case  l o a d i n g  i n  each DOF. T h i s  t echn ique  w i l l  

no t  be abandoned, but  e x t e n s i v e  u s e  w i l l  be made of the  power g r i d s  of 

F i g s ,  31 through 36. 

The d i s t r i b u t i o n  o f  j o i n t  t o r q u e s  f o r  nominal v e l - t i e a l ,  fo rward ,  
and t r a n s v e r s e  l o a d s  c e n t e r e d  1 i n .  i n  f r o n t  of t h e  tong  t i p  wi th  t h e  

manipulator'  i n  t he  mean c o n f i g u r a t i o n  (see Table 7 )  were determined 
us ing  a t echn ique  descr7ibed i n  Appendix D and are p resen ted  i n  
T a b l e  1 4 .  

T a b l e  1 4 .  J o i n t  t o rque  d i s t r i b u t i o n  i n  the mean 
c o n f i g u r a t i o n  

Loa@ 
DOF Grav i ty  Forward Transve r se  

-.-- 

Shoulder  p i t c h  28 ,13  28.35 1.18 
Shoulder  roll - I  1.56 0.97 -26.76 
Elbow p i t c h  6.34 24.34 1 .og 
Elbow roll 1.79 -5.51 6.07 
Wrist p i t c h  7.14 -1.59 1.47 
Wr i s t roll 0 0 0 

.- .--_ 
aTorques are i n  i n . / l b f ;  nominal l oad  is 

one l b f .  

Examining t h e  shou lde r  p i t c h  gt'id ( F i g ,  31 1, i t  would appear  t h a t  

smaller motors could produce t h e  v e l o c i t y  arid t o rque  c a p a b i l i t y  

r e q u i r e d  i n  t h i s  DOF. Using t h e  improved gear r e d u c t i o n ,  t h e  g r i d  
would reach zero a t  about  70% a l o n g  t h e  to rque  and v e l o c i t y  axes .  
Thus,  motors  25% smaller ( i n  t o r q u e  - and v e l o c i t y )  cou ld  handle  t h i s  
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l oad .  S i m i l a r  r e a s o n i n g  on t h e  shou lde r  r o l l  g r i d  would i n d i c a t e  t h a t  

motors 45% smaller would be s u f f i c i e n t .  
The r e a d e r  is warned t h a t  t h e  d i f f e r e n t i a l  d r i v e  c o n f i g u r a t i o n  

reaches f u l l  capacity ( b o t h  motors  a t  peak t o r q u e )  on ly  i n  pure  p i t c h  
_I or  pure  r o l l .  I f  a combinat ion p i t c h  - and r o l l  t o r q u e  is a p p l i e d ,  t h e  

e f f e c t i v e n e s s  d e c r e a s e s ,  and a t  a c e r t a i n  r a t i o  of p i t c h - t o - r o l l  
t o r q u e  ( t ha t  r a t i o  be ing  t h e  r a t i o  of p i t c h - t o - r o l l  gear r e d u c t i o n )  
the e f f e c t i v e n e s s  is reduced Lo a minimum where a l l  the t o r q u e  is put 
on  one  of t h e  motors .  Due t o  t h e  c o n f i g u r a t i o n  i n  which t h e  manipu- 
l a t o r  is  used ,  g r a v i t y  l o a d i n g  produces t h i s  combinat ion p i t c h  and 
r o l l  t o r q u e  (see Table 141,  and t h i s  motor s i z e  r e d u c t i o n  cannot  be 

i n c o r p o r a t e d  u n l e s s  the c o n f i g u r a t i o n  is changed ( t h i s  w i l l  be 

d iscussed  i n  t h e  nex t  s e c t i o n ) .  
I f  d i rect  d r i v e  were t o  be used on the  shou lde r  p i t c h  and r o l l ,  

t h e  v e l o c i t y  c a p a b i l i t y  would be t h e  same but  t h e  t o r q u e  c a p a c i t y  
would be c u t  i n  h a l f .  Thus ,  t he  gear r e d u c t i o n  on the  shou lde r  p i t c h  
would have t o  be  i n c r e a s e d  by 60% ove r  the r e d u c t i o n  p r e s e n t l y  used 
( a g a i n  t o  make t h e  shou lde r  p i t c h  g r i d  symmetrical). 
t h e n  reach z e r o  a t  abou t  94% on each a x i s ,  imply ing  tha t  the p r e s e n t l y  
used motor would be t h e  proper  s i z e .  For direct  d r i v e  of the shou lde r  
r o l l ,  an i n c r e a s e  of 53% i n  the gear r e d u c t i o n  ove r  t h e  v a l u e  pre- 

s e n t l y  used  would cause  t h e  g r i d  t o  reach z e r o  a t  t h e  v a l u e  p r e s e n t l y  
used and would cause  the gr id  ( F i g .  32) t o  reach z e r o  a t  abou t  76% on 
each  a x i s ,  imply ing  t h a t  a motor 20% smaller would be s u f f i c i e n t .  

The g r i d  would 

I n  summary, t h e  s h o u l d e r  motors  can be reduced  i n  s i z e  ( v e l o c i t y  

and t o r q u e  c a p a c i t y )  by up t o  25% i f  d i f f e r e n t i a l  d r i v e  is used -I and i f  

t he  c o n f i g u r a t i o n  is changed such tha t  p i t c h  and r o l l  t o r q u e s  -- do no t  
occur  s imul t aneous ly .  A l t e r n a t i v e l y ,  t he  motor s i z e  p r e s e n t l y  used 
would be used on  the  p i t c h  w i t h  a 20% smaller motor on the  r o l l  ( a l o n g  
w i t h  very  d i f f e r e n t  improved gear r e d u c t i o n s )  i f  d i rect  d r i v e  is used. 

-- - --_I_-- 

The elbow p i t c h  and r o l l  g r i d s  ( F i g s .  33 and 34) i n d i c a t e  under- 

s i z e d  motors .  One might be tempted t o  use  a d i f f e r e n t i a l  d r i v e  on 
these j o i n t s ,  bu t  a g a i n  t h i s  may lead t o  problems w i t h  s imul taneous  
p i t c h  and r o l l  t o r q u e s .  I n  a d d i t i o n ,  t he  p i t c h  and r o l l  gear  
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r e d u c t i o n s  a t  t h e  elbow d i f f e r  by a f a c t o r  of  about  foiir  t o  f i v e ,  
which would make the des ign  of  the d i f f e r e n t i a l  d i f f i c u l t .  

Using the  improved gear r e d u c t i o n  on t h e  elbow p i t c h  ( -8 .8%) ,  t h e  

g r i d  can be e x t r a p o l a t e d  t o  reach zer’o a t  about  100%. T h i s  may be 
cons ide red  ideal ,  bu t  due t o  the c o n s i d e r a b l e  t i m e  s p e n t  a t  h igh  
t o r q u e ,  t h i s  au tho r  sugges t s  an i n c r e a s e  of  5 t o  10% i n  the e b h o s  

p i t c h  motor. 
The elbow r w l l  g r i d  is d i f f i c u l t  t o  e x t r a p o l a t e  due t o  t h e  h e i g h t  

of the g r i d  a t  100% a long  each a x i s .  This  a u t h o r  s u g g e s t s  a 10% 

i n c r e a s e  i n  the s i z e  o f  t h i s  motor.  
The wrist p i t c h  g r i d  ( b i g .  35) is skewed s o  much toward t h e  

t o ~ q u e  a x i s  t h a t  a c c u r a t e  exLrapo la t ion  is d i f f i c u l t .  Using t h e  

improved gear r e d u c t i o n ,  t h e  wid would dpop t o  zero a t  about  90% on 
the  v e l o c i t y  a x i s .  While it would appear  t o  drop t o  zero a t  
cons ide rab ly  l ess  than  100% along t h e  %orquc a x i s ,  t h e  reader is 

reiiiinded t h a t  some tasks,  such  as r e p l a c i n g  t h e  6 - i n .  f l a n g e ,  were no t  
p o s s i b l e  due t o  t h e  e x c e s s i v e  wrist p i t c h  to rque .  No change i s  recom- 
mended i n  t h e  s i z e  of  the  wrist motors. 

No power g r i d  was done f o r  t h e  t o n g  motor, as this motor was used 
p r i rna r i ly  f o r  h o l d i n g  a s t a t i c  to rque .  Note t h a t  t h i s  is t h e  o n l y  

motor tha t  works a g a i n s t  i t s e l f .  For bat tery-powered manipula tor  
sys tems,  an a l t e r n a t i v e  must be found thaL w i l l  r educe  the energy 

consumed i n  t o n g  a c t u a t i o n .  The improved a c t u a t o r  s i z i n g s  are s i i m -  

nlarized i n  Tab le  13. 

4.4 DIFFERENTIAL DRIVE LOAD S H A R I N G  

The idea behind the  u s e  of  a d i f f e r e n t i a l  d r i v e  i n  j o i n t  ac tua-  
t i o n  is t h a t  i f  t h e  t o r q u e  is a p p l i e d  as a pure p i t c h  or pure roll 
topque but not  as a combinat ion p i t c h  and roll t o r q u e ,  two motors can 
share t h e  load  and t h u s  double  t h e  c a p a c i t y .  J u s t  t he  o p p o s i t e  is 
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Table  15. Improved a c t u a t o r  s i ze s  

Mot or 
Changea 

( % I  

Upper s h o u l d e r b  -25 

Shoulder  p i  tchc no change 
Lower s h o u l d e r b  -2 5 

Shoulder  r o l l C  -20 
Elbow p i t c h  +10 
Elbow r o l l  +10 
Wrist ( b o t h )  no change 

- 
aThe change refers t o  an i n c r e a s e  o r  decrease i n  bo th  

v e l o c i t y  and t o r q u e  capac i ty .  

bFor d i f f e r e n t i a l  d r i v e ,  t h e  c o n f i g u r a t i o n  must be 
changed t o  e l i m i n a t e  s imul t aneous  p i t c h  and r o l l  t o rque .  

CFor d i r e c t  d r i v e .  

t r u e  of d i r ec t  d r i v e :  t h e  motors  share the  l o a d  when s imul t aneous  
p i t c h  and roll t o r q u e s  are a p p l i e d ,  b u t  o n l y  one motor s u p p o r t s  t h e  

load  o f  pu re  p i t c h  o r  r o l l  t o rque .  
Note t h a t  when e x p r e s s i n g  the  p i t c h  and r o l l  c a p a c i t i e s  of a 

j o i n t ,  a d i f f e r e n t i a l l y  d r iven  j o i n t  h a s  twice the  c a p a c i t y  of a 

d i r e c t l y  d r i v e n  j o i n t  w i t h  t he  same gea r  r e d u c t i o n .  T h i s  can be 

d e c e i v i n g  i f  one does no t  bear i n  mind t h a t  t he  c a p a c i t y  of" the  d i f f e r -  

e n t i a l l y  d r i v e n  j o i n t  d rops  t o  one-half  t h a t  c a p a c i t y  when t h e  load is 

a s imul taneous  p i t c h  and r o l l  ( i . e . ,  there 's  no such  t h i n g  as 3 f r e e  

l u n c h ) .  
The w r i s t  j o i n t  i s  pe rhaps  the ideal  l o c a t i o n  f o r  a d i f f e r e n t i a l  

d r i v e .  When h o l d i n g  a g r a v i t y  l o a d ,  the  t o r q u e  is e n t i r e l y  a l o n g  the 

p i t c h  a x i s ,  When app ly ing  a r o l l  t o rque  ( such  as when removing OT' 
engaging c o n n e c t i o n s ) ,  there  is u s u a l l y  no l o a d  on the  p i t c h ,  

I n  t h e  r e f e r e n c e  p o s i t i o n ,  t h e  shou lde r  a l s o  appea r s  t o  be wel l  

suited t o  a d i f f e r e n t i a l .  Forward and g r a v i t y  loads are suppor t ed  
e n t i r e l y  by t h e  p i t c h ,  while  t h e  r o l l  s u p p o r t s  t r a n s v e r s e  loads .  



However, as human o p e r a t o r s  p r e f e r  t o  r o l l  t h e  shou lde r  inwards from 
the  r e f e r e n c e  p o s i t i o n  s o  t h a t  t h e  wrists are i n  a bet ter  working 
p o s i t i o n ,  g r a v i t y  l o a d i n g  ( t h e  most common l o a d )  p rov ides  s imul taneous  
p i t c h  and r o l l .  t o r q u e s ,  which d e s t r o y s  t he  e f f e c t i v e f i e s s  of t h e  

d i f f e r e n t  i a1 . 
I n  o r d e r  t o  remove t h e  roll t o rque  from the shou lde r  i n  t h e  mean 

o p e r a t i n g  p o s i t i o n ,  t h e  mounting of the man ipu la to r  must be such  t h a t  

t he  shou lde r  r o l l  a n g l e  i s  zero when t h e  wrist is where t h e  o p e r a t o r s  
want i t  t o  be. This  can be accomplished by mounting t h e  manipula tor  
arms c l o s e r  t o g e t h e r  or by mounting t h e  arms such  t h a t  t h e y  p o i n t  
inward about  20° ra ther  t h a n  d i r e c t l y  forward ( i . e . ,  the  shou lde r  
yawed inward Z O O ) ,  o r  by some combination of  these two. 
i n  the mounting c o n f i g u r a t i o n  is t h e  s i m p l e s t  des ign  improvement sug-  
g e s t e d  here. I t  is a l so  d i r e c t l y  a p p l i c a b l e  t o  a l l  elbows-up servo- 
man ipu la to r s  with d i f f e r e n t i a l l y  d r i v e n  s h o u l d e r s  and will r e s u l t  i n  
improved performance 

T h i s  change 

4.5 A D D I T I O N A L  APPLICATIONS 

I t  was mentioned ear l ie r  tha t  t he  w r i s t  t o rque  c a p a c i t y  shou ld  be 

i n c r e a s e d  cons ide rab ly .  T h i s  w i l l ,  of  cour se ,  i n c r e a s e  t h e  stresses 
i n  t h e  wrist d r i v e  t a p e s  and t h e r e f o r e  reduce  r e l i a b i l i t y .  These 

t a p e s  t h e r e f o r e  should  be i n c r e a s e d  i n  s i z e  or r e p l a c e d  w i t h  an a l te r -  
n a t i v e  d r i v e  method. One a l t e r n a t i v e - - c h a i n s - - i s  advantageous i n  t h a t  

one cha in  can provide  bo th  forward and r e v e r s e  d r i v e  and thereby 

r e p l a c e  two t a p e s .  The cha ins  can t h e r e f o r e  be more t h a n  twice as 
wide as the t a p e s ,  which w i l l  i n c r e a s e  c a p a c i t y  and r e l i a b i l i t y .  

The wrist t a p e s  t r a v e l  ove r  t h e  elbow and down t h e  lower arm 
t u b e ,  and t h e r e f o r e  t h e y  t w i s t  w i t h  t h e  elbow r o l l  (yaw) motion. T h i s  

twist is zero when t h e  elbow r o l l  is i n  t h e  r e f e r e n c e  p o s i t i o n .  This  

twist causes  i n c r e a s e d  stresses i n  the t a p e s ,  but t h e  t a p e  stresses 
can be reduced by making t h e  t w i s t  z e ~ o  when t h e  elbow is r o l l e d  
inward somewhat, s a y  t o  t h e  wean p o s i t i o n  of  4 2 . 5 O .  



5. CONCLUSIONS 

T h i s  r e p o r t  has p resen ted  the  first known detai led s t u d y  of 
s e rvoman ipu la to r  d u t y  c y c l e s .  These du ty  c y c l e s  have been c l e a r l y  
d e f i n e d  t o  s e r v e  as a b a s e l i n e  f o r  f u t u r e  s t u d i e s  i n  t h i s  a r e a .  

Kinematic r e l a t i o n s h i p s  were d e r i v e d  and expres sed  (Appendix D> 
which make t h e  c o o r d i n a t e  frame r e l a t i o n s h i p s  unde r s t andab le .  These 
r e l a t i o n s h i p s  a l s o  prove u s e f u l  i n  a p p l y i n g  the  r e s u l t s  of the du ty  
c y c l e  a n a l y s i s ,  p a r t i c u l a r l y  i n  a n a l y z i n g  t h e  j o i n t  t o r q u e  d i s t r i b u -  

t i o n s  f o r  nominal tong l o a d s  i n  v a r i o u s  c o n f i g u r a t i o n s .  
The expe r imen ta l  s y s t e m  was r e p r e s e n t a t i v e  of the  work envi ron-  

ments of se rvo rnan ipu la to r s ,  and t h e  data were r eco rded  for remote 
tasks t h a t  were s p e c i a l l y  selected t o  be g e n e r i c  and r e p r e s e n t a t i v e  of 
se rvoman ipu la to r  t a s k s .  

This  s t u d y  has f u r t h e r e d  o w  under s t and ing  o f  the o p e r a t i o n  and 
uses  of s e rvoman ipu la to r s .  The a p p l i c a t i o n s  t o  f u t u r e  des igns  are 
many and i n c l u d e  nearly every  component of t h e  system. 

The use  of o n l y  four  o p e r a t o r s  i n  t h e  t e s t i n g  provided  a s t a t i s t i -  
c a l  l i m i t a t i o n  t o  the results. While the  q u a n t i t a t i v e  r e s u l t s  can be 

expec ted  t o  change somewhat when a l a r g e r  number of o p e r a t o r s  are con- 
sidered, t h e  q u a l i t a t i v e  r e s u l t s  are expec ted  t o  remain v a l i d .  
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UNCE RTA INT Y ANALYS IS 

The shou lde r  DOF p o s i t i o n s  were measured d i r e c t l y  a g a i n s t  the 

g r a v i t y  v e c t o r  a n d ,  as such ,  had an  u n c e r t a i n t y  due o n l y  t o  t he  d i rec t  

measurement. 

I t  was assumed t h a t  t h e  d i f f e r e n t i a l  d r i v e  i n c r e a s e d  t h e  measurement 
u n c e r t a i n t y  by fi, as  two a n g l e s  had t o  be measured. Thus 

Wsp = WSR = 1.06' . 

Note t h a t  t h e  u n c e r t a i n t y  i n  t h e  s l o p e  is much lower 

A s  

Acounts 

A s  5 W 

A(coun t s )  t W s l o p e  = 

Aco un t s 

2 

4- s l o p e  AS 

= = 0.01 = 1 %  

f o r  t he  shou lde r  p i t c h .  
The elbow p i t c h  is r e l a t i v e  t o  the  shou lde r  p i t c h  p o s i t i o n ,  s o  

its u n c e r t a i n t y  is i n c r e a s e d  by a f a c t o r  of fi over  t h e  

s h o u l d e r  p i t c h  u n c e r t a i n t y .  
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9 4  

I n  t h e  c o n f i g u r a t i o n  used t o  cal ibrate  t h e  elbow r o l l ,  the  shoul -  
der  p i t c h  and elbow p i t c h  u n c e r t a i n t y  c o n t r i b u t e d  o n l y  very w e a k l y  t o  
t h e  elbow r o l l  measurement u n c e r t a i n t y .  Thus, t he  elbow r o l l  measure- 
ment uncer ' ta inty is  incpeased  f l o v c s  ihe  shoulder  r o l l  
measurement u n c e r t a i n t y .  

The w r i s t  p i t c h  c a l i b r a t i o n  depended on the shou lde r  and elbobr 

p i t c h  c a l i b r a t i o n s ,  and t h e  wrist r o l l  c a l i b r a t i o n  depended on t h e  
shou lde r  r o l l  c a l i b r a t i o n .  A d d i t i o n a l l y ,  the wrist p o s i t i o n  measure- 
ments were more d i f f i c u l t  t o  make  t h a n  t h o s e  o f  t h e  upper DOE'S. Tile 

small s i z e  of the t o n g  made some measurement p o s i t i o n s  ciamped, and  

t h e  d r i v e  Lapes would s t r e t c h  s l i g h t l y  when thc  weight  of the  p la te  

and p r o t r a c t o r  was p laced  on t h e  wrist. For t h i s  r eason ,  rneaswement 
u n c e r t a i n t y  for t h e  wrist DQFs was assumed t o  be about  - t 1 . 5 O  f o r  bo th  
p i t c h  and r o l l .  Again, t he  d i f f e r e n t i a l  d r i v e  c o n f i g u r a t i o n  was 
assumed t o  i n c r e a s e  t h e  f i n a l  u n c e r t a i n t y  o f  each by ~'7. 
Thus, 

and 
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Note, however, tha t  the  u n c e r t a i n t i e s  i n  t he  s l o p e s  are no t  i n c r e a s e d ,  
as t h e  b r a k e  on t h e  upper DOFs assured t h a t  t h e y  d i d  no t  move du r ing  
t h e  c a l i b r a t i o n ,  and t h u s  any e r r o r  t h e y  i n t r o d u c e d  was s u b t r a c t e d  o u t .  
U n c e r t a i n t i e s  i n  the s l o p e s  were assumed t o  be I %  f o r  t h e  shou lde r  and 
elbow DOFs and  2.5% f o r  t h e  w r i s t  DOFs. 

Backlash i n  the g e a r i n g  produced an a d d i t i o n a l  u n c e r t a i n t y  i n  the  

p o s i t i o n  s i g n a l s .  Its effect  on t h e  s lopes  was e l i m i n a t e d  by making 
a l l  measurements wi th  t he  g e a r s  pushed i n t o  c o n t a c t  i n  t h e  same direc- 

t i o n .  
The back la sh  on each DOF was measured by l o c k i n g  the  brakes  and 

measuring t h e  a n g l e  t he  DOFs could s t i l l  t r a v e l .  These a n g l e s  are 
g iven  i n  Table A .  1 .  

Table  A.  1. Approximate DOF g e a r i n g  backlash 

Ha c k l  as h 
DOF (approximate  degreela 

SP 0.75 
SR 0 - 7 5  
EP 0 
EH 0.25 
WP 1 .o 
WR 0.75 

"angles  measured a t  t h e  DOF. 

Th i s  back la sh  c o n t r i b u t e s  t o  t h e  u n c e r t a i n t y  i n  t he  p o s i t i o n  s i g -  
n a l s .  The probable  ( 3  0) p o s i t i o n  u n c e r t a i n t y  is  g iven  by 

The probable  p o s i t i o n  u n c e r t a i n t i e s  are given i n  T a b l e  A.2. 

The c a l i b r a t i o n  data f o r  a11 DOFs were very  n e a r l y  l i n e a r .  
C a l i b r a t i o n  parameters  were de termined  by a l e a s t - s q u a r e s  s t r a i g h t  

l i n e  f i t  t o  t h e  data. 
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Voltage d i v i d e r s  were added t o  each p o s i t i o n  s i g n a l  j u s t  b e f o r e  
i n p u t  t o  t he  PDP 11/34  t o  r educe  t h e  s i g n a l s  t o  210 V. These d i v i d e r s  
c o n s i s t e d  of nominal 10-KQ and 5-KQ r e s i s t o r s  i n  series.  The s i g n a l s  

Table  A .  2. Probable  p o s i t i o n  u n c e r t a i n t i e s  

Unce r t a in ty  
DOF ( 4 d e g r e e s )  

SP 1.30 
SR 1.30 
EP 1.06 
EH 1 . 0 9  
WP 2.84 
GhR 2.40 

were put a c r o s s  bo th  r e s i s t o r s  w i t h  t h e  PDP 11/34 r e a d i n g  the v o l t a g e  
a c r o s s  the  10-KQ r e s i s t o r .  A p r e c i s i o n  d i g i t a l  ohmmeter' was used 
t o  f i n d  t h e  exact r a t i o  of t he  r e s i s t o r s  used on each s i g n a l ,  which 

idas t h e n  inc luded  i n  t he  p o s i t i o n  s i g n a l  s lopes.  A d i g i t a l  vo l tmeter*  
was used t o  measure t h e  s i g n a l  v o l t a g e  w i t h  and wi thou t  t h e  d i v i d e r s .  
T h i s  was t o  ensu re  that  t h e  d i v i d e r s  d i d  not  a l ter  t h e  s i g n a l ,  which 

t h e y  d i d  n o t .  The r e s i s t a n c e  va lues  were read with an aceuracy  o f  

about  +2 $ 2 9  and t h u s  d i d  not  conCr ibute  s i g n i f i c a n t l y  t o  t h e  p o s i t i o n  
u n c e r t a i n t y  . 

V e l o c i t i e s .  The v e l o c i t y  a lgor i thm used ( see  Appendix C )  was 

T h i s  can be r e w r i t t e n  

*Tekt ronics  Model *DM501 D i g i t a l  Mult imeter  IC0431 54. 
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(fi-*- f i+* )  + 8 ( f i + ,  - f i - l  1 , 
12At f .= 

1 

which c l e a r l y  shows t h a t  t he  p o s i t i o n  s i g n a l  u n c e r t a i n t y  t o  be used is 
t h e  u n c e r t a i n t y  i n  a p o s i t i o n  change. 

I n  de t e rmin ing  t h i s  u n c e r t a i n t y ,  the  e f fec ts  of backlash i n  t he  

g e a r i n g  were ignored .  It  should  be no ted  t h a t  t h e  c a l c u l a t e d  v e l o c i -  
t i es  are  t h e n  a c t u a l l y  p r o p o r t i o n a l  t o  t h e  g e a r  t r a i n  v e l o c i t i e s  a t  
the  po ten t iome te r  l o c a t i o n .  T h i s  w i l l  d i f f e r  from t h e  a c t u a l  j o i n t  
v e l o c i t y  o n l y  when t h e  j o i n t  a c c e l e r a t i o n  changes d i r e c t i o n  and t h e  

j o i n t  t r a v e l s  th rough t h e  backlash r e g i o n .  
The p o s i t i o n  change u n c e r t a i n t y  is t h e n  due  o n l y  t o  c a l i b r a t i o n  

s l o p e  ( n o t  i n t e r c e p t )  u n c e r t a i n t y ,  A I D  conver s ion  e r r o r ,  and s i g n a l  
no i se .  S i g n a l  n o i s e  was tes ted u s i n g  a t es t  program which read t h e  

p o s i t i o n  signals and c u r r e n t  s i g n a l s  approximate ly  f o u r  times per  
second. The program was execu ted  wi th  the  arms ene rg ized  but  n o t  i n  
motion,  

The average  change per sample on each channel  was c a l c u l a t e d  

a f t e r  1000 samples .  No detectable n o i s e  was s e e n  on t h e  p o s i t i o n  
s i g n a l s - - a  t r i b u t e  t o  the  11-Hz low-pass f i l t e rs .  

f o r  a v a r i e t y  of arm conf igu r>a t ions  t o  i n c l u d e  any  p o s s i b l e  p o s i t i o n -  
c o r r e l a t e d  n o i s e .  Note t h a t  v e l o c i t y - c o r r e l a t e d  n o i s e ,  i f  p r e s e n t ,  
was n o t  i nc luded  i n  t h e s e  r e s u l t s .  The program was r u n  s e v e r a l  times 
over a p e r i o d  of two w e e k s .  The r e s u l t s  changed i n s i g n i f i c a n t l y .  

The program was run 

The u n c e r t a i n t y  due t o  t h e  s l o p e  c a l i b r a t i o n  ( - 1 % )  and A/D conver- 
s i o n  (911'2 c o u n t )  and s i g n a l  n o i s e  was estimated as t 3  c o u n t s  f o r  t h e  

shou lde r  and elbow DOFs and c5 coun t s  f o r  the w r i s t  DOFs. S i n c e  t he  

shou lde r  and wrist DOFs have d i f f e r e n t i a l  d r i v e s ,  the i r  u n c e r t a i n t i e s  
are m u l t i p l i e d  by v?? for  u n c e r t a i n t i e s  of 4.24 and 7.07 
coun t s  r e s p e c t i v e l y .  The t i rnes tep  u n c e r t a i n t y  is n e g l i g i b l e  (see 
Appendix B ) ,  s o  the  v e l o c i t y  u n c e r t a i n t y  is g iven  by: 

1 - [I9 w*fl  'f = 12At i 
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= 7 . 5  ka s-' 
A f  

I n c o r p o r a t i n g  t h e  p o s i t i o n - s i g n a l  s lopes ,  t h e  v e l o c i t y  
u n c e r t a i n t i e s  are p resen ted  i n  Table  A.3. Recall that t he  expec ted  
t r u n c a t i o n  e r r o r  is about  7%. Note that 3s the r e s u l t s  have been 

composited ove r  many hours  of manipula tor  o p e r a t i o n ,  most e r r o r s  due  
t o  t r u n c a t i o n  should  ave rage  o u t .  

Motor Cur ren t s .  Some n o i s e  was p r e s e n t  i n  t he  motor c u r r e n t  
s i g n a l s ,  The pr imary Source of  c u r r e n t  s i g n a l  erroi?,  hobrever, was 
found t o  be t h e  d i r f e r e n c e  between illaster and s l a v e  ground. T h i s  

T a b l e  A.3. Probable  v e l o c i t y  u n c e r t a i n t i e s  

Unce r t a in ty  Percentage  
DOF (+rad/s  1 of maximum 

SP 
SR 
EP 
EH 
w 
'nlR 

.0161 1.26 

.0239 1.22 

.0206 1.70 

.0392 0.55 

.0589 0.41 
,0695 0.30 

d i f f e r e n c e  was observed d a i l y  for about. one month. The difference 

would remain r e l a t i v e l y  c o n s t a n t  on a given day but  would fl i ictuate 
from day t o  day. T h i s  d i f f e r e n c e  was a c t u a l - l y  measured by s w i t c h i n g  
t h e  s lave- to-computer  d r i v e ,  z e r o i n g  the d r i v e  signals, and look ing  a t  
the  "vol tageT1 a c r o s s  t h e  s l a v e  shun t  (0.1-fi) r e s i s t o r s  (i .e.,  t h e  

motor -cur ren t  s i g n a l s ) .  S i n c e  no c u r r e n t  was g iven  t o  t h e  motors, t h e  
v a r i a b l e  end of the  s i g n a l s  r e p r e s e n t e d  s l a v e  ground,  w h i l e  t h e  ground 
r e f e r e n c e  was t i e d  t o  master ground. A s  expec ted ,  a l l  seven  s i g n a l s  
were w i t h i n  one  count  of one a n o t h e r .  The average  ground d i f f e r e n c e  
was t 1 6  counts  = 10 mV (2000 c o u n t s  = 1.25 V) , w i t h  a maximum observed 
d i f f e r e n c e  o f  26 countxi. T h i s  co r re sponds  t o  a c u r r e n t  u n c e r t a i n t y  of  
kO.1 A or 29 of maximmi. The shun t  r e s i s t o r s  are a c c u r a t e  t o  i l k  

(manufac tu re r ' s  s p e c i f i c a t i o n s ) .  
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J o i n t  Torques,  The u n c e r t a i n t y  i n  a p p l i e d  j o i n t  t o r q u e s  is 

d i f f i c u l t  t o  measure.  The a p p l i e d  t o r q u e  i s  g iven  by 

where 

Tm = motor t o r q u e  (sum o r  d i f f e r e n c e  f o r  d i f f e r e n t i a l  j o i n t s ) ,  
GR = gear r a t i o ,  

r\ = e f f i c i e n c y  o f  t h e  g e a r i n g ,  
Tf = a d d i t i o n a l  d r i v e  t r a i n  f r i c t i o n  i n v o l v i n g  n e a r l y  a l l ,  

n o n l i n e a r  f r i c t i o n  e f fec ts .  

F o r t u n a t e l y ,  these d i f f i c u l t - t o - m e a s u r e  parameters  a p p l y  almost 
e q u a l l y  whether one  is a p p l y i n g  f u l l  t o r q u e  or some percen tage  of fu l l .  
t o rque  t o  the j o i n t .  Thus,  t h e  pe rcen tage  o f  maximum t o r q u e  v a r i e s  
o n l y  weakly w i t h  these  parameters, and a t  the  h i g h e s t  pe rcen tage  of 
maximum to rque  ( t h e  data of most i n t e r e s t ) ,  t h e  e r r o r s  are minimal.  
Thus,  the  h i s tog ram to rque  data  u n c e r t a i n t y  was estimated a t  about  50% 
g r e a t e r  t h a n  the  c u r r e n t  u n c e r t a i n t y ,  o r  about  3%. Note t h a t  t h i s  i s  
independent  of t he  t o r q u e  c a l i b r a t i o n .  

- 

The a b s o l u t e  a p p l i e d  t o r q u e  u n c e r t a i n t y  was estimated as f o l l o w s .  

R e f e r r i n g  t o  Eq. ( 1 1 ,  

- -  hrk k - [(F) +(>) +(>) + ( 

The c u r r e n t  s i g n a l  u n c e r t a i n t y  was about 16 coun t s .  Again, the  

ave rage  measured c u r r e n t  was used t o  de te rmine  t h e  pe rcen tage  of uncer- 
t a i n t y  i n  t h e  c u r r e n t  measurement. The u n c e r t a i n t y  parameters  are 
p resen ted  i n  Table A . 4 .  
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Table A.14. Torque c a l i b r a t i o n  u n c e r t a i n t y  parameters  
.... -I- 

____ 'cosa wK X L wF - wx x__ 
mean I Fmean 

( i b f )  ( i n . )  ( c o u n t s )  F X I cos K 

SP 23.6 1 9  452a 0.042 0.013 0.071 0.0024 0.083 

EP 10.5 24.25 2119 0.095 0.010 0.064 0.0024 0.115 
E R  12.0 6.25 349 0.083 0.040 0.045 0.0024 0.103 
WP 12.4 5.25 763a 0.081 0.049 0.042 0,0024 0.103 
WR 7 .5  5.0 480b 0.133 0.050 0.013 0.0024 0.1113 

SFI 8.8 24.25 3 0 i b  0 . l i l r  0.010 0.020 0.0024 0.116 

.._. -- I.. 

aA-ve%ge sum of two d r i v e  motors .  
bAverage d i f f e r e n c e  of two d r i v e  motors .  

Note t h a t  t h e  c u r r e n t  s i g n a l  u n c e r t a i n t y  is due p r i m a r i l y  t o  a 

d i f f e r e n c e  i n  ground r e f e r e n c e  between t h e  master and s l a v e .  T h u s ,  

the  shou lde r  and wrist p i t c h  t o r q u e s  have  c u r r e n t  measurement uncer- 
t a i n t i e s  of about  32 coun t s  as t h e y  are t h e  sum of two s i g n a l s ,  whi le  

t h e  shoulder  and w r i s t  r o l l  t o r q u e s  have ve ry  low c u r r e n t  measurement 
unce r t a in t i e s - - abou t  6 counts--as  th,oy are t h e  d i f f e r e n c e  of two 
s i g n a l s .  

E l e c t r i c a l  Energy. The e l e c t r i c a l  energy was determined by 
__I--. 

E, = Z I2 R A t  
1 i 

where 

I i  = t h e  motor c u r r e n t  ( A )  a t  da ta  sample i 
R = motor r e s i s t a n c e ,  5.5 il, nominal 
A t  = t i m e s t e p  between samples, 0.1 s .  
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If' t h e  c u r r e n t  s i g n a l  u n c e r t a i n t y  i s  assumed t o  be caused by 
u n c o r r e l a t e d  z e r o  mean n o i s e ,  t h e  u n c e r t a i n t y  i n  C I i 2  would r educe  t o  
nea r  z e r o  due t o  t h e  large number of p o i n t s  sampled .  To be 

c o n s e r v a t i v e ,  t h i s  w i l l  n o t  be assumed; ra ther ,  i t  w i l l  be assumed 
t h a t  

- - - = 0.04 . 
IIi2 - I i  

Recall t h a t  t he  ene rgy  per  motor p r e s e n t e d  was based on the  nominal 
v a l u e  of t h e  r e s i s t a n c e ,  5.5 Q. The a c t u a l  r e s i s t a n c e s  d i f f e r e d  from 
t .h i s ,  b u t  t o  g e n e r a l i z e  t h e  r e s u l t s ,  t h e  p resen ted  v a l u e s  are based 

o n l y  on I 1 2 d t .  

Thus,  

4.0% . e 
_I= 

Mechanical  Energy. The mechanical  energy gene ra t ed  per  DOF was 

de termined  by 

Em = 1 T i w i A t  
i 

where 

T i  = t he  a p p l i e d  t o r q u e  on the  j o i n t  a t  sample i ,  f t - l b  
mi = t he  j o i n t  angu la r  v e l o c i t y  a t  sample i, rad/s. 

The a p p l i e d  to rque  c a l i b r a t i o n  u n c e r t a i n t y  was about  1 1 % .  Note 
t h a t  the  c a l c u l a t e d  mechanica l  ene rgy  i n c l u d e s  t h e  ener'gy l o s t  t o  
f r i c t i o n .  The percentage  of u n c e r t a i n t y  i n  t h e  angu la r  v e l o c i t y ,  



n e g l e c t i n g  t h e  t r u n c a t i o n  e r r o r ,  depends on t h e  choice  of a nominal 
v e l o c i t y .  F o r t u n a t e l y  h i s t o w a m  v e l o c i t y  usage data are a v a i l a b l e .  
The nominal vel .oci ty  f o r  each DOF was estimated by f i n d i n g  the  mean 
v a l u e  of t h e  h is togram p l o t s ,  assuming each h i s t o g ~ a m  block t o  be a 

discrete  p o i n t  l o c a t e d  a t  t h e  c e n t e r  of the block.  (For  example,  i f  

6% of t h e  time was s p e n t  a t  1 0  t o  12% of maximiim v e l o c i t y ,  i t  is 
assumed t h a t  68 of the t ime was spent, at 11% of maximum v e l o c i t y ) .  
Also, it was assumed t h a t  each DQF was moving about  one  t h i r d  of t h e  

time, and t h e r e f o r e  674% was s u b t r a c t e d  from the 0 t o  2% block.  T h i s  

r e s u l t e d  i n  t h e  mean v e l o c i t i e s  g iven  i n  Table A . 5 .  The mechanical  
energy u n c e r t a i n t y  was then  c o n s e r v a t i v e l y  estimated as 

'The r e s u l t s  are l i s t e d  i n  Table  A . 5 .  

Table A.  51. Mechanical energy u n c e r t a i n t i e s  

m/ E w 
w 

w .  i/ w 
( % I r n  ave ( rad /s )  i DO F ('Ti T i )  1 

SP .083 .Ob73 ,239 25.3 
SR .116 .0783 .305 32.6 
EP . I15  . l o 7 9  .191 22.3 
ER ,103 .2889 .136 17.0 
w P . I O 3  .2920 .202 22.6 
WR . 1 4 3 .3872 ,180 23.0 

Maximum time over 60% c u r r e n t .  .1__1_ These data have no u n c e r t a i n t y  i f  

t h e y  are cons ide red  t o  be t h e  maximum time over  a random value  between 
58 and 62% ( i . e . ,  +- t he  c u r r e n t  signal u n c e r t a i n t y ) .  



APPENDIX B 

CALIBRATIONS AND TESTS 





CALIBRATIONS AND TESTS 

S l a v e  Arm P o s i t i o n  C a l i b r a t i o n  

Procedure.  Angles were measured w i t h  r e s p e c t  t o  the g r a v i t y  

v e c t o r  u s ing  a bubble  ba l ance  p r o t r a c t o r .  

Accuracy - c O . 7 5 O .  

The computer program w r i t t e n  t o  a i d  t h i s  c a l i b r a t i o n  would f l i p  

t h e  s l a v e  b r a k e s  on or off  and p r i n t  the  va lues  of t h e  ana log  i n p u t s  
t o  the PDP 11/34 on t h e  s c r e e n  as reques t ed .  A computer t e r m i n a l  was 
brought  i n t o  t h e  c e l l  and t h e  program was i n i t i a t e d .  C a l i b r a t i o n  data 
f o r  the s l a v e  arm s h o u l d e r ,  e lbow, and wrist are  given i n  T a b l e s  8.1, 

R . 2 ,  and B.3 .  
- Shoulder  p i t c h  c a l i b r a t i o n .  After t h e  s lave was pu t  i n t o  t he  

r e f e r e n c e  p o s i t i o n  ( shou lde r  and elbow DOFs o n l y )  and the  brakes ener -  
g i z e d ,  shou lde r  DOF p o s i t i o n  po ten t iome te r  da ta  were r e c o r d e d ,  The 
brakes  were released and the  s h o u l d e r  was r e p o s i t i o n e d  t o  a new p i t c h  
a n g l e  ( h o l d i n g  the  roll a n g l e  a t  z e r o ) .  The b rakes  were t h e n  r e e n e r -  
g i z e d ,  and t h e  new da ta  were recorded .  T h i s  was r e p e a t e d  f o r  e i g h t  
d i f f e r e n t  s h o u l d e r - p i t c h  a n g l e s  from +50° t o  -50° .  

The s h o u l d e r - p i t c h  a n g l e  was measured on a f l a t  s u r f a c e  a t  t he  

p i t c h  a x i s  which r o t a t e d  w i t h  the  p i t c h  but  no t  the  roll. The r o l l  
a n g l e  was measured on a f l a t  s u r f a c e  j u s t  above the  elbow j o i n t  which 

r o t a t e d  w i t h  bo th  the  shou lde r  p i t c h  and r o l l .  
I_ Shoulder  r o l l .  Shoulder  p i t c h  c a l i b r a t i o n  was repea ted  ho ld ing  

the  shou lde r  p i t c h  a n g l e  a t  0"  and va ry ing  t h e  shou lde r  r o l l .  S i x  

data  p o i n t s  were reco rded  from +40° t o  -40". 

Elbow p i t c h .  The s h o u l d e r  DOFs were pu t  i n t o  t he  r e f e r e n c e  
p o s i t i o n ,  t h e  brakes  were e n e r g i z e d ,  and the  elbow p i t c h  'crake was 

manual ly  loosened  so  t h a t  t h e  DOF' could be moved b u t  s u f f i c i e n t  
f r i c t i o n  remained t o  hold  t h e  arm i n  a s e t  p o s i t i o n .  Data were 

1.05 
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Table B.2. Slave a.rm p o s i t i o n  c a l i b r a t i o n  
( January  5, 1984) 

Measured C a l c u l a t e d  
a n g l e  a n g l e  
(deg) A I N D A T  (deg)  

Elbow Pitch: SP = S R  = O o  

0 11 38a -0.1 
-20 545a -20.2 
-40 -37a -40.0 
-60 -620a -59.8 
+2 0 1 73ba 2c. 2 

Elbow r o l l :  EP = -90" SP = SR = O o  - 
0 

20 
40 
60 
90 

-30 
-60 
-90 

-1 20 

-42b 
-351 
-657b 

-1411b 

84sb 
1 320b 

-952b 

3 9 9  

1774b 

-0.4 
20.0 
40.2 
59.7 
90.0 

-29.6 
-59.0 
-90.4 

-120.4 
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Table R.3. S l a v e  arm wrist c a l i b r a t i o n  d a t a  
( Janua ry  5, 1984) 

Measured a n g l e s  ... C a l c u h t e d  a n g l e s  

Wrist P i t c h  and R o l l :  EP  = O o  SP = SI? = O o  

0 0 -394 -664 0.5 -0.1 
25 0 -1 15 -37 '1 24.6 -0. '7 
50 0 204 -96 49.5 I .6 

90 -. 0 667 4 1 11 90.4 -0.5 
-1 0 0 -51 1 -7 9 5 -9.8 0.5 
0 40 -5 4 -1 097 -3.2 38.1 O 

0 120 70 1 -191 2 -5.6 115.9 
0 -4 0 -873 -304 -4.5 -41 .7 
0 -145 -1 91 6 791 -2.6 -147.6 

r eco rded  f o r  f i v e  elbow p i t c h  a n g l e s  from +20° t o  - 6 O O .  The a n g l e  was 

measured on a f l a t  s u r f a c e  j u s t  below t h e  elbow which moved wi th  t h e  
shoulder  p i t c h  and roll and w i t h  t h e  elbow p i t c h .  

Elbow roll. The elbow p i t c h  brake  was t i g h t e n e d  and t h e  b r a k e s  

were released. After t h e  elbow p i t c h  was moved -90° so  t h a t  t h e  1.ower 

arm was h o r i z o n t a l  and p a r a l l e l  w i th  t h e  upper arm, t h e  b r a k e s  were 
reset  and t h e  elbow ro l l .  brake was manually released as  b e f o r e .  Nine 
d i f f e r e n t  data p o i n t s  were r eco rded  from +90° t o  - 1 2 0 O .  The a n g l e  was 
measured on a f l a t  s u r f a c e  j u s t  above t h e  wrist which moved w i t h  t h e  
shou lde r  and elbow DOFs o n l y .  

Wrist c a l i b r a t i o n .  The b r a k e s  were released t h e  elbow p i t c h  and 
r o l l  were r e t u r n e d  t o  t h e  r e f e r e n c e  p o s i t i o n ,  and t h e  brakes  were 

a g a i n  locked .  The w r i s t ,  b rakes  were loosened  as b e f o r e .  A f l a t  pSate  
was b o l t e d  o n t o  t h e  t o n g ,  and a n g l e s  were measured on the  p l a t e .  Four 
p i t c h  a n g l e s  were recorded  from - I O o  t o  go", and f i v e  roll a n g l e s  were 

recorded  from +120° t o  -145*. 



109 

Afte r  i n c l u d i n g  t h e  v o l t a g e  d i v i d e r  f a c t o r s ,  t h e  l e a s t - s q u a r e s  
f i t  r e s u l t e d  i n :  

SP = -O.O005061[AIN(9) + 0.9854AIN(ll)I -0.412 

SR = O.000753[1.015 AIN(11) eAIN(9) 3 - 0.0382 
EP = 0.000914AIN(10) -0.6766 

ER = -0.001742AIN( 14) -0.056 

WP = 0.001111[AZN(12) + 0.9981AIN(13)I + 0.7845 

WR = 0.001311[AIN(12) -0.996ALM(13)I -0.232 

Torque c a l i b r a t i o n  
The s l a v e  r i g h t  a r m  was switched t o  computer d r i v e  and t h e  b rakes  

d i s a b l e d .  A computer t e r m i n a l  was brought  i n t o  t h e  c e l l  t o  change the  

a n a l o g  o u t p u t s  t ha t  d r i v e  t h e  s l a v e  and t o  read t h e  motor c u r r e n t  
s i g n a l s .  J o i n t  t o r q u e s  are given i n  T a b l e  B.4. 

Table B. 4, J o i n t  t o r q u e  c a l i b r a t i o n  

DO F Torque ( l b )  U n c e r t a i n t y  ( I )  

SP 160 (US + LS)a  8.3 
SR 116.3 (US - LS) 11.6 
E€’ 157.3 (EL) 11.5 
ER 38.0 (YAW) 10.3 

WR 12.78 (RW - LW) 14.3 
WP 12.89 (LW + RW) 10.3 

aThe t o r q u e  is p r o p o r t i o n a l  t o  the  motor cur- 
r e n t s .  For example, the  SP t o r q u e  s 160 (US + LS) 
where US, LS are shou lde r  motor c u r r e n t s  i n  amperes. 

An equa l  d r i v e  s i g n a l  was s e n t  t o  t h e  two shou lde r  motors .  This  

r e s u l t e d  i n  approx ima te ly  e q u a l  c u r r e n t s  i n  each  s h o u l d e r  motor. A 
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s p r i n g - f o r c e  scale was used t o  hold  t h e  arm i n  s t a t i c  e q u i l i b r i u m .  
Thi: s p r i n g  s c a l e  was a t t a c h e d  t o  t h e  arm a t  t h e  upper arm elbow 
opening,  The s p r i n g  s c a l e  was shaken r e p e a t e d l y  and al.1.owed t o  s e t t l e  

b e f o r e  a r e a d i n g  was t aken  t o  reduce  f r i c t i o n  e r r o r s .  T h i s  was done 
th ree  times f o r  each measuretilent taken  w i t h  r e p e a t a b i l i t y  w i t h i n  
0.5 I b f .  The s p r i n g - s c a l e  ax is  was he ld  as c l o s e  t o  o r thogona l  t o  the 

torque-arm p l a n e  as could  be judged by eye .  T h i s  u n c e r t a i n t y  was e s t i -  
mated a t  do. The f o r c e  measurement u n c e r t a i n t y  ifas e s t ima ted  a t  

- + I  l b y .  Five d i f f e r e n t  measurements were t aken .  The moment arm was 

measured w i t h  a r u l e r  w i t h  estimated u n c e r t a i n t y  ? 1 / 4  i n .  
The procedure was r e p e a t e d  f o r  t h e  remain ing  DOFs w i t h  s i g n a l s  

s e n t  t o  the a p p r o p r i a t e  motors .  The f o r c e s  were measured a t  t h e  f o r e -  
arm wrist opening f o r  t h e  s h o u l d e r - r o l l  and elbow-pi tch t o r q u e s ,  and 
on the  tong  thumb connec t ion  f o r  the lower DOF t o r q u e s .  The elbow 
p i t c h  to rque  c a l i b r a t i o n  was performed w i t h  the  siioul.der brakes locked  
and i n  the  r e f e r e n c e  p o s i t i o n .  The e lbow-ro l l  t o rque  c a l i b r a t i o n  was 
performed w i t h  t h e  shou lde r  and elbow p i t c h  blaakes locked and i n  t h e  

r e f e r e n c e  p o s i t i o n .  The wrist to rque  c a l i b r a t i o n s  were done w i t h  a l l  

shou lde r  and elbow DOF brakes locked .  C a l i b r a t i o n  da ta  are g iven  i n  
Table B . 5 .  

The c a l i b r a t i o n  parameters  were determined by a l e a s t - s q u a r e s  
s t r a i g h t - l i n e  f i t  t o  t h e  data.  The ca l . i b ra t ion  u n c e r t a i n t i e s  were 
estimated us ing  t h e  mean f o r c e  measuro,d t o  estimate the percentage  of 

u n c e r t a i n t y  i n  the f o r c e  measurement. L e t  

LFcose 
I 

Torqiie K ~ II - 
I I 

where 

F = measured f o r c e ,  l b f ,  

L = measured moment arm, 

I = motor c u r r e n t  (measured i n  c o u n t s ) ,  
0 = a n g l e  between t h e  measured f o r c e  v e c t o r  and t h e  

torque-arm p lane .  



1.1. J. 

Table  B.5. Applied t o r q u e  c a l i b r a t i o n  data 
_ _ _ ~ _ ~ _ _ l _ ~ l _ - _ ~ ~  

Shoulder  p i t c h  ( +  = l e f t )  
I A D C (  17  ) a  I A D C (  1 9 

- 90 -1 00 
-1 60 -1 73 
-21 0 -240 
-21 7 -308 
-342 -367 

Shoulder  r o l l  (+ = forward)  
I A D C (  17 ) I A D C (  1 9 )  

- 90 80 
-1 50 145 
-21 8 220 

Elbow p i t c h  (+ = l e f t )  
I A D C ( 1 8 )  

235 
393 
119 

Yaw ( +  = down) 
I A D C  (22 ) 

208 
349 
491 

Wrist p i t c h  (+ = l e f t )  
I A D C  (20 ) IADC(21 ) 

143 170 
338 355 
51 0 569 
481 485 

Wrist r o l l  (+ = forward)  
I A D C  (20 ) I A D C  (21 ) 

158 -1 84 
288 -331 

Force 
9 

16 
23.5 
32.5 
37 .O 

Force ( l b I c  
5 
8 

13.5 

ForceC 
10 
16 
5.5 

Force  ( l b I d  
6.5 

1 2  
17.5 

Force" 
5.5 

11.5 
17.0 
15.5 

Force  ( 1 b l f  
5.5 
9.5 

Torque ( l b )  
171 
304 
447 
61 8 
70 3 

Torque 
126 
202 
341 

Torque 
253 

404 l i m i t ,  
139 

Torque 
4 1 
75 

109 

-_pl_ 

Torque 
28 
59 
87 
79 

Tor que 
28 
48 

a V amps Cur ren t  = I A D C (  ) (.00625 -)(I0 F) . count  
bMeasured a t  upper arm elbow opening.  
CMeasured a t  t h e  wrist opening.  L = 24 1 1 4  i n .  
dMeasured on t h e  t o n g  a t  L = 6 1/11 i n .  thumb connec t ion .  
eSame p l a c e ,  b u t  L = 5 1 /8 i n .  
f~ = 2 2 1 /2  i n .  = 5 i n .  

L = 19 i n .  
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Righ t  S lave  Motor R e s i s t a n c e s  
The arm was switched t o  computer d r i v e  and a l l  ana log  o u t p u t s  

were zeroed .  One a t  a t i m e ,  d r i v e  s i g n a l s  were s e n t  t o  t h e  s lave  

motors .  The v o l t a g e  was read w i t h  a d i g i t a l  vol t t i ie ter .  The 

c u r r e n t  was read as the  v o l t a g e  a c r o s s  t h e  shun t  r e s i s t o r s  by t h e  

PDP 1 1  /34.  The measured r e s i s t a n c e  parameters  a r e  summarized i n  
Table  8.6.  

* 

Timestep V a r i a t i o n  Test .-..I-. 

The data  logger  Mas t i m e d  t o  r e c o r d  a da ta  sample  eve ry  0.1 s .  

The timer used was an  i n t e r n a l  so f tware  c lock .  'The data logge r  i s s u e d  
a m a r k  time d i r e c t i v e  i n s t r u c t i n g  t h e  s y s t e m  t o  declare a s i g n i f i c a n t  
even t  and set  an even t  f l a g  when t h e  time (0 .1  s) e x p i r e d .  The logge r  
then  immediately prompted t h e  A / D  conve r t e r  t o  Scan t h e  data. The 

data logger  was given t h e  h ighes t  p i - i o r i t y  of any o p e r a t i n g  t a s k  t o  

Table  B. 6 .  Motor r e s i s t a n c e  measurement parameters  

b v g  Number of 
Mot or  (n )  0 me as u.r em en t s 

us 6.20 0 .22  4 

2 EL 6.61 - 

LS 6.39 0.31 '4 

RW 7.61 0.12 5 

LW 6.59 0 . 4 2  '4 

YHW 6.85 0.39 '4 

TG 6.54 I 2 

__----_-__ 

*Tekt ronics  Model DM501 I C  #0113154. 
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e n s u r e  t h a t  i t  had immediate a c c e s s  t o  t h e  CPU when t h e  timer e x p i r e d .  
N a t u r a l l y ,  it was of i n t e r e s t  t o  de te rmine  the  v a r i a t i o n  i n  t h e  a c t u a l  
time between samples .  

To de termine  t h e  t i m e s t e p  v a r i a t i o n ,  a waveform g e n e r a t o r  *was 
connected t o  one  of the  ana log  i n p u t  p o r t s  and set t o  o u t p u t  a s i n u s o i -  
d a l  s i g n a l  of f requency  0.5 Hz. The s i g n a l  was g iven  a few minutes  t o  
e n s u r e  t h a t  no t r a n s i e n t  s i g n a l  was p r e s e n t ,  and t h e n  t h e  data logge r  
was i n i t i a t e d .  These data were reco rded  fo r  5 min. 

A s e p a r a t e  t a s k  was w r i t t e n  t o  open t h i s  data f i l e .  The t a s k  

t h e n  synchronized  t h e  i n p u t  data w i t h  a s e p a r a t e  "timerP' be ing  
i n c r e a s e d  by n / l O  each i t e r a t i o n  and s u b t r a c t i n g  TT when t h e  value 

exceeded IT. The task t h e n  took the  i n v e r s e  s i n e  o f  t h e  i n p u t  data 

(which shou ld  i n c r e a s e  by r / l O  each sample) .  The d i f f e r e n c e  between 
t h e  two was the  t i m e s t e p  e r r o r  f o r  t h e  p a r t i c u l a r  i t e r a t i o n .  The abso- 
l u t e  v a l u e  of the  e r r o r  s i g n a l  was summed and d iv ided  by t h e  t o t a l  
number of  data samples .  

The r e s u l t s  were a p l e a s a n t  s u r p r i s e .  The t i m e s t e p  v a r i a t i o n  was 
zero t o  e i g h t  s i g n i f i c a n t  d i g i t s .  I t  is p o s s i b l e  t h a t  bo th  s i g n a l s  
cou ld  have v a r i e d  s imul t aneous ly  due t o  v a r i a t i o n s  i n  power f requency  
from T V A ,  bu t  i t  is clear t h a t  no o t h e r  random t i m e s t e p  v a r i a t i o n s  
occur red .  

"Wavetek Model 175 US-DOE-X #I  301 91. 
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SELECTION OF VELOCITY ALGORITHM 





S E L E C T I O N  OF VELOCITY ALGORITHM 

F i r s t  deve lop  a g e n e r a l  5 -poin t  v e l o c i t y  a lgo r i thm:  

> +  h t 2  + 0 > 0  A t 3  - + ... 6 = f i  + f.’ A t  + f i  - f i - l  1 2 

0 0  A t 2  ,c.-L A t 3  
+ fi - ‘i 2 

= - f i  + f; a t  - f i - l  6 ’ . * *  
- x -  

0 , -  4 
= f i  + f; 2At + f;r 2At2 + f i  

i + 2  3 
- At3 + - - -  X 

4 - A t 3  f ... 3 I = -fi  + f; 2At f;’ 2At f i*-*2At2  + fi 1-2 

The sum of the  above e q u a t i o n s  y i e l d s :  

8 +X 
= fi ( A t ) ( 4  + 2x1 + f ; ’ ” ( A t 3 ) ( ~ )  i -2  f i + 2  + X f i + l  -Xf i - ,  -f 

The t i m e s t e p  u n c e r t a i n t y  is n e g l i g i b l e  (see Appendix B ) .  Neglect 
t h e  truncation error f o r  now, and op t imize  t h e  v e l o c i t y  u n c e r t a i n t y  
w i t h  r e g a r d  t o  p o s i t i o n - s i g n a l  u n c e r t a i n t y :  

117 
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- - wf [ (x + 2)(x2 1 f 1 )  1 / 2  j x [ -  E%] . 

s e t t i n g  t h i s  t o  zero results i n  

x = 1 /2  

f o r  which 

w 
f i  'f' -- 0.1581 - 

i A t  

and 

E t  0.5667 A t 2  f i  . 

The t r u n c a t i o n  error is given by 

, 
Optimizing f i  w i th  regard t o  t r imcat i -on  er"1"oi- resu l t s  i n  

x = -8 

and  

-f + 8 f i + ,  -8f i - ,  + fi-2 i + 2  
l........llll + o ( a t 4 )  . _._. f.' = 

1 2 A t  

fo r  which 



119 

1 i 'fi = 0.475 - A t  ' 

Comparison: 
rad FOP a s i n s i i s o i d a l  i n p u t  of  w = 2.rr - ( 1  Hz) 

S 

f i  = A w  COS ut 

f i  = Am3 COS w t  

f o r  Wf 

bound are p resen ted  i n  Table (2.1. 

= 3 coun t s  =0.003 rad ,  t h e  u n c e r t a i n t y  and t r u n c a t i o n  e r r o r  
i 

Note t h a t  Wf is a c t u a l l y  the  
i 

u n c e r t a i n t y  i n  a p o s i t i o n  change measurement. The a b s o l u t e  p o s i t i o n  
cannot  be measured t h i s  a c c u r a t e l y ,  bu t  i t  is b e l i e v e d  t h a t  changes i n  
p o s i t i o n  can be i f  the  b a c k l a s h  i n  t h e  g e a r i n g  is  neg lec t ed .  

As computa t iona l  c a p a b i l i t i e s  n e c e s s i t a t e d  t he  use  of  the 0.1-s 

t i m e s t e p ,  t h e  a lgo r i thm minimizing t h e  t r u n c a t i o n  e r r o r  was selected.  
Note t h a t  t h i s  is a r e l a t i v e l y  h igh  estimate of the t r u n c a t i o n  e r r o r .  

The expec ted  c o n t r i b u t i o n  t o  t h e  u n c e r t a i n t y  w i l l  be lower, because 
the expec ted  (mean) f requency  component of the  r e a l  s i g n a l  w i l l  be 

below 1 Hz. Assuming t h a t  a mean f requency  of 0.67 Hz y i e l d s  an 
expec ted  t r u n c a t i o n  e r r o r  of about  7%.  

For  t h e  5-poin t  c e n t r a l  d i f f e r e n c e  formula ,  E,a 5th-order 
d e r i v a t i v e  i n  t h e  Taylor  expans ion  

- 
V 16(At5/120)  + 2 ( 4 n t 5 )  - 

15 f i  
-1 2At E =  

X 9 
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I 

= 5 A t '  fi - V , 

and 

X 2 
E 

.- - - A t '  w '  , 
fi 3 

f o r  

and 

I,J = 2.rr r a d / s  , 

A t  = 0.1 s , 

x 100 = 10.4% . Ex 
fi 
I_ 

T a b l e  C . l .  Veloci ty  unce r t a in ty  atid t runca t ion  e r r o r  

X 

1 /2 1 / 3 0  0.021 2.48% 
1 /2 1 115 0.0101-1 9.9% 
1 /2 1/10 0.0069 22 - 37% 
-8 1/30 0.0621 -0 
-38 1 /15 0.031 2.05% 
-8 1/10 0.0189 10.4% 
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KINEMATICS 

T h i s  appendix c o v e r s  k inemat i c  r e l a t i o n s h i p s  f o r  Model SM-229 

manipula tor  arms. This  i n c l u d e s  r e l a t i o n s h i p s  between j o i n t  p o s i t i o n s  
and base frame p o s i t i o n s  and o r i e n t a t i o n s ,  d i f f e r e n t i a l  changes i n  
j o i n t  p o s i t i o n s ,  d i f f e r e n t i a l  changes i n  base frame and end e f f e c t o r  
p o s i t i o n s  and o r i e n t a t i o n s ,  and s t a t i c  j o i n t  t o r q u e  d i s t r i b u t i o n s  f o r  
g e n e r a l  t ong  l o a d s .  

A l l  of t he  r e l a t i o n s h i p s  p r e s e n t e d  i n  t h i s  appendix are  s p e c i f i c  
a p p l i c a t i o n s  of g e n e r a l  t e c h n i  q u e s / r e l a t i  onsh ips  .* 

Kinematic  Modeling 
Each motion of t h e  arm i s  r e p r e s e n t e d  by an rrA" t r ans fo rm.  This  

t r ans fo rm,  a 4 x 4 m a t r i x ,  r e p r e s e n t s  one independent  motion. I t  may 

also r e p r e s e n t  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  sys tem,  such  as t h e  

l e n g t h  of one of t he  l i n k a g e s ,  and/or  mathematical man ipu la t ions  t h a t  

s i m p l i f y  the  model, such  as a s h i f t i n g  of the r e f e r e n c e  axes. The 

c o o r d i n a t e  frames and modeling parameters are shown s c h e m a t i c a l l y  i n  
F i g .  2. 

The f o l l o w i n g  d e s c r i b e s  the c a l c u l a t i o n s  r e q u i r e d  t o  de te rmine  
t h e  A t r a n s f o r m s  d e s c r i b i n g  the p o s i t i o n  and o r i e n t a t i o n  of t he  Model 

SM-229 manipu la to r .  

Transform An r e p r e s e n t s  t h e  f o l l o w i n g  p rocess :  
1. R o t a t i o n  about  the Zn-1 axis an a n g l e  e, 
2. T r a n s l a t i o n  a long  t h e  Zn-1 ax is  a d i s t a n c e  dn 

3. Transform A,  and A,: T r a n s l a t e  a l o n g  t h e  Yn-1 axis  
a d i s t a n c e  d , ,  d,  

R o t a t i o n  of the  r e f e r e n c e  axes an angle an about  t h e  x 

axis or  an a n g l e  Bn about  t h e  y a x i s .  
4. 

- 
Parameters f o r  t h e  A t r a n s f o r m s  are g iven  i n  Table  D.1. 

The A transforms are determined as f o l l o w s :  

*R. P. P a u l ,  Robot Manipula tors ,  N I T  P r e s s ,  1981. 

1 2 3  
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The term Rot (y ,  ~ / 2 )  r e p r e s e n t s  t h e  a n g l e  B given  i n  Table D . 1 .  An 
ang le  ~1 would cor respond t o  Ro t (x , a ) .  These terms are inc luded  orily 
f o r  c o n s i s t e n c y ,  s o  t h a t  all v a r i a b l e  r o t a t i o n s  are about, t he  z a x i s  
( h e l p f u l  when modeling system dynamics).  

For each  m a t r i x ,  t h e  f irst  three e lements  of t h e  f irst  column 
r e p r e s e n t  the  x , y , z  components of t he  new x a x i s .  S i m i l a r l y ,  t h e  

f irst  three e lements  of t h e  second and t h i r d  columns r e p r e s e n t  t he  x, 

y,  and z components of t h e  new y and z axes .  The f o u r t h  column’s 
f i r s t  three e lements  r e p r e s e n t  the x ,  y ,  and 2; d i s t a n c e s  of  t he  new 
o r i g i n  from the  base o r i g i n  i n  the  d i r e c t i o n s  of t he  base o r i g i n .  

Tab le  D.  1 .  Transformat ion  parameters  

Transform Variable a B d Motion 
_- 

1 0 ,  R / 2  0 0 Shoulder p i t c h  
2 32 -a/2 0 d2 Shoulder  r o l l  
3 (33  0 ~ / 2  -d, Elbow p i t c h  
4 0 ,  0 - n / 2  d,,-d,’ Elbow r o l l #  
5 0, TI/ 2 0 0 Wri st p i t c h  
6 06 - T/2 0 dfi Wrist roll 

__ 
*d, is i n  the  y d i r e c t i o n .  

-s, 0 0 1 0 0  0 0 1 0  

As=[!: i3  E ]  x [ O  0 0 1  -fl x [ - 1 0 0 0  

0 1  0 0 0  0 0 0 1  

0 c ,  s ,  -d,C, 
1 0 0  0 i 0 0 0  0 - s ,  c3 4 ~ 3 1  1 

A ,’ 

The r e s t  of t he  A matrices are as fo l lows :  
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c 2  0 " S ,  0 
A,= S ,  0 C, 0 

0 - 1  0 d, 
0 0  0 1  

0 'S, 0 
A,= S ,  0 C, 0 

0 O f  
E' -1 0 d ,  

Forward Kinematics  

(3)  

( 4 )  

The p o s i t i o n s  and o r i e n t a t i o n s  of each j o i n t  with r e s p e c t  t o  t h e  

f i x e d  frame or each o t h e r  are easi ly  found by m u l t i p l y i n g  the appropr i -  
a t e  A t ransforms.  

Elbow matrix = T2 5 A 2  A 2 =  

Wrist mat r ix  = T,= A,A,A,A, 



3z-r 
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T12 = w12c5 - WIlS5 
T 2 2  = '22'5 - '21'5 

T 3 2  = '32'5 -. '31'5 

= w11c5s6 - w12SSs6 + '13'6 

T,, = - W21C,S6 W,2S,S, + Td2,C6 

T,,  = - W,,C,S, - W,,S,S6 + W,,C6 

T14 = W 1 1 S 5 d 6  -. w12c5s6  + '14 

T 2 4  zz '2lS!jd6 - w22c5d6 + '24 

= W 3 1 S 5 d 6  - W 3 2 C 5 d 6  + '34 

The f i n a l  m a t r i x ,  T,, c o n t a i n s  t h e  tong  (o r  wrist) p o s i t i o n  and 

o r i e n t a t - i o n .  The wrist p o s i t i o n  i s  g iven  i f  t h e  f i n a l  t r a n s f e r  d i s -  

t a n c e ,  d, (from w r i s t  p ivo t  t o  t i p  of t o n g ) ,  is ze ro .  The o r i e n t a t i o n  
o f  the t o n g  x axis  is g iven  by the f irst  three e lements  of 

the  f irst  column of T, ( T I , ,  T 2 1 ,  T,l)* The s u p e r s c r i p t  deno tes  t he  
6 6 6 

r e f e r e n c e  m a t r i x  or frame ( i n  t h i s  c a s e ,  a,) while  t h e  s u b s c r i p t  
denotes  the  element of t h e  ma t r ix .  (The s u p e r s c r i p t  may be omi t t ed  i f  

the  r e f e r e n c e  matrix is obvious . )  The component i n  the base frame x 

d i r e c t i o n  is T l l ,  i n  t h e  y d i r e c t i o n  TZ1, and i n  t he  z d i r e c t i o n  T , l .  
6 6 6 

6 6 6 

S i m i l a r l y ,  t he  t o n g  y-axis  o r i e n t a t i o n  is given  by TI2, T Z 2 ,  and T S 2 ,  

6 6 6 

and the  t o n g  z -ax i s  o r i e n t a t i o n  is g iven  by T 1 3 ,  T,,, and T 3 3 ,  The tong  

(o r  wrist) p o s i t i o n  is given  by T I ,  ( x  p o s i t i o n ) ,  T24 ( y  p o s i t i o n ) ,  

and T,, ( z  p o s i t i o n ) ,  a g a i n  r e l a t i v e  t o  and i n  t he  d i r e c t i o n  of t h e  

base frame. 

Reverse Kinematics  
I n  t h e  reverse k inemat i c  problem, t h e  tong  o r i e n t a t i o n s  and posi-  

t i o n  are g iven  ( t h u s ,  numeric  v a l u e s  f o r  T, are known) and t h e  j o i n t  
c o o r d i n a t e s  mus t  be determined.  
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The j o i n t  c o o r d i n a t e  s o l u t i o n s  are o b t a i n e d  by e q u a t i n g  t r ans fo rm 
expres s ions .  For each t r ans fo rm e q u a t i o n ,  12 n o n t r i v i a l  equations are 
ob ta ined .  These equa t ions  can be manipula ted  by n o t i n g  t h a t  as 

A few more relevent matrices are fir-st p resen ted .  
s c r i p t  denotes  t he  r e f e r e n c e  frame i n  which t h e  m a t r i x  is expressed .  
The l e a d i n g  z e r o  s u p e r s c r i p t  is o f t en  omi t t ed  f o r  matrices expres sed  
i n  t h e  base frame. 

The l ead ing  s u p e r -  

1 ‘-C,S, d,S, 
-s,s, “d6C,  

‘6 0 
0 1 

0 d4 2; 0 1 I 
-s4c 5 s4s 5s,-c4c 6 

-c ,s ,S;-S,C 6 c 4c , 
-s 5 -c,s, 

0 0 

c3 s3 - d J 3  
0 0 0 
0 0 1 

2~~ = A 3 A 4 A , A ,  = [-! 
0 

‘T 

I ’4‘Sd6 

- C 4 C 5 d 6  
Ssd, + d4 

1 

3Ts  

( 1 1 )  



1 2  9 

For conc i seness  i n  t he  f o l l o w i n g  e q u a t i o n s ,  the  f o l l o w i n g  s u b s c r i p t  is 

r a i s e d  t o  a s u p e r s c r i p t ,  and t h e  s u b s c r i p t  denotes  t h e  s p e c i f i c  ele- 
ment of the  m a t r i x  t h a t  is 

C, ,T - S, 2T6 C, 2 T 6  - S, 2 T 6  

S, 2T6 + C 2 T 6  S,  ,T6  C 2T6 
1 1  3 1  1 2  3 2  

1 1  2 3 1  1 2  2 3 2  - 2T 6 .- 2”f 6 

2 1  2 2  I 0 0 

I T 6  = 

C, 2T6 - S2 2T6 C, 2T6 * S ,  2 T 6  

S, 2T6 + C ,  2 T 6  
1 3  3 3  

S, 2T6 1 4  + C2 ‘T!! 
1 3  3 3  1 4  

- 2T 6 -‘T6 + d, 
2 3  2 4  

0 1 

(13) 
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Note: To s o l v e  t he  i n v e r s e  k inemat i c  problem, it is necessa ry  t o  
s p e c i f y  d ,  = 0 ,  s o  that the " p o s i t i o n "  angles, 8, t o  O,, can be sepa- 
rated from the  " o r i e n t a t i o n "  angles ,  8 ,  t o  e 6 .  No in fo rma t ion  is l o s t  
i n  t h i s  way. For  s i m p l i c i t y ,  t h e  wrist p i v o t  o f fse t  ( - 1  i n . )  was 
neg lec t ed .  If t h i s  is not  done, t h e  elbow r o l l  motion affects  the  

wrist p o s i t i o n ,  and no convenient  s e p a r a t i o n  between w r i s t - p o s i t i o n i n g  
a n g l e s  and o r i e n t i n g  a n g l e s  would e x i s t .  Thus, the  known m a t r i x ,  T6, 
should  be e n t e r e d  as t h e  desired t o n g  o r i e n t a t i o n  and t h e  desired posi-  
t i o n  vec to r  of the  i n t e r s e c t i o n  p o i n t  of the  wrist p i t c h  and elbow 

r o l l  axes r e l a t i v e  t o  the  shoul-der p i v o t .  

I n v e r s e  A t r ans fo rms  
II_- 

c,  s ,  0 0 
*1-, =bl -%, 0 1 0  0] 

0 1  

0 0 0  0 0  

1 0 0  1 0  
0 0 1  0 1  0 0 0 1  

0 0 - 1 0  

A s - '  

0 1  
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s5 -cs 0 0 
0 2 0 0 1  'I 

( 1 7 )  

(18)  

1 'ZC 3c S3d2 - d 4  

-s,c,c, + c2s, '3'ltd2 + c I t d 3  

s 2 s 3 s %  + c2cl+ -C,S,d, - S,d3 
0 1 

(21 1 

A1-'T, = A,A3A,A,A, = 'T, 
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c ,  s ,  0 0 n o a  
n o a  

s1 “ C ,  0 0 

x x x p x  

pz 
0 0 1 0  X .Y .Y .Y pY 

0 0 0 1  oz oz oz 1 

A, IT,- 

n ,  0 ,  a ,  p = t h e  known T ,  vectors  

where 

f , ,  = c,  x + s, y 
f , ,  = 2 

f,, = s, x - c, y 

T h e  1 4 ,  24,  and 34 e l emen t s  y i e l d  three e q u a t i o n s  which must. be so lved  
s i m u l t a n e o u s l y  : 

T h e  fo l lowing  s o l u t i o n  was o b t a i n e d  from D r .  J. .4. E u l e r :  

l e t  



133 

(27) - pY + (28)  y i e l d s  
P X  

+ B - 4- s, p, - - 
P X  

pY 
P X  
- A + B  

s ,  = 

p; - + Px 
*x 

C l  P,: + c ,  P; = PxA - PyB 

P,A - PyB 

P; 4. P; 
c1 = 

(29 ) '  + (30)' y i e l d s  

PYA + PxB 

P; + P i  
s, = 



1.34 

( p i  + p 2 >  = A 2  ( p "  d- p 2 >  + B 2  ( p t  + p t )  
Y X Y  

p; + p i  = A' + E 2  

S u b s t i t u t i n g  E q s .  ( 2 7 )  and (28)  y i e l d s  

add E q .  ( 2 4 ) 2 :  

d 2  = p i  + p i  + p i  = C 2  (C,d4 f S,d,) '  4- (C,d,  - S 3 d ,  j- d , ) '  
2 

d2 = d 2  f d 2  + d 2  + 2C,d,d, - 2S,d ,d ,  
2 3 4 

d e f i n e :  d ,  = r sin $ 

d ,  = r cos Q, 
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d, 
Q, = tan’l - 

d4 

t hen ,  

r S  C ,  - rC S, = HHS Q cp 

RHS/r scpc3 - = 

s i n  (4-93)  = R H S / r  

Q - 03 = s in- ’  ( R H S / r )  

2 

+ p; + p: - d2 - d2 - d2 
p: 

2 d (d’ + d2) ‘ I 2  
2 3  4 

with 

tan’l (d , /d4)  = (+I 

Now rewrite Eq.  (251, 

l e t  
py = r s i n  $ , 
px = r cos 9 , 

then 
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, 0 3 tan--’ ( p  / p  ) 
Y X  

and 

rS IC  - r C,S = C,d, - S 3 d b  1- d, 
(0 0 

C3d3 - S,d, + d,  

r 
s i n  ( e ,  - 4) = -_I 

C,d, - S,d, + d,  

1- 
s i n  ( 0 ,  - 4) = 

C3d3 - S,d, + d,  
e l  = s in- ’  + tan - l  ( p  / p  ) 

1/ 2 Y X  P; + P; 

1 P, 
d 0 2  = t an-  - 

C l  P, + S l  Py 

(33) 

( 3 4 )  

Here t h e  i n v e r s e  t a n g e n t  is comple te ly  d e f i n e d  as the  s i g n s  of both 

t h e  numerator and denominator are known 
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look a t  elements 1,2 and 2,2 

-c,s,ox - s,s,o + c,o Y 2, s,c 5 
- =  
c4c5 (-C,C,S ,  - S l C , ) O X  + ( - S , C , S ,  + C , C , ) O  - S,S,Oz Y 

(36) 

A g a i n ,  the  signs of the numerator and denominator determine the quad- 

r a n t ,  and 

Degeneracy occurs for 8, = n/2 

If e 5  = r / 2 ,  assign t h e  current value t o  O r .  
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where 

f , l  ( c ~ C Z C ,  .. S,S,)x + ( S , c , C ,  + C 1 S 3 ) y  * ( S , C , ) z  

f,, = ( -C,C,S,C,  - s,c,c,  - C1S,S , )X + ( - S , C , S , C ,  -+ 

+ C1C,C,  - S,S,S,)y + ( - s , c , c ,  + C,S,)Z 

f,, = ( C I C , S , S ,  + slc,s, - C1S,C,)X * (S,C,S,S, - 
- clc,s, - s l s , c , ) y  + (s,s,s, + C,C,)Z 

Examine the 1,2 and 2,2 elements 

- 1  - 1  - 1  - 1  - 1  

The first three elements of the first two rows or" A A A A A 
5 b 3 2 1  

are needed t o  find 8,: 

(2nd col) 

( S , C , C ,  + C I S , )  c ~ - ( s l c , s , C , - c l c , c ,  + SIS,S,) s ,  
s 1 c 2 3 4  .- s 1 s 2 c 4  

? 
0 
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(3rd  c o l )  
s,c,c, + (C,S, - S 2 C , C , )  s ,  
s2s3s4 + c 2 c 4  

? 
0 

( 4 t h  co l )  

Examining the  1,3 and 2 , 3  elements  of E q .  ( 4 0 )  r e su l t s  i n  

Again, s i n c e  the s i g n s  of the  s i n e s  and cos ines  of e s  and O 6  

are known, t h e  ang le s  are completely determined,  
Note t h a t  some c a l c u l a t i o n s  may have t o  be repeated because the 

s i g n  of C ,  m u s t  be assumed t o  determine 6,. After t h e  equat ion  for e 5  
is so lved ,  the assumption must be checked. If it is i n c o n s i s t e n t ,  8, 

and e 5  m u s t  be redetermined.  
The p o s s i b i l i t y  of degeneracy occurs  i n  t h e s e  c a l c u l a t i o n s .  

Phys ica l ly ,  t h i s  means t h a t  two or  more DOFs have l i n e d  up so  as t o  
produce the  same motion ( f o r  example, when t h e  wrist p i t c h  is such 
t h a t  t h e  tong  and forearm axes are a l i g n e d ,  t h e  e f f e c t  of the  elbow 
and wrist roll motions a r e  i n d i s t i n g u i s h a b l e .  Reca l l  that the w r i s t  
o f f s e t  has been neg lec t ed . )  When t h i s  occurs, t h e  f i r s t  degenera te  
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DOF is a r b i t r a r i l y  a s s i g n e d  its c u r r e n t  va lue .  The remain ing  degener- 
a t e  DOF can t h e n  be determined.  

S o l u t i o n  of  the  r e v e r s e  k inemat ic  problem is of pr imary impor- 
t a n c e  i n  o p e r a t i n g  the  manipula tor  as a robo t .  I n  many pick-and-place 
t a s k s ,  the  desired t o n g  o r i e n t a t i o n  and p o s i t i o n  are known. The cor- 

responding  j o i n t  c o o r d i n a t e s  are needed t o  de te rmine  the c o n t r o l  tra--- 
j e c t o r y .  Teach/pLayback r o b o t i c  o p e r a t i o n  is p o s s i b l e  wi thou t  u s i n g  
t h e  i n v e r s e  k inemat ics  but would be cumbersome because e v e r y  t a s k  

would have t o  be t a u g h t .  Given a f l a n g e  o f  known s i z e  and o r i e n t a t i o n  
b i i th ,  say,  30 b o l t s ,  t he  o p e r a t o r  can teach t h e  r o b o t  how to remove 
one b o l t .  The i n v e r s e  k inemat ics  can t h e n  be used t o  t r a n s f e r  t h i s  

task  t o  t h e  remain ing  29  b o l t s ,  w i t h  a l l  of these b o l t s  removed r o b o t i -  
c a l l y .  The i n v e r s e  k inemat ics  w i l l  a l s o  i n d i c a t e  when t h e  des i red  

b o l t  cannot be reached from the  c u r r e n t  manipula tor  p o s i t i o n .  
The e q u a t i o n s  developed here w i l l  a l s o  have a p p l i c a t i o n s  i n  

s o l v i n g  the  r e v e r s e  Jacob ian  problem. 

The ManiDUlatOr T, Jacob ian  

The manipulator'  T, Jacob ian ,  t r a n s f e r r i n g  d i f f e r e n t i a l  changes i n  
j o i n t  c o o r d i n a t e s  t o  d i f f e r e n t i a l  t r a n s l a t i o n s  and r o t a t i o n s  i n  t h e  T, 

frame, w i l l  now be de r ived .  

I n t r o d u c t i o n .  A l l  DOFs of Model SM-229 are  r e v o l u t e ,  s o  d i f f e r e n -  
tial. changes i n  j o i n t  c o o r d i n a t e s  re fe r  t o  a s ix-e lement  column vec to r  
of d i f f e r e n t i a l  j o i n t  r o t a t i o n s .  Recall t h a t  the  A t r ans fo rms  were 
se t  up so t h a t  a l l  v a r i a b l e  r o t a t i o n s  were about; the  z a x i s .  A 

r o t a t i o n  about  the  z a x i s  o f  an a n g l e  e is expres sed  as: 

$cos e - s i n  e o 01 
s i n  e cos o ; E] 

Rot (z ,0>  =I o" 0 
0 0 1  

A s  e -+ 0, s i n  8 + 0 and cos0 -f 1 .  
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Thus, a d i f f e r e n t i a l  r o t a t i o n  about  the  z a x i s  is given by 

and the d i f f e r e n t i a l  change m a t r i x  g iven  by 

r o -dB 0 0  

Thus, g iven  a m a t r i x  T,  

dT = AT if the  d i f f e r e n t i a l  r o t a t i o n  is given i n  the base frame, 
and 

dT = T A i f  t h e  d i f f e r e n t i a l  change is given i n  t he  T frame. 

S i m i l a r l y ,  the d i f f e r e n t i a l  change m a t r i x  due t o  a d i f f e r e n t i a l  rota- 
t i o n  about  t h e  x and y a x e s  are given by 

r e s p e c t  i v e l  y . 
It is i n t e r e s t i n g  t o  note  t h a t  i n  m u l t i p l y i n g  any  combinat ion of  

d i f f e r e n t i a l  r o t a t i o n  (not change!) matrices, higher order d i f f e r e n -  
t i a l s  can be n e g l e c t e d ,  s o  t h a t  t h e  r e s u l t  is independent  of t he  

o r d e r  I 
- L- - 

Given a coordinate frame, T,  
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r e l a t i v e  t o ,  s a y ,  t he  base frame,  the  d i f f e r e n t i a l  t r a n s l a t i o n s  and 
r o t a t i o n s  of t h e  T frame due  t o  a d i f f e r e n t i a l  r o t a t i o n  about  t h e  z 

a x i s  of the  base frame are given by: 

where k is the  u n i t  vec to r  i n  t h e  (base) z d i r e c t i o n ,  and 

T 6 = n  i + o z j + a  Z k .  (43) z 

These two ( d i f f e r e n t i a l  t r a n s l a t i o n  and r o t a t i o n )  v e c t o r s  c o n t a i n  
a l l  of t h e  d i f f e r e n t i a l  changes i n  the  T frame due t o  a d i f f e r e n t i a l  
r o t a t i o n  about  t h e  base frame z axis .  I n  m a t r i x  Tom, it  would be 

w r i t t e n  as 

- T  aT - -  
a% 

0 -a 0 n (k x P )  

a 0 -n o ( k  x p >  

.O n O  a (k x p >  

0 0 0  0 

z Z 

z 1. 

z z 

I t  is convenient  t o  e x t r a c t  t h e  s i x  independent e lements  of t h e  d i f f e r -  

e n t i a l  change m a t r i x  and form a column vec to r .  Thus, 
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where the  quo tes  are used because t he  t r u e  par t ia l  is t h e  4 x 4 

m a t r i x .  
D e r i v a t i o n  of the  Manipulator  Jacobian .  Def ine :  

T6d. = The d i f f e r e n t i a l  p o s i t i o n  change v e c t o r  i n  the T, frame due t o  
a d i f f e r e n t i a l  r o t a t i o n  of j o i n t  i ,  and 

1 

T66i = The d i f f e r e n t i a l  o r i e n t a t i o n  change v e c t o r  i n  t h e  T 6  frame due 
t o  a d i f f e r e n t i a l  r o t a t i o n  of j o i n t  i. 

S ince  a l l  v a r i a b l e  r o t a t i o n s  are about  t h e  z a x i s ,  e q u a t i o n s  
(42) and (43) y i e l d  

T6di = (-n,py + nyp,) i + ( -0  p + o p j + (-a p + aypx)  k (45)  
X Y  Y X  X Y  

T66. = n i + o j + a k 
1 z z z 

where n ,  0 ,  a and p are the  v e c t o r s  of i-1T6. 
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Again, no information is lost by s p e c i r y i n g  d ,  = 0 ,  and the above equa- 

t i o n s  s i m p l i f y  t o  

and 

where 

A = S,d, - d, 

€3 C,d, - S,d ,  + d,  



T66,y = OT3: 

where 

(D) = C,S, + S,S,C, 

T6d, = S,Cs[C,(d, -I d , )  + S 3 d , l  Y 
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T6S3Z = c,c, - s,s,s, 

T6d4x = -S,d4 

T6d,yy = 0 

'6dbZ = -C,d ,  

T664x = C,C, 

T66,z = -c,s, 

(63) 

(64 )  

As 
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T6d5x = T6d, = T6d = 0 Y 5 2  

And 

T66,x = s ,  

T66,y = 0 

T66,Z = e ,  

A s  

and,  

T666x = o 

T66,Z = 0 

(71 1 
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Thus t he  t o t a l  T, Jacob ian  is given by E q s .  (47 )  th rough (781, 

J -  

SA = S,d,-d4 

0 = C,d, - S,d ,  + d 2  
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{S4C5CC3(d4-d4) + S 3 d 3 1 }  
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( 4 t h  column) ( 5 t h  column) ( 6 t h  column) 

-s 6d: 0 

-C 6dG 0 

c 5 c 6  S 6  

-s 5 0 

- c 5 s 6  C 6  

0 

-1 

0 0 

T h i s  J acob ian  m a t r i x  t r a n s f o r m s  d i f f e r e n t i a l  changes i n  j o i n t  
c o o r d i n a t e s  t o  d i f f e r e n t i a l  r o t a t i o n s  and t r a n s l a t i o n s  i n  t h e  T, frame. 
I t  is a l s o  of i n t e r e s t  t o  t r ans fo rm t o  t h e  base frame. The procedure 
is a g a i n  s t ra ight for -ward .  

Ear l ier ,  the d i f f e r e n t i a l  change, dT,,  w a s  de f ined  as 

so that 

- 1  i-1 
T6A = (Ai Ai+ ... A 6 )  A i  ( A i  Ai+  .a. A 6 )  

1 1 

i- 1 
Thus, t h e  v e c t o r s  of T 6  were used t o  t r a n s f e r  between c o o r d i n a t e  

frames. To f i n d  t h e  base frame Jacob ian ,  d e f i n e  dT, as 
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Thus , 

- 1  0 so  that u s i n g  the  v e c t o r s  of ( T i - 1 )  

i- 1 

i n  p l a c e  of t he  v e c t o r s  of 

T6 w i l l  y i e l d  r e l a t i o n s h i p s  i n  t h e  base frame. 

App l i ca t ions  o f  t h e  Jacobian .  The Jacob ian  t r a n s f o r m a t i o n s  have 
a wide r a n g e  of  a p p l i c a t i o n s  i n  r o b o t i c s  and i n  advanced servo-  
manipula tor  c o n t r o l  schemes. 

In a v i s i o n  feedback s y s t e m ,  p r e c i s e  p o s i t i o n i n g  can be o b t a i n e d  

by c a l c u l a t i n g  d i f f e r e n t i a l  changes between the a c t u a l  and desired 

p o s i t i o n  and o r i e n t a t i o n  of  the end e f f e c t o r  as s e e n  by a camera, and 
t h e n  t r a n s f o r m i n g  these changes t o  t h e  T, fnaame. 

Some advanced servomanipula tor  c o n t r o l  concepts  i nvo lve  
r e s t r i c t i n g  the  motions of the s l a v e  t o  a s p e c i f i e d  p lane .  To c o n t r o l  
t h i s  s o r t  of motion, t h e  discrete changes i n  j o i n t  c o o r d i n a t e s  of t h e  

master must be t ransformed to changes i n  base frame coord ina te s .  The 

components t h a t  would d r i v e  t h e  s l a v e  o u t s i d e  t h e  p l ane  are t h e n  f i l -  

tered out; of t he  d r i v e  s i g n a l .  In a d d i t i o n ,  these same comporierits are 
f e d  i n t o  t h e  master d r i v e  s o  t h a t  t h e  o p e r a t o r  can  feel  t ha t  he is 

a t t e m p t i n g  t o  move o u t s i d e  t h e  plarie. 

I n v e r t i n g "  t h e  Jacob ian  
Most a p p l i c a t i o n s  of t h e  Jacob ian  matrices g i v e  r i s e  t o  a desire 

t o  have a s o l u t i o n  t o  t h e  i n v e r s e  problem. That. is, g iven  t h e  desired 
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changes i n  T, or base c o o r d i n a t e s ,  what are the r e q u i r e d  changes i n  
t h e  j o i n t  c o o r d i n a t e s ?  

For s i m p l e r  m a n i p u l a t o r s ,  a direct symbol ic  i n v e r s i o n  may be 

p o s s i b l e .  Model SM-229, however, is complex enough t o  baff le  t h i s  

a u t h o r .  The approach fo l lowed here* is t o  d i f f e r e n t i a t e  t he  s o l u -  
t i o n s  t o  the r e v e r s e  k inemat i c  problem. This g i v e s  e x p r e s s i o n s  f o r  
each d i f f e r e n t i a l  change i n  j o i n t  c o o r d i n a t e s  as a f u n c t i o n  of differ-  

e n t i a l  changes i n  t he  e lements  of dT, and a lso of d i f f e r e n t i a l  j o i n t  
c o o r d i n a t e s  a l r e a d y  o b t a i n e d .  If a c a l c u l a t e d  change is no t  p o s s i b l e  
due t o  t h e  l i m i t  c o n s t r a i n t s ,  t h e  change may be s e t  t o  zero,  r e s u l t i n g  
i n  a c o r r e c t  s o l u t i o n  f o r  the  f o l l o w i n g  j o i n t s .  If t h e  manipula tor  
becomes degene ra t e ,  one s o l u t i o n  w i l l  t e n d  t o  blow up. If t h i s  

o c c u r s ,  the  first degene ra t e  d i f f e r e n t i a l  change is set t o  zero. 
Recall Eq. (31 1 : 

D i f f e r e n t i a t i n g ,  

and ,  

d i f f e r e n t i a t i n g  Eq. (25) r e s u l t s  i n  

*R. P. Paul, Robot Man ipu la to r s ,  MIT Press, 1981, 
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(Clpx)dO, + Sldpx + (S lpy )dOl  - C d = 
pY 

= (-S,d,)dO, - C3d,dB, 

From E q .  (241,  

dpZ = C,dOz(C,d, -t- S 3 d 3 )  + S2(-S,d4 + C3d3)dB3  

Note t h a t  t h i s  would y i e l d  i n a c c u r a c i e s  when 8, + -t  IT/^, but  j o i n t  
l i m i t  r e s t r a i n t s  prevent  t h i s  c o n f i g u r a t i o n .  I n a c c u r a c i e s  also occur  
when t a n  0, f - d 4 / d , ,  or 0 ,  +, -84.60. P h y s i c a l l y ,  t h i s  cor responds  t o  

t h e  wrist p i v o t  p o i n t  l i n i n g  up u i t h  t h e  upper arm ( shou lde r  r o l l ,  e,)  
a x i s ,  so t h a t  the shou lde r  r o l l  has no effect  on the wrist p o s i t i o n .  
I f  t h i s  Q C C U ~ S ,  de, can be se t  t o  zero. 

NS, = s4c,  = -c,s,o - S,S,a + c20  z 
X Y 
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C , d ( N S , )  - S,d(NC4) 

N , N = C ,  # 0 d8q = 

d(NS,) = ( S 1 S 2 ~ x  - C 1 S 2 0  I d e l  - ( C I C , o x  + SlC20 + S , o Z ) d B ,  Y Y 
+ C 2 d o Z  - C , S , d o x  - S,S,do 

Y 

z l e t  NC, - (D)ox + ( E )  o 

where 

+ ( F ) o  
Y 

D = -CIC,S, - S I C 3  

dD = ( S 1 C 2 S ,  - C , C , ) d O l  + ( C , S , S 3 ) d 0 ,  + (S,S, - C 1 C 2 C , ) d 0 ,  

E = -SlC,S3 + C,C,  

dE = ( - C 1 C , S ,  S 1 C 3 ) d 0 ,  + (S,S2S,)dB2 + (-S1C,C3 - C1S3)d0 ,  

F = -S2S, 

dF = - C 2 S , d e 2  - S , C 3 d 0 ,  

t h u s ,  
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z d(NC,) = (dD)ox f (D)dox + ( d E ) O  + (E)dO f ( d F ) o  + ( F ) d o  Y Y z 

and 

Note t h a t  do,  blows up when 0 ,  + ? 1 ~ / ~ .  This r e p r e s e n t s  t h e  degen- 
e racy  of t h e  manipula tor  i n  t h i s  c o n f i g u r a t i o n .  0 = -TI’, is impos- 

s i b l e ,  s o  i f  

e 5  = T / ’ ~ ,  set  de,  = 0 

from E q .  (391,  
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I = c,s, - s,c,c, 

dI  = (-S,S, - C , C 3 C , ) d 0 ,  + ( S , S , C , ) d O ,  + (C,C,  + S , C , C , ) d B ,  

+ L ( d o  ) + (dM)oZ + Mdoz d ( C , )  = (dK)ox + Kdox + ( d L ) o y  
Y 

where 
K = S,S, ... C,C,C, 

L = -slc,c, - C1S, 

dL = ( - C I C , C ,  + S,S,)dB, + ( S , S , C , ) d B ,  + ( S I C , S ,  - C 1 C 3 ) d 0 ,  

M = -S,C,  

dM = -C,C,d8 ,  + S,S,dB3 

from E q .  ( 4 1 1 ,  

+ { ( L ) C ,  + [ ( - E ) C ,  + PlSIa + Y 
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+ ( M ) C ,  + C(-M)C,  + QIS3aZ 

where 

N = C , S , S ,  

dN = -SIS,S,dO1 + C,C,s ,dO,  -t C 1 S 2 C 4 d 0 ,  

F = SIS,S, 

d P  = C , S 2 S , d 0 ,  + S,C,S ,dB,  + S 1 S 2 C 4 d 0 ,  

Q = -C,S, 

dQ = S 2 S , d 0 ,  - C,C,dO, 

L e t  

R = ( K ) C ,  + [ ( - D ) C ,  + NIS, 

s = ( L ) C ,  + [ ( - E ) C ,  f PIS, 

and 
T = ( M ) C ,  + C(-M)C,  + QIs, 

dS = ( d L ) C ,  - ( L ) S , d O ,  + [ ( - d E ) C ,  + ( E ) S , d B r  + dPIS,  + 

C ( - E ) C ,  + P I C , d B S }  

and 



159 

L e t  
X = [(-D)S, + U I  
Y = (-E)S, + V 

Z = (-F)S, f W 

t hen  

C,= Xa + Ya + Z a  
X Y z 

and 

and 



Sta t i c  J o i n t  Toraue D i s t r i b u t i o n  

The g e n e r a l  r e l a t i o n s h i p  between j o i n t  t o r q u e s  and t o n g  s t a t i c  
l oads  w i l l  now be der ived .  These r e s u l t s  w i l l  be used w i t h  the expe r i -  
mental  r e s u l t s  t o  e v a l u a t e  t h e  manipula tor  l o a d - s h a r i n g  capabi.1 i t i e s  

and gear  r e d u c t i o n s .  

Load n iven  i n  t h e  E-frame 

E = end e f f e c t o r  ( t o n g )  m a t r i x  = Trans ( 0 ,  -dG,O) 

Here the  d i f f e r e n t i a l  c o o r d i n a t e  t r ans fo rm t h a t  re la tes  f o r c e s  and 
t o r q u e s  i n  the given frame t o  forces and t o r q u e s  i n  t he  T, frame is 
s imply  

Ef ‘M E M ‘M 1 
F = [ E r  Ef Y I, X Y z 

E 
X 

E T6f = n . f = f 
X X 

E T6f = a f = f 
z z 

E: E 6m = n . ( ( E  f x p )  + M) = in - d ,  Ef T 
X X Z 

(92) 
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6mZ = a . ( ( E f  x p )  + + E M )  = Em Z + d,Efx T (94)  

where n ,  0 ,  a ,  and p are t h e  v e c t o r s  of the d i f f e r e n t  c o o r d i n a t e  t r a n s -  
form * 

T6F =!fx Ef EfZ - d ,  E fZ) Emy (d ,  Efx + E m z l l  ( 9 5 )  Y X 

The j o i n t  t o r q u e s  r e q u i r e d  t o  suppor t  t h i s  load ( s t a t i c )  are given by 

T = JT T6F (96)  

where JT = t he  T, J acob ian  t r ansposed .  

Load and moments g iven  i n  base frame. More commonly, loads are given 
i n  t h e  manipula tor  base frame. 

Let  X = T,E 

Define a c o o r d i n a t e  frame G ,  



1 6 2  

1 

(97 )  

That is ,  G is l o c a t e d  a t  t he  end e f f e c t o r ,  w i t h  t h e  o r i e n t a t i o n  of t h e  
base c o o r d i n a t e s .  The gene ra l  base coord ina te  load  vec to r  is then  

Def ine  a t r ans fo rm Y by 

GY = X ,  o r  
Y = G-'X ( 9 9 )  

Note t h a t  Y has no t r a n s l a t i o n  because G and X a r e  de f ined  t o  d e s c r i b e  
t h e  same t r a n s l a t i o n ,  and t h e  o r i e n t a t i o n  of Y i s  e x a c t l y  t h e  o r i e n t a -  
t i o n  of t he  T, frame. 

Y =  

X n 
X 

X n 
Y 

X n 
Z 

0 

X n 

n 

n 
0 

X 
X 

Y 
X 

Z 

X 
0 
X 

X 
0 

Y 
X 

0 z 
0 

X 
0 
X 

X 
0 
Y 

X 
0 z 
0 

X a x 
X 

2: 
Y 

X a 

0 
Z 

X a 

a 

a 
0 

X 
X 

Y 
X 

Z 

(100) 

( 1 0 1  1 

'The base c o o r d i n a t e  l o a d  vector  can now be transformed t o  T6F by u s i n g  
YE-l as t h e  d i f f e r e n t i a l  coo rd ina te  t r ans fo rm,  



163 

X (- oz fx fX ox f 11j (102) X X 
f x p = [d6 (- o Y fZ + oz fy)l i + Cd z 

X + d , ( -  ox f + '0 f" k 
Y Y X  

so 3 

X X X 
6mx = n (M,) + n (M,) + nz(M,) T 

X Y 
( 1  03) 

where 
X X M, = d e ( -  o f + oz fy) + mx 

Y Z  

X X M 3  = d 6 ( -  ox f f o f ) + mZ 
Y Y X  

Similarly, 

X X 
T6m = 'ox (M,) + o (PI,) + o (M3) Y Y Z 

X X 
T6fx = 'nX fx + n Y Y  f + n z f Z  

X X T6f = o f + o f + ' o Z  fz 
Y x x  Y Y  
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T6fZ = 'ax fx -I- X a f + X aZ f Z  

Y Y  

and 

The j o i n t  t o rque  d i s t r i b u t i o n  is given by E q .  (961 ,  

T = JT T6F 

where JT = T, Jacobian  t r ansposed .  

I n  t h e  case of g r a v i t y  l o a d i n g ,  

f x  = weight 

[Object  assumed t o  be he ld  a t  c e n t e r  o f  g r a v i t y  ( c . g . ) l  

X n = OTF, 
X 

xo ~ 0 ~ 6  
12 X 
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X o = OT;, 
Y 

X o = O T ; ,  z 

X a = OT;, 
X 

X a = OTZ, 
Y 

X a = OT;, 
z 

Grav i ty  Load on Tong. Assume t h a t  t h e  object is p icked  up a t  i t s  
e.@;., t h e n  

F = [ 1  0 0 0 0 O I T  ( 1  10) 

f o r  a normal ized  load ,  and 

X T6f X = n X = OT;, 

T6m = ( - - O T 6 , ,  OTb,, + OT;, OT6,,6) d,  
X 

T6rn = 0 
Y 
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Note: If  an o b j e c t  is not  he ld  a t  i ts  c . g . ,  b u t  is h e l d  such t h a t  its 

c .g .  l i e s  a long  t h e  wrist r o l l  a x i s ,  s i m p l y  add t o  d ,  i n  t h e  above 
e q u a t i o n s  t h e  d i s t a n c e  from the  tong  t o  t h e  c .g .  

Forward ( h o r i z o n t a l )  Load on Tong. In  t h i s  case, 

f = l .  
Y 

T 
X Y 

T6f = 611 = T 2 t  

T 
Y Y 

T6f = 60 = T2: 

'r6m = d6 ( '1 '326 T l 1 6  - ' r 3 l 6  X 

T6m = 0 
Y 
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Transverse (horizontal) Load on Tong. Here, 

T6f = T , 2 6  
Y 

T6rn = 0 
Y 

T6m2; = d ,  ( T 2 3 6  TI,,- T226) 
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