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FOREWORD 

T h i s  document p r e s e n t s  t h e  r e s u l t s  of work performed 
by t h e  Martin Marietta Corporat ion while  under c o n t r a c t  
t o  NASAL, B. Johnson Space Center. This f i n a l  r e p o r t  
w a s  prepared as p a r t i a l  f u l f i l l m e n t  of Contract  NAS9-13027, 
Attached Manipulator System Design and Concept V e r i f i c a t i o n  
f o r  Zero-G Simulation. The NASA Technical Monitor f o r  t h e  
c o n t r a c t  w a s  M r ,  Richard B. Davidson, of t h e  Spacecraf t  
Design Divis ion,  Engineering Technology Branch. 
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I. INTRODUCTION AND SUMMARY 

The goal o f  t h e  Attached Manipulator System (AMS) program 
i s  the  development of S h u t t l e  r e l a t e d  long-boom te l eope ra to r  
technology. The purpose o f  the  AMS i s  t o  s imulate  and demon- 
s t r a t e  zero-g S h u t t l e  manipulator cargo handling operat ions.  
It i s  not t h e  design o r  development of t h e  S h u t t l e  Attached 
Manipulator System (SAMS); however, every e f f o r t  i s  being 
made, t o  in su re  t h a t  t he  AMS w i l l  be f u n c t i o n a l l y  s i m i l a r  t o  
t h e  SAMS. 

The o b j e c t i v e  of t h i s  c o n t r a c t  i s  t h e  i n v e s t i g a t i o n  o f  
t h e  primary AMs technology ques t ions ,  v e r i f i c a t i o n  of AMS 
design concepts,  and the  prel iminary design of c r i t i c a l  com- 
ponents. The technology quest ions examined i n  t h i s  e f f o r t  a r e  
those  shown i n  Figure 1-1. A l l  technology ques t ions  have been 
answered s a t i s f a c t o r i l y  and design concepts have been success- 
f u l l y  v e r i f i e d .  Preliminary designs of a l l  c r i t i c a l  compon- 
e n t s  have been completed, which meet a l l  func t iona l  and con- 
f i g u r a t i o n a l  requirements.  

Martin Mar ie t ta  i s  confident  t h a t  t he  AMS i s  t e c h n i c a l l y  
f e a s i b l e  and t h a t  a d e t a i l  design and f a b r i c a t i o n  program can 
now be s u c c e s s f u l l y  undertaken. 

Chapter 11, Design Requirements, enumerates the  config- 
u r a t i o n a l  and func t iona l  requirements o f  t he  AMS and i t s  sub- 
systems. The o v e r a l l  AMS manipulator design i s  discussed and 
a t y p i c a l  s imulat ion layout  i s  shown. An a n a l y s i s  was made of  
the  S h u t t l e  manipulator movement requirements using an e i g h t h  
scale S h u t t l e  and 50 f t  ( sca led)  manipulator model. Seven 
s a t e l l i t e  cap tu re  t r a j e c t o r i e s  were evaluated,  along with var -  
i ous  cargo placement and s a t e l l i t e  s e r v i c i n g  tasks .  A sca led  
4 0 - f t  long x 1 5 - f t  diameter payload mockup was used f o r  cargo 
handling t a sks .  Both 6 and 7 degree of freedom (DOF) manipu- 
l a t o r  conf igu ra t ions  were evaluated. Each j o i n t  angle was 
cont inuously monitored and recorded throughout each operat ion-  
a l  t r a j e c t o r y .  Manipulator t i p  pos i t i on  and terminal  device 
a t t i t u d e ,  i n  r e l a t i o n  t o  the  manipulator shoulder ,  were com- 
puted f o r  each t r a j e c t o r y .  The r e s u l t s  of the  a n a l y s i s  were 
used t o  s e l e c t  t a s k s  f o r  f u r t h e r  eva lua t ion  us ing  our 6 DOF 
simulator  (SOS). Pos i t i on  c o n t r o l l e r  movements were r e l a t e d  
t o  t h e  manipulator t r a j e c t o r i e s .  
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Chapter 111, Control  -System'Breadboard, desc r ibes  a new 
manipulator c o n t r o l  technique.. The c o n t r o l  scheme p e r m i t s  a 
b i l a t e r a l  system with g r e a t  master-s lave s i z e  d i s p a r i t y  t o  
incorpora te  coordinate  t ransformations,  v a r i a b l e  g a i n  r a t i o s ,  
and p o s i t i o n  indexing between input  c o n t r o l l e r  and output  
manipulator. The t r a n s l a t i o n a l  c o n t r o l  l a w  equat ions are 
derived,  and t h e  servo system design procedures using both 
frequency and t i m e  d h a i n  techniques are presented. A two 
DOF master-s lave breadboard.was 'designed,  b u i l t  , and t e s t ed .  
The breadboard v e r i f i e d  the  c o n t r o l  technique t o  be f e a s i b l e ,  
and t h e  hardware test  results were'used t o  document (1) b i -  
lateral  operatfon,  (2) coordinaee t ransformations,  (3) v a r i -  
ab le  ga in  r a t i o s ,  (4) pos i t i on  indexing, and (5) s t a b i l i t y .  
The coordinate  t ransformations , v a r i a b l e  g a i n  r a t i o s ,  and 
pos i t i on  indexing operated s a t i s f a c t o r i l y ,  and t h e  f o r c e  
r e f l e c t i n g  r a t i o  w a s  shown t o  be t r u l y  independent of t h e s e  
f ea tu res .  The master and slave t i p  t o  t i p  t r ack ing  p rope r t i e s  
were e x c e l l e n t ,  and it w a s  demonstrated how man-in-the-loop 
serves  as an adapt ive f i l t e r  f o r  s t a b i l i z i n g  a b i l a t e r a l  
system handl ing a l a rge  payload. 
bandwidth va r i ed  from 3.0 Hz t u  1 . 6 . H ~  as t h e  . va r i ab le  ga in  
r a t i o  w a s  r a i s e d  from MM = 3/2 toiMM = 1/8, The loaded mani- 
pu la tor  (306 l b s  air bear ing  2oad .at t h e  manipulator t i p )  
bandwidths f o r  t hese  same variabLe ga in  r a t i o s  va r i ed  from 
0.2 t o  0.1 Hz. The sampled anahg  system revea led  the  t o l e r -  
ab le  sample  rate t o  range from-10 msec f o r  MM = 1/2  t o  32 
m s e c  f o r  MM = l/8. A s i m p l e  x m i l a t e r a l - b i l a t , e r a l  comparison 
of a maze t a s k  ind ica t ed  t h e  bila. tera-1 mode t o  be two t o  seven 
t i m e s  more e f f i c i e n t  f o r  t he  -parti!clilar tests conducted. 

The 'unloaded manipulator 

I n  Chapter I V  w e  d i scuss  t h e  manipulator j o i n t s ,  counter-  
balance,  and o v e r a l l  manipulator design. Two gear  t r a i n  con- 
c e p t s  were designed and breadboarded g u l l  scale. 
tests were conducted wi th  these ,  and with a purchased harmonic 
dr ive.  Resul t s  showed)an i n t e r n a l  (ring) gear wi th  double 
d r ives  t o  be super ior  i n  t o r s f o n a l  s t i f f n e s s ,  e f f i c i e n c y ,  and 

Comprehensive 

compactness of s i z e ,  I ,  L i ' ,  _' 

. .  
A gear t r a i n  ra t io /motor  s i z e  s e l e c t i o n  scheme is develop- 

ed which i s  used t o  p re l imina r i ly  des ign  t h e  manipulator 
shoulder p i t c h  j o i n t  and elbow join&. Is add i t ion ,  t h e  p r e -  
l iminary design of t h e  shoulder r o l l  d r i v e  i s  discussed. 

A counterbalance opt imiza t ion  technique i s  developed and 
i s  used t b  arrive a t  a counterpalance design incorpora t ing  a 
2900 l b  counterweight as one r e su le ing  i n  the least inc rease  
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i n  moment of i n e r t i a  while  s a t i s f y i n g  c e r t a i n  des ign  c o n s t r z i n t s ,  
A near f u l l - s c a l e  breadboard of t h e  counterbalance l inkage i s  
descr ibed and tes t  r e s u l t s  presented. This  l inkage concept w a s  
s e l e c t e d  from many alternatives and t h e  s e l e c t i o n  r a t i o n a l  i s  
t abula t  ed. 

Las t ly ,  t h i s  chapter  p re sen t s  t h e  des ign  layout of t h e  
AMs manipulator and shows a 15% scale model which proves the  
a r t i c u l a t e d  counterbalance p r inc ip l e ,  

Chapter V,  Control  Devices, descr ibes  our eva lua t ion  of 
pos i t i on  con t ro l  devices.  
systematic  approach, c o n s i s t i n g  of fou r  phases: requirements 
development , design eva lua t ions ,  dynamic s imulat ions and a 
recommended f i n a l  design. 
t h e  development of a 6 DOF pos i t i on  c o n t r o l l e r  t h a t  could be 
indexed and have v a r i a b l e  movement r a t i o s  between t h e  con t ro l -  
ler and t h e  manipulator. Both u n i l a t e r a l  and b i l a t e r a l  pos- 
i t i o n  c o n t r o l l e r s  were evaluated,  as w e l l  as two 3 DOF Apollo- 
type rate con t ro l l e r s .  MMC's 6 DOF Space Operations Simulator 
was used f o r  dynamic t racking  and capture ,  and cargo handl ing 
t a s k  evalLiat ions. The recommended c o n t r o l l e r  conf igura t ion  
i s  a 6 DOF, f l o o r  mounted u n i t ,  which h a s  a p i t ch  and yaw 
shoulder and a ver t ica l  te lescoping  sec t ion .  
a t t i t u d e  balanced, gimbal arrangement at  t h e  w r i s t .  The con- 
t r o l l e r  eva lua t ion  c r i t e r i a  was based pr imar i ly  on human fac-  
t o r s  and mechanical des ign  considerat ions.  
not  compare computational requirements of t h e  candidate  con- 
t r o l l e r  configurat ions.  
c o n t r o l l e r  was fabr ica ted .  

Th i s  eva lua t ion  followed an order ly ,  

Primary emphasis was placed on 

It h a s  a 3 DOF 

The eva lua t ion  d id  

A full-scale model of t h e  te lescoping  

Chapter V I  contains  a d e t a i l e d  account of t h e  dynamical 
analyses  of t h e  AMs. Three p a r a l l e l  e f f o r t s  are described. 
F i r s t ,  t h e  mathematical model and corresponding computer pro- 
gram descr ib ing  t h e  r i g i d  body behavior of t h e  SAMs and the  
AMS i s  presented. This program was used t o  compare t h e  per-  
formance of t h e  AMs with  t h a t  of t h e  S A N S  f o r  i d e n t i c a l  pay- 
load handling tasks .  
j o i n t  to rque  requirements of 1200, 650, and 300 f t - l b s  f o r  
t h e  shoulder ,  elbow, and w r i s t  j o i n t s ,  r e spec t ive ly .  The 
d i f f e rences  i n  performance between t h e  SAMs and t h e  AMs are 
a l s o  discussed. 

The resul ts  are used t o  a r r i v e  a t  AMs 

Next, two types  of AMs v i b r a t i o n  ana lyses  a r e  presented. 
Using prel iminary design da ta ,  t he  f requencies  and mode shapes 
of t h e  counterbalanced and non-counterbalanced ve r s ions  of t he  
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AMs are compared. 
on t h e  order  of 1 Hz f o r  t h e  unloaded AMs and .02-. 03 Hz f o r  
t h e  loaded manipulator (60,000 l b  payload). 

The r e s u l t s  p red ic t  fundamental f requencies  

F i n a l l y ,  us ing  an  e x i s t i n g  Martin Marietta computer 
program, t h e  nonl inear  ( large j o i n t  excursions)  f l e x i b l e  
behavior of t he  AMs i s  s tudied.  Resul t s  comparing r i g i d  and 
f l e x i b l e  AMs motions f o r  a s impl i f i ed  payload handl ing t a s k  
i n d i c a t e  o s c i l l a t i o n s  (about t h e  r i g i d  body t r a j e c t o r y )  wi th  
approximately a 3 in .  amplitude (peak-to-peak) and a frequency 
of .05 Hz. 

This  f i n a l  r e p o r t  descr ibes  a l l  work done under Contract  
NAS9-13027. 
t h e  F i n a l  Report Br i e f ing ,  with t h e  except ion of some c h a r t s  
prepared as p a r t  of company-funded research  task .  

Th i s  r e p o r t  inc ludes  a l l  of t h e  m a t e r i a l  from 

The design drawings and a s soc ia t ed  l i s t s  a r e  bound sep-  
a r a t e l y  from t h i s  repor t .  
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11. DES IGN REQUIREMENTS 

A. CHARACTERISTICS AND SYSTEM DESCRIPTION 

1. Requirements 

The intended use  of t he  AMS i n  a zero-gravi ty  s imulat ion 
f a c i l i t y  i s  f o r  dynamic response t e s t i n g  and f o r  demonstration 
o f  t he  c a p a b i l i t y  t o  deploy payloads,  r e t r i e v e  and stow o r b i t -  
ing payloads, and s e r v i c e  s a t e l l i t e s .  

The AMS design requirements include both conf igura t ion  and 
func t iona l  requirements.  The former include:  (1) 4 0 - f t  t o t a l  
arm l eng th ,  (2) upper and lower arm segments of 18.5 f t  each, 
(3 )  aluminum tubes  12 in .  o u t s i d e  diameter,  (4) seven degrees 
of freedom p lus  terminal device,  (5) shoulder :  p i t c h ,  yaw and 
r o l l ;  elbow: yaw; wris t :  yaw, p i t c h  and r o l l ,  (6) j o i n t  t o r -  
que and t r a v e l  c h a r a c t e r i s t i c s  (Table 11-l), ( 7 )  counterbalanced 
t o  overcome g r a v i t a t i o n a l  e f f e c t  on j o i n t s ,  and (8) 6 degrees 
of freedom p o s i t i o n  c o n t r o l l e r .  

The func t iona l  requirements inc lude :  (1) ope ra t ion  un- 
loaded i n  any p lane ,  (2) ope ra t ion  loaded i n  h o r i z o n t a l  p lane ,  
(3) reach c a p a b i l i t y  governed only by the  j o i n t  angular t r a v e l ,  
(4) f a i l - s a f e  j o i n t  b rakes ,  (5) 5 minute deployment t i m e  (65,000 
l b s ) ,  (6) 2 - f t  s topping d i s t a n c e ,  loaded (65,000 l b s ) ,  (7)  0.2 
f t  s topping d i s t a n c e ,  unloaded, (8) 2 f t l s e c  unloaded t i p  veloc- 
i t y ,  (9)  0.2 f t / s e c  loaded (65,000 l b s )  t i p  v e l o c i t y ,  (10) 30 
l b s  s t a t i c  t i p  f o r c e  ( t a n g e n t i a l  wi th  a r m  extended),  (11) b i -  
l a t e r i a l ,  fo rce  r e f l e c t i n g  c o n t r o l  system wi th  indexing, sel -  
e c t a b l e  coord ina te  system, and v a r i a b l e  c o n t r o l  r a t i o s ,  (12) 4 
in .  s t a t i c  t i p  d e f l e c t i o n  due t o  motor loading;  4 in .  due t o  
g r a v i t y  and, (13 )  backdriveable j o i n t s .  

Angular Travel  
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2. Manipulator Design 

Figure 11-1 i s  t h e  AMS with  a r t i c u l a t e d  counterbalance.  
The des ign  incorpora tes  a wide yoke a t  the  shoulder  yaw j o i n t .  
T h i s  provides  a balanced 4 0 - f t  manipulator whose shoulder  o r  
elbow j o i n t  torques need n o t ,  i n  any o r i e n t a t i o n ,  overcome t h e  
force  o f  g r a v i t y  on e i t h e r  t h e  upper o r  lower arm and whose 
motion i s  completely u n r e s t r i c t e d  e i t h e r  loaded o r  unloaded. 
This  des ign  produces an AMS whose moment of  i n e r t i a  (unloaded) 
about t h e  shoulder  i s  increased a maximum of only 30% due t o  
t h e  counterbalance mass. In  t h e  loaded case  (65,000) t he  in -  
c r ease  i s  only a f r a c t i o n  o f  a percent .  Therefore ,  t h e  dynamic 
ope ra t ing  c h a r a c t e r i s t i c s  have been only s l i g h t l y  a l t e r e d  from 
the  uncounterbalanced (zero-g) arm. 

The t i p  d e f l e c t i o n s  f o r  an upper and lower arm tube w a l l  
th ickness  of  0.18 in .  and 0.08 in .  , r e spec t ive ly ,  a r e  given i n  
Table 11-2. These numbers a r e  based on j o i n t  s t i f f n e s s  as 
determined from g e a r t r a i n  tests. 

Table 11-2 S t a t i c  Def lec t ions  

Maximum Horizontal Deflection 

Maximum Vertical Deflection with no Vertical Torque FO 

Maximum vertical Deflection with Torque Force UP 

3 .  Simulator  Layout 

Figure 11-2 shows a s imula tor  concept f o r  payload deploy- 
m e n t ,  and stowage. It i s  based on an a i r b e a r i n g  f a c i l i t y  w i th  
an ope ra to r ' s  console  and tes t  d i r e c t o r ' s  console.  It i s  t h i s  
AMs s imula t ion  conf igura t ion  t h a t  produces the  terminology f o r  
t h e  degrees  of freedom f o r  t h e  manipulator,  s ince  wi th  the  
S h u t t l e  a s  re ference ,  the  shoulder  f i r s t  j o i n t  becomes a p i t c h  
d r i v e ,  t he  elbow a yaw and so  fo r th .  

11- 2 



X 

cu 
u 
C 
m 
rl 
m 
P 
$4 aJ 
U 
c 
3 
0 
V 

c 
U 
.d 
3 

rl 
I 
H 
H 

11-3 



U 
C 

h 
0 
4 
a 
e, 
R 

B 

n 
U 
1 
0 
h 
m 
4 

11-4 



B. MANIPULATOR TRAJECTORY DEFINITION 

The purpose of t h i s  a n a l y s i s  was t o  d e t e r m i n e  d e s i r a b l e  
S h u t t l e  manipulator movement t r a j e c t o r i e s  and 
c h a r a c t e r i s t i c s  when r e l a t e d  t o  t y p i c a l  payloa 
d a t a  was required t o  e s t a b l i s h  design requirements f o r  
manipulator, ope ra t iona l  l i m i t a t i o n s  f o r  t h i s  configura and 
e s t a b l i s h  ope ra t iona l  requirements f o r  the p o s i t i o n  c o n t r o l l e r .  
I n i t i a l l y  the  maximum j o i n t  angular t r a v e l  l i m i t s  f o r  each 
j o i n t  was derived from the d a t a  a n a l y t i c a l l y  e s t ab l i shed  i n  
a p r i o r  contract". These j o i n t  c h a r a c t e r i s t i c s  were incor-  
porated i n t o  a scaled 5 0 - f t  manipulator (which was the s h u t t l e  
base l ine  length)  t o  allow evaluat ion through var ious ope ra t iona l  
t r a j e c t o r i e s .  The following manipulator t a sks  were simulated. 

(1) Seven Capture T r a j e c t o r i e s ,  
(2) Cargo Placement, 
(3) Cargo Deployment , 
( 4 )  Cargo Bay Reach Envelopes, 
(5) Docked S a t e l l i t e  Reach Envelope, and 
(6) Module Replacement. 

To d a t e ,  much of the manipulator movement d a t a  has been 
derived from s i m p l e  desk-top models o r  by computer ana lys i s .  
The desk-top models show gross  movements but  l ack  accuracy. 
They a l s o  have no way of recording j o i n t  mo 
t r a j e c t o r i e s .  Computer a n a l y s i s  a r e  genera 
point  t o  po in t  t r a n s l a t i o n s  and d o  not  acco 
such as cargo bay doors,  the docking po r t  and f l i g h t  deck. 
An e igh th  s c a l e  mockup of the S h u t t l e  was used s i n c e  i t  was 
l a r g e  enough t o  allow high f i d e l i t y  and small  enough not  t o  be 
cumbersome. The t o t a l  mockup was approximately 10 f t  long. 
(Figure 11-3). The S h u t t l e  and cargo mockups were constructed 
of foam-core and plywood. The manipulator was made of aluminum 
and s t e e l .  Each j o i n t  has potentiometers t o  n-easure the j o i n t  
angles and a f r i c t i o n  brake fo r  locking i 
planipulator i s  scaled f o r  50 f t  from the  
t o  the  c e n t e r  point  of t he  terminal  device a s  seven degrees 
of freedom. The j o i n t  order ing,  s t a r t i n g  
p i t c h ,  yaw, r o l l  with yaw a t  t h e  elbow an 
a t  t he  wrist. (See Figure 11-4) 

Continuous j o i n t  angle d a t a  w a s  taken during each run on a 
standard 8 channel Brush recorder .  
taken while reach envelopes were being evolved, s i n c e  the  reach 
l i m i t s  themselves were the  des i r ed  resul ts .  The rgw s t r i p  c h a r t  

Jr NAS9-11932 "Preliminary Design of a S h u t t l e  Docking and Cargo 

J o i n t  angle d a t a  was not  

Handling System" 

11-5 



11-6 



11- 7 



d a t a  was d i g i t i z e d  and computer p r i n t o u t s  were made showing a l l  
seven j o i n t  angles  throughout each run wi th  the  corresponding 
terminal  device p o s i t i o n s ,  which were computed f o r  the X ,  Y ,  2 
S h u t t l e  coord ina te s  (based a t  t h e  shoulder).  Gross manipulator 
p o s i t i o n s  were noted bes ide  the  d a t a ,  such a s  i n i t i a l  condi t ion 
( I . C . ) ,  forward cap tu re  p o s i t i o n ,  r e a r  cap tu re  p o s i t i o n ,  e t c .  

1. Capture T r a j e c t o r i e s  

Seven b a s i c  c a p t u r e  t r a j e c t o r i e s  were analyzed (See Figures  
11-5 t o  11-15. A t  t h e  t i m e  of t he  s tudy ,  t h e  b a s e l i n e  f o r  
s a t e l l i t e  c a p t u r e  was a f lyby  technique where the  S h u t t l e  was 
flown t o  w i t h i n  a c a p t u r e  envelope, then d e a c t i v a t e  t h e  S h u t t l e  
a t t i t u d e  c o n t r o l  system7kgc, reached out  and a t t a c h  t h e  manipulator 
t o  the  s a t e l l i t e .  The s a t e l l i t e  was t o  be a t t i t u d e  s t a b i l i z e d  
and have a r e l a t i v e  v e l o c i t y  no g r e a t e r  t han  .25 f t J s e c .  This  
cap tu re  philosophy d i c t a t e d  cap tu re  paths  f o r  t h e  s a t e l l i t e  
r e l a t i v e  t o  t h e  S h u t t l e .  The i n t e n t  o f  t h e  a n a l y s i s  was t o  
determine which one looked b e s t  from the  manipulator movement 
s tandpoint .  Twenty-five f e e t  was s e l e c t e d  f o r  the  m i n i m u m  
d i s t a n c e  between the  S h u t t l e  and a passing s a t e l l i t e .  Through- 
ou t  a l l  t he  t r a j e c t o r y  eva lua t ions  the  manipulator elbow j o i n t  
was bent  away from t h e  S h u t t l e  s t r u c t u r e .  The maximum path 
length  was e s t a b l i s h e d  by accu ra t e ly  p l ac ing  an aluminum angle  
the  l eng th  of t h e  proposed t r a j e c t o r y  and pos i t i on ing  t h e  mani- 
p u l a t o r  t o  each extreme. This  was der ived by extending the  
manipulator u n t i l  t h e  elbow was wi th in  loo  o f  being s t r a i g h t  
ou t .  The ope ra t iona l  path l eng th  i s  75% o f  the  maximum t r a v e l .  
This  m e a n s ,  p r imar i ly ,  t h a t  i f  you do n o t  have the  payload 
stopped by the  l i m i t  of  t h e  ope ra t iona l  t r a v e l  ( reach) ,  i t  should 
be r e l eased .  

Each c a p t u r e  t r a j e c t o r y  was evaluated wi th  the  manipulator 
configured f o r  a f u l l  7-DOF and a l s o  wi th  the  shoulder r o l l  
locked a t  0' f o r  6-DOF. 
s t a r t e d  from the  I .C.  cond i t ion  shown i n  Figure 11-4 then were 
extended t o  t h e  forward maximum reach and then maneuvered along 
t h e  guide t o  t h e  rear pos i t i on .  

A l l  c ap tu re  t a s k  manipulator maneuvers, 

Capture Concept 1 - Down Shutt!e Cen te r l ine  - This  concept 
would be r e l a t i v e l y  easy f o r  t he  p i l o t  t o  do the  i n i t i a l  a l i gn -  
m e n t .  However, t h e  s a t e l l i t e  i s  on a c o l l i s i o n  course w i t h  
the  t a i l .  See Figure 11-5 and 11-6. The t r a j e c t o r y  i s  d i r e c t l y  
over t he  o p e r a t o r ' s  windows f o r  good d i r e c t  v i s ion .  The maximum 
reach$; i s  q u i t e  long - 80 f t .  The pos t  cap tu re  stowage maneuver 
i s  very s h o r t  s i n c e  the  s a t e l l i t e  i s  d i r e c t l y  over t he  cargo bay 

9; "reach" i s  used h e r e  t o  denote the  l eng th  of the path.  
*<,, Plain (large) t h r u s t e r  system. J .I- 
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when t h e  r e l a t i v e  ve loc i ty  between S h u t t l e  and payload i s  stopped. 

Capture Concept 2 - Over t h e  Wing - The satell i te trajec- 
t o r y  i n  t h i s  concept is  from nose t o  t a i l ,  Over t h e  wing (Figure 
1 1 - 7  and 11-8. 
v i s i b i l i t y  f o r  i n i t i a l  alignment, The t r a j e c t o r y  i s  not  on a 
c o l l i s i o n  course wi th  t h e  Shut t le .  The maximum reach, 84 f t ,  
w a s  t he  longest  of a l l  of t h e  concepts evaluated.  The manipulator 
operator  could have good d i r e c t  v i s ion ,  depending on t h e  S h u t t l e  
window configurat ion.  The manipulator elbow requi red  150' of 
t r a v e l  i n  t h e  negat ive (yaw) d i r ec t ion .  

This concept a l s o  allows t h e  S h u t t l e  p i l o t  good 

Capture Concept 3 - Vertical Over Shoulder Center l ine  - This  
concept relates t o  t h e  Z docking maneuver, which was not  w e l l -  
def ined at t h e  t i m e .  As can be seen i n  Figure 11-9 ,  t h i s  concept 
l i m i t s  t h e  maximum reach t o  40 f t ,  which i s  t h e  s h o r t e s t  of a l l  
t h e  t r a j e c t o r i e s  evaluated.  
26 f t  opera t iona l  reach l i m i t  and the  d i r e c t  c o l l i s i o n  course 
wi th  t h e  Shu t t l e ,  t h i s  concept i s  considered very poor when coin- 
pared t o  t h e  others .  The downward reach i s  l imi ted  by t h e  mani- 
pu la to r s  elbow t o  bend back on i t s e l f .  I n  t h i s  case,  t h e  l i m i t  
was 150'. This  i s  shown i n  Figure 11-10, 

Because of t h e  combination of a 

Capture Concept 4 - Across Cargo Bay - This concept (Figure 
11-11 and 11-12) allows e x c e l l e n t  d i r e c t  v i s i o n  t o  t h e  manipulator 
operator  i f  t h e  docking module i s  not  i n s t a l l e d  i n  t h e  cargo bay. 
The t r a j e c t o r y  is  across  t h e  cargo bay i n  t h e  S h u t t l e  Y Axis. 
Maximum reach i s  average, (65 f t )  and no g ross  manipulator angu- 
lar motions were required.  

Capture Concept 5 - Across Manipulator Shoulder - This con- 
cep t  (Figure 11-13) provides good d i r e c t  v i s i o n  p o t e n t i a l  f o r  t h e  
manipulator operator ,  good maximum reach and non-col l i s ion  course. 
The t r a j e c t o r y  is  poor from t h e  S h u t t l e  p i l o t ' s  s tandpoint .  
I n i t i a l  alignment might be d i f f i c u l t .  
25 f t  above t h e  S h u t t l e  s k i n  and t h e  manipulator segment lengths  
used, t h e  elbow moves i n t o  t h e  capture  pa th  as t h e  te rmina l  
device passed through t h e  S h u t t l e  cen te r l ine .  
capture  path up 5 f t  ( to  30 E t )  t h i s  i s  avoided. 

With t h e  capture  path 

By moving t h e  

Capture Concepts 6 and 7 - Across P i l o t ' s  S t a t i o n  - Concepts 
6 and 7 (Figures 11-14 and 11-15) are near ly  t h e  same  except 
t r a j e c t o r y  7 i s  8 f t  lower i n  t h e  Z - a x i s  t han  6. These con- 
cepts were evaluated t o  show capture  t r a j e c t o r i e s  which would 
be adequately f a r  from t h e  S h u t t l e  veh ic l e  t o  allow a 60 f t  
payload t o  slowly r o t a t e  about i t s  cg, a f t e r  capture ,  and not  
c o l l i d e  with t h e  Shut t le .  Both concepts place t h e  te rmina l  
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Figure 11-1-0 Capture Concept 3 - Vertical Over Shoulder Centerline 
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device i n  f r o n t  of  t he  S h u t t l e  nose. Both 6 and 7 
S h u t t l e  p i l o t  d i r e c t  v i s ion  ( e s p e c i a l l y  7) bu t  none 
manipulator operator .  The pos t  cap tu re  maneuvers a r e  s i g n i f i -  
cant .  A t r a n s l a t i o n  of  45 f t  i n  t h e  X-direct ion alone would 
r e q u i r e  a d d i t i o n a l  time f o r  a 60K payload. 

2. Cargo Placement 

A cargo placement eva lua t ion  was made f o r  each cap tu re  con- 
cep t .  The cargo mockup was scaled f o r  a '15-ft diameter by 40 - f t  
long s a t e l l i t e .  The s t a r t i n g  po in t  f o r  each placement was the  
end of the ope ra t iona l  reach f o r  each cap tu re  t r a j e c t o r y .  This 
po in t  was c a r e f u l l y  determined f o r  each t r a j e c t o r y ,  the 
terminal  device was at tached t o  the cargo mockup and the mockup 
was slowly maneuvered i n t o  the  cargo bay. J o i n t  angles were 
recorded and a l l  of the maneuvers required no more than 6-DOF 
i n  the manipulator. 

3 .  Cargo Deployment 

cargo deployment t a s k  c o n s i s t s  o f :  

Maneuver the manipulator t o  the upper c e n t e r  of t he  40 f t  
s a t e l l i t e  mockup, i n  the cargo bay, 

Attach the  terminal  device t o  the cen te r  of the mockup 
(Figure 11-16), 

Maneuver s a t e l l i t e  s t r a i g h t  up t o  c l e a r  cargo bay by 
approximately 10 f t ,  

Roll s a t e l l i t e  180°, 

Extend manipulator s t r a i g h t  u p ,  i n  S h u t t l e  Z a x i s ,  t o  
ope ra t iona l  l i m i t ,  and 

Release s a t e l l i t e .  

J o i n t  angles  were recorded f o r  t h i s  maneuver and 7-DOF 
( r o l l  a t  the shoulder) was not  required.  

4 .  Capture and Cargo Placement 

a .  None of t h e  cap tu re  concepts ,  placement o r  deployment 
of t he  l a r g e  cargo r e q u i r e s  the 7th-DOF ( r o l l  a t  the 
shoulder)  (a 7-DOF requirement i s  discussed i n  Section C). 
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b. Having r o l l  a t  t h e  shoulder  d i d  not  increase  the  cap tu re  
t r a j e c t o r y  reach envelopes. 

c .  A t  no t i m e  dur ing  these  manipulator maneuvers d i d  t h e  
elbow r o t a t e  t o  the  p o s i t i v e  d i r e c t i o n .  The elbow 
was only required t o  bend a s  a human arm does. 

d.  Capture concept 2 ,  over t h e  wing, was se l ec t ed  a s  t h e  
most d e s i r a b l e  of the  7 evaluated.  It gave t h e  
longes t  reach ,  and provided good d i r e c t  v i s i o n  poten- 
t i a l  f o r  bo th  the  p i l o t  and t h e  manipulator opera tor ,  
No gross  t r a n s l a t i o n s  were required a f t e r  s a t e l l i t e  
cap tu re ,  s ince  t h e  d e c e l e r a t i o n  zone i s  near ly  over 
t he  cargo  bay. The s a t e l l i t e  i s  not  on a c o l l i s i o n  
course wi th  any p a r t  of the  S h u t t l e  veh ic l e .  This 
concept was used f o r  dynamic capture  t a s k  eva lua t ions  
on our Space Operations Simulator,  

e .  Maximum j o i n t  angular  t r a v e l  requirements a r e  shown 
i n  Figure 11-17. 

f .  J o i n t  angle  t r a v e l  p r o f i l e s  and assoc ia ted  t i p  pos i t i on  
d a t a  a r e  contained i n  Appendix E, 

C, MANIPULATOR REACH CAPABILITIES 

F o r  the  6 and 7-DOF manipulator ,  reach zones i n  the  cargo 
bay were determined. The manipulator was sca led  f o r  50 f t  
long and 1 2  inches i n  diameter .  Four l e v e l s  i n  the  cargo bay 
were evaluated.  These a l l  r e l a t e d  t o  t h e  cargo bay door hinge 
l i n e .  The top l e v e l  was 3 f t  above t h e  hinge l i n e .  Level 2 
was a t  t h e  hinge l i n e .  Levels 3 and 4 were 3 f t  and 6 f t  below 
t h e  hinge l i n e ,  r e spec t ive ly .  The t a s k  was t o  e s t a b l i s h  a zone 
on each l e v e l  where t h e  terminal  device  could reach s t r a i g h t  
down, touch t h e  l e v e l  and maneuver s t r a i g h t  up a s  though i t  
were a t tached  t o  cargo. It quick ly  became obvious t h a t  r o l l  
a t  t he  shoulder  was requi red .  

F i r s t ,  a11 l e v e l s  were evaluahed wi th  a 6-DOF manipulator,  
wi th  the  shoulder  r o l l  locked a t  0 . A s  can be seen i n  F igures  11-18a 
t h r u  c on level 1 and 2 and t h e  reach zones are somewhat the 
same and appear o p e r a t i o n a l l y  adequate. On l e v e l s  3 and 4 how- 
ever ,  t he  reach zone i s  l imi t ed  by t h e  outer  segment of t h e  
manipulator arm h i t t i n g  the  hinge l i n e  a s  g r e a t e r  shoulder p i t c h  
i s  requi red  t o  move t h e  te rmina l  device down i n t o  the  cargo  bay. 
The reach l i m i t s  were der ived by alLowing the  lower arm t o  come 

11- 23 



0 0 0 0  0 
cn4-  ,” m m  

4 
I I I 

-2 co cn 
4 

0 0 0 0  0 a 4 r-a m cn \D a m  0 
4 -1 

I I 

0 0  0 
cncn 0 m m  Lo 

4 
I 

0 0 0  0 0  0 
m hl.3 N m  .rf I 
cn m - 1  + e  I 2 7 - 4  -1 

I 
I 

I I 

0 0  0 corn m 
0 4 -  cn 
4 

I 

0 0  0 0 0  0 
m r -  4 m 4  cn co - 4  cn 

I t 

0 0  0 
m c n  m 
(? cn 

I 

0 0 0  0 0 0 0 a m a  In m I .3 0 
m I hl co 
4 I 4 7-l 

hl cor- 3 
4 

I t 

0 0 0  0 0 I 
r- h l m  r- m I 
T-4 r-a (3\ m I 
4 4 

I I 

0 0 co cn 
m a 

4 

u 
1 
0 

0 0 0 0  0 0  o m  0 
m m o  0 0  0 a, 0 0 

0 m N m  m m  0 24 m 
hl 4 44 44 N U  4 

+ I  +I f ’  + I  + I S  +I 

0 
0 
0 
N 

+ I  

5 
2 
PI 
H m 
H 
d 
3 

3 
4 
3-1 
H m 
H 
d 
3 

3 
d 
w 
d w 

d 
d 

3 

9 
d w 

3 
0 m m 

5 
4 
3.1 
d w 
3 
0 m cn 

5 

X u 
H 
H 
PI 
d w 
Q 
d 
D 
0 m m 

\D v 

01 
U a 
a, 
0 

V 
a, 
k 
3 
U 
OI 
cd 
V 
h 

k 
0 
w 
01 
U 
d 
a, 
E 
a, 
3 
3 
U c 

fi 
Fl 

H 
H 

ol 
k 
=t 
M 
.rl 
Fr 

11- 24 



! 

J 

d- 

0 
M 
k a 
V 

I 
H 
H 

11- 25 



m 
al c 
0 
N 

s 
2 
ko 

7a 

(d 

IJ 
(d 
rl m 

a, c 
0 
N 

.rl c 

5 
P (d 

co a, 
rl d 

I 
H a 
H a, 

m 
al 0 
!4 

rl 

3 
M 
.rl W 

%I El 

2 
0 

c 
0 
.rl 
4J 
c) 
a, 
M 
.rl 

a, 
4J 

n 

11-26 



rn 
aJ 

N 

a 
aJ 
v) 
0 
d 

M 
CH 
0 

2 

Q) 
c1 
cd 
L) 
..-I a 
G I-I 

v) 
aJ 

N 
8 

8 
4J 
cd 
rl 
3 a 

.PI 
G 

11-27 



down t o  wi th in  one foo t  ( sca led)  of t h e  hinge l i n e .  A s  shown-in 
Figure II-18c l e v e l s  3 and 4 ,  w i t h  6-DOF and shoulder r o l l  a t  0 , 
t h e  t a s k  of reaching below the hinge l i n e  r a p i d l y  d e t e r i a t e s ,  
u n t i l  on l e v e l  4 ,  t h e  c o n t a c t  zone becomes a small  t r i a n g l e  
a t  t he  r e a r  of t h e  reach zone. This  appears unacceptable. 

0 

Next, using a f u l l  7-DOF, t h e  shoulder r o l l  angle was 
c a r e f u l l y  recorded t o  determine i t s  t r a v e l .  Obviously, t he  
f u l l  7-DOF gave t h e  g r e a t e s t  movement volume s i n c e  the  elbow 
was f r e e  t o  be posi t ioned s t r a i g h t  up. 
shoulder r o l l  f luxuated between 28 and 64 while  the  t i p  of 
t he  s l a v e  was moved around t h e  cargo bay. Since reaching 
i n t o  the  cargo bay was the  only requirement f o r  t he  7th-DOF, 
i t  was concluded t h a t  i t  may be poss ib l e  t o  have two d i s c r e t e  
p o s i t i o n s  f o r  t he  shoulder r o l l ,  and perhaps have a more 
s impl i f i ed  r o l l  jointocontro16 
increments between 25 and 65 and reach zones were again 
eva lua ted .  
mise was obtained,  i f  a s i n g l e  r o l l  angle  ( in  add i t ion  t o  zero) 
was t o  be se l ec t ed .  With t h i s  concept t h e  manipulator operator  
wogld c o n t r o l . t h e  shoulder r o l l  with a switch t o  s e l e c t  0' o r  
45 as t h e  t a s k  required.  The reach p r o f i l e s  are  a l s o  shown 
f o r  t he  shoulder  r o l l  a t  45' i n  Figures  I I - l 8 B &  C. 

Duging the  t e s t s ,  t h e  
0 

0 The r o l l  j o i n t  was s e t  i n  10 

The d a t a  showed t h a t  a t  about 4 5 O  t he  b e s t  compro- 

1. Docked S a t e l l i t e  Reach Envelopes 

This t a s k  w a s  t o  determine t h e  reach zones on the  su r face  
o f  a 1 5 - f t  diameter by 40 - f t  long s a t e l l i t e ,  docked t o  t h e  Z 
a x i s  docking po r t .  This d a t a  r e l a t e s  t o  s a t e l l i t e  maintenance, 
and where t h e  manipulator can reach t o  do a use fu l  task .  The 
r each  zones r e p r e s e n t  no t  only the  terminal  dev ice  touching the  
a r e a ,  wi th  the w r i s t  r o l l  a x i s  orthogonal t o  t h e  payload s u r f a c e ,  
bu t  a l s o  being a b l e  t o  move away or thogonal ly  f o r  5 f t .  This  
would r e p r e s e n t  p u l l i n g  a module out .  FigureII-19ashows the  
areas reachable  (shaded) i n  a plan view of t he  c y l i n d e r  ou te r  
sk in .  Three reach envelopes a re  shown f o r  t h e  manipulator con- 
f igurgd i n  6-DOF (shoulder r o l l  a t  O o ) ,  6-DOF (shoulder r o l l  
a t  45 ) and a f u l l  7-DOF. Figure II-19bshows t h e  overlapping 
zones when t w o  symmetrically mounted manipulators are  used. 
The zone l i m i t s  were e s t a b l i s h e d  by e i t h e r  t h e  manipulator upper 
arm h i t t i n g  t h e  mockup o r  by j o i n t  l i m i t s  being reached. 

2.. Module Replacement 

The module replacement t a s k  cons i s t ed  o f  reaching t o  the  
c e n t e r  of t h e  cargo bay, a t  t he  hinge l i n e ,  a t t a c h i n g  the  terminal 
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device to a module mockup, lifting the module straight up, 
rotating 90° and inserting it into the satellite mockup 
(See Figure 11-20). 
(shoulder roll at Oo) manipulator configuration. 

This task was easily done with a 6-DOF 
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111. SERV.0 DESIGN OF A 2-DEGREE OF FREEDOM X REFERENCE FRAME 
BILATERAL FORCE REFLECTING POS ITION-POS I T I O N  CONTROL SYSTEM 

A. CONTROL LAW EQUATIONS 

1. Ob iec t ive  

The o b j e c t i v e  of t h i s  s e c t i o n  i s  the  c o n t r o l  l a w  design 
of a 2-DOF b i l a t e r a l  fo rce  r e f l e c t i n g  c o n t r o l  system f o r  use i n  
a manipulator system breadboard inco rpora t ing  a 2-DOF master 
and a 2-DOF slave.  

The 2-DOF breadboard c o n t r o l  system i s  f o r  concept v e r i f i -  
c a t i o n  p r i o r  t o  the  d e t a i l  design of a 6-DOF c o n t r o l  s y s t e m  f o r  
t h e  AMs. 

The c o n t r o l  system must  include the  following f ea tu res :  

1. B i l a t e r a l  fo rce  r e f l e c t i n g  ope ra t ion ,  

2. S i ze  d i s p a r i t y  between master and s l a v e ,  

3 .  D i f f e r e n t  coord ina te  systems f o r  master and f o r  s l a v e ,  

4 .  P o s i t i o n  indexing f o r  t he  master, and 

5. Variable  c o n t r o l  gain r a t i o s  between master and s lave.  

2. E x i s t i n g  B i l a t e r a l  Man5pulator 

To develop an understanding and apprec ia t ion  of t h e  c o n t r o l  
scheme being designed, a b r i e f  d i scuss ion  w i l l  be given here  of  
t h e  c o n t r o l  p r i n c i p l e s  of e x i s t i n g  b i l a t e r a l  manipulators and 
why these p r i n c i p l e s  cannot be d i r e c t l y  appl ied t o  a manipulator 
possessing t h e  aforementioned c a p a b i l i t i e s .  

B i l a t e r a l  fo rce  r e f l e c t i n g  manipulators,  i nco rpora t ing  a 
geomet r i ca l ly  similar master c o n t r o l l e r  a s  the c o n t r o l  i npu t  
dev ice ,  possess ,  i n  a d d i t i o n  t o  t h e  forward pos i t i on  loop 
which makes the  manipulator follow the  master movements, feed- 
back t o  t h e  master from the  manipulator,  The servo parameter 
used f o r  t h i s  feedback may be e i t h e r  p o s i t i o n  o r  force.  Figure 
111-1 d e p i c t s  t h i s  two way information flow between master and 
s l a v e ,  To be more e x p l i c i t ,  Figure 111-1 can be shown i n  
g r e a t e r  d e t a i l ,  Figure 111-2,to r evea l  t h a t  e x i s t i n g  b i l a t e r a l  
manipulator systems w i t h  master r e p l i c a  c o n t r o l l e r s  have two 
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way information flow on ly  on a one-to-one j o i n t  bas i s .  That i s ,  
master and s l a v e  have t h e  same number o f  degrees o f  freedom and 
each j o i n t  on the  master i s  e l e c t r i c a l l y  coupled t o  and only 
t o  i t s  coun te rpa r t  j o i n t  on  t he  manipulator. Thus, each master- 
s l a v e  j o i n t  p a i r  t r a c k  each o t h e r  i n  angular p o s i t i o n s  a t  some 
prescr ibed r a t i o .  

To understand t h e  i n a b i l i t y  of a one-to-one j o i n t  eoupled 
system t o  perform multi-mode and coord ina te  indexed func t ions ,  
consider  t h e  s i t u a t i o n  shown i n  Figure 111-3. Represented i s  
the  master ope ra t ing  i n  S h u t t l e  a x i s  ( ax i s  system one) and t h e  
manipulator ope ra t ing  i n  i t s  own terminal  device TV camera 
ax i s  ( ax i s  system two). I f  i t  i s  des i r ed  t h a t  t h e  manipulator 
move forward i n  t h e  X d i r e c t i o n ,  t he  master must be moved fo r -  
ward i n  t h e  X d i r e c t i o n .  It i s  e a s i l y  seen t h a t  t he  r a t i o  of 
movement between any j o i n t  on the  master and i t s  coun te rpa r t  
on the  manipulator i s  a func t ion  of manipulator posi t ion.  In  
f a c t ,  the  s i t u a t i o n  could e a s i l y  a r i se  whereas a l l  j o i n t s  on the 
master a r e  i n  motion and only one o r  two j ,oints  on the  manipu- 
l a t o r  are a c t i v a t e d  t o  produce t h e  commanded t r a j e c t o r y .  Thus, 
one-to-one j o i n t  coupl ing i s  t o t a l l y  inapp l i cab le  f o r  coordinate  
indexing. Likewise, f o r  multi-mode operat ion (operat ion i n  which 
the  t i p  p o s i t i o n  of t h e  master and t h e  t i p  p o s i t i o n  o f  t he  
slave move wi th  respect t o  each o the r  i n  some s e t  r a t i o ,  and 
t h i s  r a t i o  can be s e l e c t e d  by t h e  ope ra to r )  one-to-one j o i n t  
coupling i s  imprac t i ca l  (consider ing now motion r a t i o s  o t h e r  
than l:l, and l a r g e  master-slave s i z e  d i s p a r i t y ) .  This  i s  
e a s i l y  seen i f  it i s  r e a l i z e d  t h a t  t he  motion r a t i o  f o r  a 
master-slave j o i n t  p a i r  i s  a funct ion of p o s i t i o n  i f  t he  t i p  
motion r a t i o  between the  input  and output  devices  is  t o  remain 
con s t an t . 

2 
1 

In  order  t o  surmount t h e  abovementioned problems, t h e  com- 
parison of i nd iv idua l  j o i n t  p o s i t i o n s  i n  a one-to-one j o i n t  
coupled system must be abandoned and a new q u a n t i t y  of compari- 
son devised. This new q u a n t i t y  i s  the X Y Z  (henceforth r e f e r r e d  
t o  as &) t i p  p o s i t i o n  o f  t h e  master and manipulator. 
a l l  comparisons i n  t h e  & r e fe rence  frame, t he  c a p a b i l i t i e s  of 
coord ina te  indexing, multi-mode operat ion,  and p o s i t i o n  indexing 
are  e a s i l y  ob ta inab le  as w i l l  be shown below. 

By doing 

3. Basic Control Scheme 

Figure 111-4 shows t h e  block diagram of t h e  X r e fe rence  
frame pos i t i on -pos i t i on  b i l a t e r a l  fo rce  r e f l e c t i n g  c o n t r o l  
scheme under cons ide ra t ion .  It was s t a t e d  previously t h a t  t he  

111-4 
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feedback parameter f o r  a b i l a t e r a l  manipulator system could be 
e i t h e r  p o s i t i o n  or force.  A s  evidenced by Figure 111-4, t h e  
parameter of p o s i t i o n  has  been se l ec t ed  t o  i l l umina te  t h e  
inhe ren t  problems a s soc ia t ed  wi th  fo rce  measuring devices  such 
as s t r a i n  gauges. 

A s  seen from-Figure 111-4, t he  f i r s t  s t e p  i n  the  c o n t r o l  
laws i s  t h e  c a l c u l a t i o n  of  t h e  & t i p  p o s i t i o n  of t h e  master and 
t h e  X t i p  p o s i t i o n  of  t he  manipulator.  Af t e r  t hese  t i p  posi-  
t i o n  va lues  a r e  obta ined ,  they a r e  operated on by coord ina te  
t ransformation matrices, gain o r  a t t enua t ion  func t ions  ( t o  
ob ta in  the  proper multi-mode va lue ) ,  and can r e a d i l y  be summed 
wi th  b i a s  vo l t ages  t o  provide p o s i t i o n  indexing. The r e s u l t i n g  
X '  and X '  - values  a r e  compared t o  produce +, & pos i t i on  e r r o r  
s i g n a l s .  
matrices ( the  magnitude of t h e s e  gain func t ions  determine t h e  
compliance or  s t i f f q e s s  of  t h e  c o n t r o l  system) and a r e  then 
summed wi th  X and X t i p  v e l o c i t y  terms which produce the  
needed system damping. The r e s u l t i n g  s i g n a l s  r ep resen t  5 t i p  
forces  t h a t  t h e  master and s l a v e  must apply t o  t h e i r  environment. 
These fo rce  s i g n a l s  a r e  then operated on by torque d i s t r i b u t i o n  
mat r ices  wi th  t h e  r e s u l t  being t h e  des i r ed  s i g n a l  l eve ls  t o  
be s e n t  t o  t h e  ind iv idua l  se rvo  motors a t  each master and 
s l a v e  j o i n t .  

7.n 

- c  s e s e  s i g n a l s  a r e  mul t ip l i ed  by appropr i a t e  ga in  

-c -m 

Although t h i s  X_ r e fe rence  frame c o n t r o l  technique does 
provide a b i l a t e r a l  manipulator system w i t h  t h e  des i r ed  per for -  
mance q u a l i t i e s ,  i t  a l s o  in t roduces  two system complicat ions,  
t hese  being: 

1. The r e s u l  stem i s  h igh ly  nonl inear ,  and 

these  being: 

1. The r e s u l  stem i s  h igh ly  nonl inear ,  and 

2. The master and s l a v e  must be in t e r f aced  wi th  e i t h e r  an 
analog o r  d i g i t a l  computer. 

The e f f e c t s  of t hese  t w o  complicat ions w i l l  be d iscussed  
f u r t h e r .  

4 .  Two DOF Control  Laws 

a.  Purpose o f  Two DOF Breadboard - Figure  111-4 r ep resen t s  
t h e  t r a n s l a t i o n  & r e fe rence  frame c o n t r o l  l o g i c  fo r  a b i l a t e r a l  
fo rce  r e f l e c t i n g  manipulator wi th  coord ina te  indexing,  mult i -  
mode ope ra t ion ,  and p o s i t i o n  indexing. For a s i x  DOF manipu- 
l a t o r ,  c o n t r o l l i n g  t h e  t i p  t r a n s l a t i o n s  i s  only h a l f  t h e  job,  
t e rmina l  device r o t a t i o n a l  c o n t r o l  must l ikewise  be considered.  

111- 6 
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It i s  conceived t h a t  r o t a t i o n a l  and t r a n s l a t i o n a l  c o n t r o l  
w i l l  be similar i n  t h a t  t h e  t e rmina l  device orientation 
of both t h e  m a s t e r  and slave w i l l  be computed with r e s p e c t  
t o  some iner t ia l  o r i e n t a t i o n  and then compared t o  
produce a 
t h a t  a p o s i t i o n a l  e r r o r  s i g n a l  i s  computed f o r  t r a n s l a t i o n a l  
con t ro l .  The d e t a i l s  of  r o t a t i o n a l  c o n t r o l  have not  been con- 
s idered but i t  i s  believed t h a t  a s l i g h t l y  more complicated 
technique w i l l  be needed f o r  r o t a t i o n a l  as compared t o  t r a n s -  
l a t i o n a l  con t ro l .  Therefore,  t h i s  i n i t i a l  i n v e s t i g a t i o n  w i l l  
d e a l  p r imar i ly  with t h e  problems of t r a n s l a t i o n a l  c o n t r o l  and 
hope fu l ly  the s o l u t i o n s  t o  these  problems w i l l  expedi te  t h e  
eventual  design of  t he  r o t a t i o n a l  p a r t  o f  t h e  system. 

fl o r i e n t a t i o n a l  e r r o r  s i g n a l  i n  much t h e  same fashion 

To "prove t h e  concept", i n  hardware, of the t r a n s l a t i o n a l  
c o n t r o l  technique, a two, i n s t ead  of t h r e e ,  DOF breadboard 
was s e l e c t e d .  This  dec i s ion  was made f o r  two reasons: (1) a l l  
t h e  computer c a l c u l a t i o n s  needed f o r  t h r e e  DOF a r e  a l s o  needed 
f o r  two DOF, and the re fo re  t h e  simpler s i t u a t i o n  can prove t h e  
workab i l i t y  of  both c a s e s ,  and (2) a two DOF manipulator needs 
no counterbalancing mechanism and thus i s  q u i t e  c o s t  e f f e c t i v e .  

Figure 111-5 shows the  two DOF master and s l ave  breadboard 
arms. The master has segment lengths  of one foo t  with the 
manipulator segment lengths  being two f e e t .  The a c t u a l  s i z e  of: 
the  arms was not  c r i t i c a l  bu t  a master-slave s i z e  d i s p a r i t y  was 
important t o  prove the v a l i d i t y  of  t he  c o n t r o l  equations.  A s  
i nd ica t ed  by Figure 111-4, t he  two arms shown w i l l  be in t e r f aced  
by computer (analog f i r s t  then d i g i t a l )  t h a t  w i l l  perform t h e  
needed c a l c u l a t i o n s .  

b. Shortcomings of Two DOF Breadboard - To f u l l y  under- 
s tand what i s  t o  be expected from the design of the two DOF 
breadboard, t h e  quest ions i t  w i l l  not answer must  be made c l e a r :  
(1) Figure 111-5 shows t h e r e  are no t e rmina l  devices  on t h e  end 
of e i t h e r  the master o r  s l a v e ,  and t h e r e f o r e ,  a s  mentioned e a r l i e r ,  
no r o t a t i o n a l  c o n t r o l  techniques a r e  ncluded, (2) One of the 
major unknowns of t he  f u l l  length A 
of low frequency s t r u c t u r a l  o s c i l l a t i o n s  t h a t  presumab 
exc i t ed  i n  t h e  manipulator beams. The two DOF breadbo 
designed t o  i n v e s t i g a t e  t h i s  problem, for  as seen i n  F 
t h e  beam s t r u c t u r e s  are r e l a t i v e l y  s h o r t  and very r i g i  
s epa ra t e  s ec t ion  t h i s  problem i s  addressed by using the 
of t he  breadboard design t o  wr i te  a computer program f o r  the 
design of a f u l l  length two DOF manipulator which i s  in t eg ra t ed  
with another program desc r ib ing  the  manipulator f l e x i b l e  body 
dynamics. These two combined programs a r e  used t o  i n v e s t i g a t e  

manipulator i s  the e f f e c t  
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t he  e f f e c t s  of s t r u c t u r a l  o s c i l l a t i o n s  on t h e  c o n t r o l  system, 
and w i l l ,  i f  necessary,  a i d  i n  the  design of an a c t i v e  damping 
sys  t e m .  

c ,  

Figure 111-6 r e p r e s e n t s  t he  block diagram o f  the  c o n t r o l  
system f o r  the  two DOF breadboard. This diagram includes a l l  
j o i n t  components (servo motors, tachometer gene ra to r s ,  gea r s ,  
potent iometers ,  e t c . )  of both t h e  master and s l a v e  along w i t h  a l l  
t he  s i g n a l  channel l ing and necessary computer accomplished 
computations. Double l i ned  s i g n a l  r o u t e s  r ep resen t  two sepa ra t e  
s i g n a l s ,  and many of the ga in  funct ions a r e  a c t u a l l y  gain 
matrices, as w i l l  be descr ibed below. A considerable  number 
of  the  v a r i a b l e  names are included only as an a i d  i n  computer 
programming and w i l l  no t  be  de f ined ,  whereas the  more important 
q u a n t i t i e s  are  def ined i n  Table 111-1. Those elements t h a t  
cannot be c l e a r l y  explained by t h e  use o f  Figure 111-6 and 
Table 111-1 are b r i e f l y  discussed i n  f u r t h e r  d e t a i l  below. 

Block Diagram of Two DOF Control  System - 

1. 

XC i s  a two dimensional vec to r  denot ing t h e  X and Y t i p  
p o s i t i o n  of t he  master. This t i p  p o s i t i o n  i s  c a l c u l a t e d  from 
a knowledge of t h e  master shoulder ,  X ( l ) ,  and elbow, X ( 3 ) ,  
angular pos i t i ons .  From Figure 111-7 i t  i s  seen t h a t  i s  
ca l cu la t ed  as follows : 

xc (2) 

Figure 111-7 J o i n t  Angles and Tip P o s i t i o n  Labe l l ing  
f o r  Master 
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Table 111-1 

GS(i) 

m(i) 
RT(i) 

Defini t ion of Variable Names Appearing i n  Figure 111-6. 

= Motor and Gear Train S t ic t ion  Valves 

= Motor torque s e n s i t i v i t y  constants 

= Total res is tance of motor winding and output impedence 
of dr iver  amplifier 

KG(i) = Gear t r a i n  r a t i o  

KB(i) = Motor viscous damping constants 

xc = X and Y t i p  posi t ion of Master 

- XM = X and Y t i p  posi t ion of manipulator 

K1, K2, K3, K4, K5, K6 = diagonal gain matrices 

= Torque d is t r ibu t ion  matrix for the Master 

= Torque d is t r ibu t ion  matrix for the  manipulator 

= Diagonal gain matrices 

= Jacobian matrices re la t ing  j o i n t  rates t o  t i p  rates 

= coordinate transformation matrix 

=Diagonal gain matrix used t o  select d i f fe ren t  multi-mode 
values 

= Position index bias  s ignals  

= Master j o i n t  rates 

= M!mipulator j o i n t  rates 

=Master shoulder j o i n t  posi t ion 

= Master shoulder j o i n t  rate 

= Master elbow j o i n t  position 

= Master elbow j o i n t  rate 

= Manipulator shoulder j o i n t  posi t ion 

= mnipulator  shoulder j o i n t  rate 

= Manipulator elbow j o i n t  posi t ion 

= Manipulator elbow j o i n t  rate 

= Master input disturbance torques 

= Manipulator input disturbance torques 

= Master servo motor dr ive s ignals  

= Manipulator servo motor dr ive s igna ls  

= Motor-gear t r a i n  torque l imi t  values 

= motor-gear t r a i n  rate l imi t  values 

= Denotes integrat ion 
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c = (LC)SIN(X(l))  

d = (LC)SIN(X(l) -t- X(3)) 

XM 

XM i s  a two dimensional vec to r  denoting t h e  X and Y t i p  

2. - 
p o s i z o n  of t h e  manipulator,  
from a knowledge of t he  manipulator shoulder ,  X(5), and elbow, 
X(7), angular  pos i t i on .  
t o  t h a t  f o r  - XC and the re fo re ,  by comparison, 

This  t i p  p o s i t i o n  i s  ca l cu la t ed  

The d e r i v a t i o n  f o r  a i s  i d e n t i c a l  

3. P I  

P I  i s  a two dimensional vec to r  represent ing  the  X and Y 
b i a s y o l t a g e s  needed f o r  p o s i t i o n a l  indexing. 
i s  pos i t i on  indexed from l o c a t i o n  XC t o  loca t ion  XC t h e  

When t h e  master 

-1 -2 ' 
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d i f f e r e n c e  between these  two t i p  p o s i t i o n  loca t ions  i s  cal- 
cu la ted  and used as a b i a s  va lue  t h a t  i s  summed with g. 
4. IC1 - 

K 1  i s  a d iagonal  2 x 2 g a i n  mat r ix  wi th  t h e  two d iagonal  
elements equal .  The K 1  elements determine t h e  & forward loop 
ga in  of t h e  master servos and thus  are inve r se ly  propor t iona l  
t o  the  master servo compliance. 

K 2  i s  a diagonal  2 x 2 ga in  matr ix  wi th  t h e  two diagonal  
The K 2  elements determine how much p o s i t i v e  elements equal.  

t i p  r a t e  feedback i s  incorporated i n t o  t h e  master servo system. 
Pos i t i ve  rate feedback can be (but may not  necessa r i ly  be) used 
t o  overcome t h e  viscous damping of t he  servo motor and thus  
make t h e  master e a s i e r  t o  move. 

6. K 3  - 
K 3  i s  a diagonal  2 x 2 ga in  mat r ix  wi th  t h e  two diagonal  

elements equal .  The K 3  elements determine how much d i f f e r e n t i a l  
t i p  rate feedback i s  used i n  t h e  master servo  system. 
e n t i a l  rate feedback i s  used t o  he lp  s t a b i l i z e  t h e  system and 
a c t s  t o  g ive  good t r a n s i e n t  damping y e t  does not  degradate 
"easy of movement" f o r  s teady state condi t ions .  

D i f f e r -  

K4 i s  K l ' s  counterpar t  f o r  t h e  manipulator a r m .  

K 5  i s  K2's counterpar t  f o r  t h e  manipulator 'arm. 

9. K 6  - 
K 6  is  K 3 ' s  counterpar t  f o r  t h e  manipulator a r m .  

TC i s  t h e  master torque d i s t r i b u t i o n  matrix and i s  one 
of t he  more important p a r t s  of t h e  o v e r a l l  c o n t r o l  system. 
The inpu t s  t o  TC are s i g n a l s  t h a t  r ep resen t  fo rce  va lues  t h e  
master i s  t o  e x e r t  on i t s  environment. These fo rce  values  
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must be transformed i n t o  torque  va lues  t h a t  t h e  shoulder  and 
elbow servo  motors can produce. To de r ive  t h i s  matrix, con- 
s i d e r a t i o n  i s  given t o  t h e  e x t e r n a l  appl ied  f o r c e s  and i n t e r -  
n a l  generated torques  t h a t  act on the  master i n  equi l ibr ium, 
as p i c tu red  i n  Figure 111-8. 

Figure 111-8 Master Torques and Forces  a t  Equi l ibr ium 

Considering f i r s t  only the  elbow t o  t i p  segment of t h e  master 
as shown i n  Figure 111-9, t h e  equi l ibr ium torques  about po in t  
E a r e  summed t o  g ive ,  
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-F 
X 

-F 
Y 

Figure 111-9 Equilibrium Torques and Forces on Master 
Upper Segment 

Accounting now f o r  t h e  equi l ibr ium condi t ions  of t h e  elbow 
t o  shoulder segment, as shown i n  Figure 111-10, 
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Figure 111-10 Equi l ibr ium Torques and Forces  on 
Master Lower Segment 

t h e  torques  about po in t  S a r e  summed t o  g ive ,  

and s u b s t i t u t i n g  from equa t ion  (1) y i e l d s  x (1) Solving f o r  T 

c c 

P u t t i n g  equat ions  (1) and (2) i n  matrix form gives:  
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This  equat ion  relates t h e  t i p  fo rces ,  i n  equi l ibr ium,  t h a t  t h e  
master a p p l i e s  t o  i t s  environmental  when t h e  shoulder and elbow 
torque motor are producing T 

respec t ive ly .  Therefore,  t h e  TC matr ix  i s  given by 

u n i t s  of torque,  x(1) and Tx(3) 

TC = 

11. 

TM i s  t h e  manipulator torque d i s t r i b u t i o n  and i s  der ived 
i n  t h e  same fa sh ion  as TC. The TM mat r ix  i s  given by: 

12. J1 

J1 i s  t h e  Jacobian matrix r e l a t i n g  master j o i n t  rates t o  
t h e  X,  Y t i p  rates. It was shown t h a t  t h e  master t i p  pos i t i on  
i s  given by: 
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I f  t h e  f i r s t  d e r i v a t i v e  of t h e s e  equat ions w i t h  respect t o  
t i m e  are denoted by 

d&&d- = XCD(1) 
d t  

and l e t t i n g  

5LbU.L = x(2) 
d t  

t h e  t i m e  d e r i v a t i v e s  of equat ions (3) and (4) are 
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Evaluat ing these  equat ions y i e l d s  i n  matrix form 

From t h i s  equat ion  i t  is seen t h a t  t h e  J1 Jacobian matrix i s  

52 i s  t h e  Jacobian mat r ix  r e l a t i n g  manipulator j o i n t  rates 
t o  X, Y t i p  rates. By analogy t o  J1, i t  i s  der ived  t o  be 

52 = 

4 
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MM i s  a diagonal  ga in  mat r ix  wi th  a l l  d iagonal  elements 
equal .  
t h e  opera tor .  
master and manipulator t i p  displacement r a t i o  i s  1 : l O ;  t h a t  
i s ,  f o r  every one u n i t  moved by t h e  master,  t h e  manipulator 
moves 10 u n i t s ,  To ob ta in  t h i s  r a t i o ,  t h e  MM mat r ix  would 
equa 1 

It i s  used t o  set t h e  multi-mode r a t i o  se l ec t ed  by 
As a n  example, suppose it i s  des i r ed  t h a t  t h e  

15. 

CT i s  t h e  coordinate  t ransformat ion  mat r ix  t h a t  t ransforms 
t h e  g t i p  p o s i t i o n  of t h e  manipulator i n  the  X C ,  or  f ixed  a x i s  
system, t o  t h e  value of t h i s  t i p  p o s i t i o n  i n  t h e  XM, o r  oper- 
a t i n g  a x i s  system. 

The CT matrix i s  der ived  as shown below. Consider t h e  two 
a x i s  systems XC and E shown i n  Figure 111-11. 
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Figure 111-11 Two Axis System Showing Der iva t ion  of 
Coordinate Transformation Matrix 

Let: (1) 2 be vector  r ep resen t ing  manipulator t i p  p o s i t i o n ,  
- 

(2) a be u n i t  b a s i s  vec tors  i n  
i 

(3) b. be u n i t  b a s i s  vec tors  i n  

(4) 8 be r o t a t i o n  angle  between 

1 

- XC a x i s ,  

- XM axis, and 

the  a x i s  XC and XM. - - 

The a can be expressed i n  terms of t h e  as: 
i i 

- E p g  + P <  al 11 1 1 2  2 

a = P 6  + P %  
2 2 1  1 22 2 
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where P = COSQ, P = -SING, P21 = SINB, P22 C 0 6 8 ,  and t h e  11 12 
vector  5 can be expressed as e i t h e r  

S u b s t i t u t i n g  equat ions (5) and (6) i n t o  (7) y i e l d s  

x = xc(1) q16, + q2s2] 4- xc(2) [S16, + p,,6,] = XM(l)gl 4- XM(2)S2, [ 
- 

Simplifying produces 

and comparing c o e f f i c i e n t s  of the b. g ives  
1 

5 1  

5 2  

P 
11 

P 
12 

Equation 8 t ransforms t h e  t i p  p o s i t i o n  of t h e  manipulator 
i n  t h e  f i x e d ,  or base a x i s  system, X C ,  i n t o  t h e  va lue  of t h i s  
t i p  p o s i t i o n  i n  the  opera t ing  or a x i s  system. S u b s t i t u t i n g  
f o r  t h e  P y i e l d s  

i j  
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and thus CT i s  shown t o  be 

5. Design Philosophy 

a. Operational Requirements - As a guide l ine  f o r  t h e  
design of t h e  e l e c t r o n i c s  t h a t  w i l l  i n t e r f a c e  t h e  master and 
s l ave  arms, b a s i c  opera t iona l  cri teria must be spec i f i ed .  
Some of t h i s  c r i t e r i a  i s  "general" ,  i n  t h a t  no unique design 
numbers e x i s t  due t o  the  systems f l e x i b i l i t y  wi th  man " i n  
t h e  loop", some of t he  cri teria i s  obtained from p a s t  research 
on b i l a t e r a l  fo rce  r e f l e c t i n g  remote manipulators,  and s t i l l  
o ther  of t h e  guide l ines  are a r e s u l t  of personal  i n t u i t i o n  
on how t h i s  5 re ference  frame c o n t r o l  system should operate.  
The four  primary ope ra t iona l  requirements t h a t  must be con- 
s idered  f o r  t h i s ,  as w e l l  as any o ther  b i l a t e r a l  manipulator 
system, are as follows. 

1) Compliance - Compliance is  a measure of t h e  servo 
" s t i f f n e s s "  of a manipulator system. As has been pointed out 
by p a s t  work i n  t h e  f i e l d ,  t h e  s t i f f e r  t h e  servo loops t h e  
more r e a d i l y  man-in-the-loop can adapt and c o n t r o l  a remote 
manipulator.  Unfortunately,  t h e r e  i s  an  upper bound on how 
s t i f f  a servo loop can be made due t o  t h e  high ga ins  t h a t  
evolve which r e s u l t  i n  d e s t a b i l i z i n g  t h e  system. Compliance 
can e a s i l y  be measured by r i g i d l y  a t t ach ing  t h e  manipulator 
t o  an immovable objec t  and then  applying a torque t o  one of 
t h e  master j o i n t s .  The r a t i o  of angular  displacement of t h e  
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j o i n t  t o  t h e  appl ied  torque is  t h e  compliance number f o r  t h a t  
j o i n t ,  The l i t e r a t u r e  has  shown t h a t  a compliance of 2 x 10' 
r a d / f t . l b  i s  a workable number f o r  a one-to-one j o i n t  coupled 
b i l a t e r a l  manipulator,  
system, t h e  compliance w i l l  be g iven  a s  t h e  f e e t  d i sp laced  
a t  t h e  master t i p  i n  the  X or Y d i r e c t i o n  t o  t h e  l b s  appl ied  
fo rce  of t h e  t i p  i n  t h e  X or  Y d i r e c t i o n  f o r  a r i g i d l y  f i x e d  
manipulator.  It i s  hoped t h a t  t h e  two DOF breadboard can 
be designed with an X and a Y compliance f i g u r e  of 0.5 x 
f t / l b .  The ga in  mat r ix  K 1  i n  Figure 111-6 determines t h e  
master compliance and the re fo re  must be,  t o  m e e t  t h e  0.5 x 

3 

For a n  & r e fe rence  frame c o n t r o l  

f t / l b  f i g u r e ,  given by 

2) Operating Speed - The speed a t  wh$ch t h e  master 
and s l ave  move ( l e t  t h i s  speed be denoted by 2) under t h e  
inf luence  of a n  opera tor  appl ied  input  fo rce  i s  a func t ion  
of t h e  system ga ins ,  gear  f r i c t i o n ,  and t h e  i n t e r n a l  viscous 
damping of each se rvo  motor. The g r e a t e r  t h e  f o r c e  needed 
t o  move t h e  arms, t h e  g r e a t e r  t h e  degradat ion i n  t h e  fo rce  
feedback q u a l i t i e s  of t h e  system. Thus it i s  d e s i r a b l e  t o  

maximize t h e  r a t i o  - , where F i s  t h e  
F 
T i n  

needed t o  set t h e  system i n  motion, t o  i t s  
value and s t i l l  maintain a workable system 
i n i t i a l  work, it appears  t h a t  a value of 

l n i n  minimum input  fo rce  

l a rge  s t p os s i b  le 
s t a b i l i t y .  From 

. 
1 f t / s e c  
1 l b  

x 
F 
- - =  

min 
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w i l l  be poss ib le  t o  ob ta in  f o r  both t h e  X and Y d i r e c t i o n s .  

3) Force Ref l ec t ion  - The fo rce  r e f l e c t i o n  r a t i o  
between master and s l ave  i s  probably t h e  easiest of t h e  opera- 
t i o n a l  cr i ter ia  t o  obta in ,  The r a t i o  of t h e  f o r c e s  app l i ed  
a t  t h e  master t o  those  app l i ed  a t  t h e  manipulator i s  given by 

K 1  Force r a t i o  = - 
K 4  

Actual ly  equat ion  (10) v i o l a t e s  a fundamental property of 
matrix a lgeb ra  and should be more c o r r e c t l y  s t a t e d  as 

K l ( 1 , l )  
K 4  

Force r a t i o  i n  X d i r e c t i o n  = 

K 1 ( 2 , 2 )  
K 4  (2,2) 

Force r a t i o  i n  Y d i r e c t i o n  - 

The two D.O.F. breadboard i s  being designed with a fo rce  
r e f l e c t i n g  r a t i o  of 1, and the re fo re  equat ions  (11) and (12) 
i n d i c a t e  t h a t  K 1  = K4. 
been def ined,  and thus  K4 i s  given by 

From t h e  compliance cr i ter ia  K 1  h a s  

K1 = K 4  = 2000 

[ 0 2 0 0 ~ ~  
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4) S t a b i l i t y  - System s t a b i l i t y  i s  t h e  most c r i t i c a l  
and t h e  most d i f f i c u l t  of t he  cr i ter ia  t o  achieve.  The system 
must be s t a b l e  f o r :  1. a l l  a r m  conf igura t ions ,  2. operat ing 
with t h e  multi-mode f e a t u r e  a c t i v e ,  3. master and s l ave  oper- 
a t i n g  i n  d i f f e r e n t  a x i s  systems: 4. master s h o r t  c i r c u i t e d  
and open c i r c u i t e d  ( t i p  of master both he ld  on t o  and not  he ld  
on t o  by the  opera tor ) ,  5. manipulator sho r t  c i r c u i t e d  and 
open c i r c u i t e d  ( t i p  of manipulator both i n  contac t  wi th  an 
objec t  or  load and allowed t o  move f r e e ) ,  and 6. any cambin- 
a t i o n  of circumstances 1. through 5. Unfortunately,  t h e r e  i s  
no "cook book" procedure f o r  a system design t h a t  w i l l  guar- 
an tee  t o t a l  s t a b i l i t y .  Several  of t he  parameters i n  the  two 
D, 0.F. 
system 

b. 
des ign  
ob ta in  
Figure 

c o n t r o l  scheme t h a t  can be va r i ed  t o  achieve the  des i r ed  
s t a b i l i t y  w i l l  be b r i e f l y  discussed below. 

Options i n  Design - There are s e v e r a l  opt ions i n  the  
of t h e  two D.O.F. breadboard t h a t  can be used t o  
t h e  des i r ed  s t a b i l i t y .  F i r s t  of a l l ,  as shown i n  
111-6, d i f f e r e n t i a l  t i p  rate feedback h a s  been included 

t o  provide t r a n s i e n t  damping without  e f f e c t i n g  t h e  s teady state 

V a - - value.  Thus, t h e  g a i n  mat r ices  K 3  and K6 are parameters F -min  i 

t h a t  can be var ied  t o  e f f e c t  s t a b i l i t y .  There e x i s t s  t h e  
opt ion of configuring t h e  DC servo  motors a t  each j o i n t  i n  
e i t h e r  a vol tage  o r  cur ren t  d r ive  made. I n  t h e  vol tage  d r i v e  
conf igura t ion ,  t h e  i n t e r n a l  viscous damping of each motor 
becomes s i g n i f i c a n t  and thus provides d e s i r a b l e  s t a b i l i t y  
q u a l i t i e s  but tends t o  g r e a t l y  degrade t h e  

- i - i - r a t i o .  To obta in  a workable - value ,  p o s i t i v e  t i p  F F 
T i n  a i n  
rate feedback can be introduced but  t h i s  n a t u r a l l y  has  a 
de t r imen ta l  e f f e c t  on s t a b i l i t y .  I n  the  cu r ren t  d r ive  con- 
f i g u r a t i o n ,  t h e  motor i n t e r n a l  viscous damping i s  neg l ig ib l e  
which y i e l d s  a l a rge  value f o r  

H - - but  leaves t h e  system highly  unde r s t ab i l i zed .  F T i n  
the  necessary s t a b i l i t y ,  shaping f i l t e r s  and d i f f e r e n t i a l  t i p  
rate feedback can be used. These shaping f i l t e r s ,  placed i n  
t h e  input  c i r c u i t  t o  each servo motor, are of t h e  lead-lag 
v a r i e t y  and provide t h e  needed g a i n  and phase s h i f t  t o  s t a b i l i z e  
each servo closed loop. 

To provide 
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c. Methods of Analysis and Design - Both frequency and 
t i m e  domain techniques are being used t o  analyze and design 
t h e  two D.O.F. c o n t r o l  system. A s  a f i r s t  s t e p ,  t h e  t o t a l  
closed loop system is  d iv ided  i n t o  i t s  four  ind iv idua l  com- 
ponents. These four  components undergo a piecewise l i n e a r i -  
za t ion  and a frequency domain s t a b i l i t y  a n a l y s i s  i s  conducted. 
The appropr ia te  ga in  func t ions  and f i l t e r s  are designed t o  
a s su re  t h e  s t a b i l i t y  of each servo loop considered ind iv idua l ly .  
Unfortunately,  analyzing each l i n e a r i z e d  servo  system separ- 
a t e l y  does not  r evea l  t h e  s t a b i l i t y  q u a l i t i e s  of t h e  t o t a l  
c losed  loop c o n t r o l  system. To i n v e s t i g a t e  the  t o t a l  system 
behavior,  t i m e  t r a j e c t o r i e s  t o  simulated fo rce  inpu t s  are 
obtained by programming t h e  c o n t r o l  system on t h e  d i g i t a l  
computer, which performs the  needed i n t e g r a t i o n s  v i a  a 
numerical i n t e g r a t i o n  rou t ine .  
r evea l  t he  o v e r a l l  system s t a b i l i t y  q u a l i t i e s ,  and thus  an 
i t e r a t i v e  update design procedure i s  obtained between t h e  
frequency and t i m e  domains. This  procedure i s  repea ted  u n t i l  
a c o n t r o l  system t h a t  meets a l l  t h e  genera l  ope ra t iona l  cri-  
ter ia  i s  developed. 

These t i m e  t r a j e c t o r i e s  

6. Frequency Domain Analysis 

a. Ind iv idua l  J o i n t s  - A s  seen from t h e  d e f i n i t i o n s  of 
Sec t ion  111.11.4, t h e  X re ference  c o n t r o l  scheme as shown i n  
Figure 111-6 i s - h i g h l y  nonl inear .  
systems present  some d i f f i c u l t i e s  i n  t h e i r  a n a l y s i s  and design 
due t o  t h e  i n a p p l i c a b i l i t y  of s tandard frequency domain tech- 
niques t o  such systems. I n  an e f f o r t  t o  analyze,  by hand, 
i n  the  frequency domain, t h e  two D.O.F. c o n t r o l  system, t h e  
servo motors and t h e i r  a s soc ia t ed  closed loops f o r  each j o i n t  
a r e  considered ind iv idua l ly .  These ind iv idua l  systems a r e  
piecewise l i n e a r i z e d  and a frequency domain design i s  con- 
ducted on t h e  var ious  gains  and shaping f i l t e r s  t o  a s su re  
s t a b i l i t y .  Af te r  t h i s  i s  done, t h e  complete system i s  re- 
un i t ed  and t i m e  t r a j e c t o r i e s  are obtained t o  i n v e s t i g a t e  
t h e  t o t a l  nonl inear  c losed loop system behavior. 

Unfortunately,  nonl inear  

1, Consider f i r s t  t h e  master shoulder j o i n t  servo motor 
and i t s  var ious  inpu t s  as shown i n  Figure 111-12. To i n -  
v e s t i g a t e  t h e  s t a b i l i t y  of t h i s  system with respect t o  an 
input  dis turbance torque,  U 1 ,  t h e  manipulator and master 
elbow j o i n t s  are held f ixed ,  and the re fo re  the  r a t e  i npu t s  
U4, U5, and U6 are zero  and t h e  pos i t i on  inpu t s  U 2  and U3 
are cons tan t  f o r  any p a r t i c u l a r  a r m  conf igura t ion .  To cal- 
c u l a t e  t h e  open loop t r a n s f e r  func t ion  f o r  t h i s  system, f o r  
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a l l  permissible  loca t ions  t h e  master shoulder  j o i n t  can ob ta in  
under normal operat ion,  t h e  s i g n a l  conten t  a t  point  e i n  
Figure 111-12 must be known. 
each of the  6. and A .  must be determined. 

To o b t a i n  t h i s  information,  

1 1 

U 4  = UT = U 6  = 0 

u7 = x(3) 

x(1)= Xl0 + x(1) 

Xl0 = i n i t i a l  condi t ion  on X ( 1 )  

c = COSINE 

S = SINE 

and from the  v a r i a b l e  d e f i n i t i o n s  of Sec t ion  I I I . A . 4  t h e  
6. -and A.  are seen t o  be 
1 1 

l3 = 0 

h3 = 0, 
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3 3 

Forming t h e  sums si and hi, and opera t ing  on t h e s e  

i=l i= 1 
s i g n a l s  wi th  the  torque d i s t r i b u t i o n  ma t r ix  TC and t h e  ga in  
ma t r ix  CA r e s u l t s  i n  e g iven  by 

Simplifying 
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Simplifying 

e = (GA) (K2') (LC) (Xlo+X(l))S (X,o+X(1)W7)+2C(X10+X(1))C(X10+X(1)sUi 
- 

The above equat ion r evea l s  t h a t  e i s  composed of a l i n e a r  t e r m  
i n  rate, X ( 2 ) ,  and a nonl inear  t e r m  i n  pos i t i on ,  S(X(1)) .  Re- 
membering t h a t  equat ion (14) was der ived f o r  any pos i t i on  of 
t h e  master shoulder j o i n t ,  and as was shown i n  Sec t ion  A.4 .c .  t he  
system w i l l  have a s m a l l  compliance number, X ( l )  w i l l  vary 
only s m a l l  amounts around X 10 Therefore S (X(1)) can be l i n e a r i z e d  around t h e  o r i g i n  as shown 
i n  F igure  111-13 t o  r e s u l t  i n  

f o r  a l l  expected values  of Ul. 
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Figure 111-13 Piecewise Linear ized S (X(1))  Function Around Origin 

where K 
t h i s  l i n e a r i z a t i o n ,  equat ion  (14) becomes 

is t h e  s lope  of t h e  piecewise l i n e a r i z e d  curve. Under 
S 

and Figure 111-12 can be s impl i f i ed  as shown i n  Figure 111-14. 
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/GIS1;NeededCamp.l 
2 Network I 

Figure 111-14 Linearized Form o f  Master Shoulder Servo Loop 

L e t t i n g  G (S) = 1, t h e  open loop t r a n s f e r  func t ion  e/’ i s  
e a s i l y  caEculated t o  be 

From a knowledge of t h e  servo motor parameters and t h e  system 
g a i n s  K1,  K2,  and K 3 ,  equat ion (15) reveals open loop charac- 
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t e r i s t i c s  and can be used t o  determine the  needed compensating 
f i l t e r  t o  assure  relative s t a b i l i t y .  
f o r e  be used t o  s t a b i l i z e  t h e  master shoulder se rvo  closed 
loop system considered, i t  i s  remembered, only as a subsystem 
and thus  does not guarantee s a t i s f a c t o r y  performance when t h e  
servo i s  operated as a member of t h e  t o t a l  system, 

This technique can there-  

The master elbow servo  system, Figure 111-15 can be t r e a t e d  
i n  an i d e n t i c a l  f a sh ion  as above t o  determine i t s  r e l a t i v e  
s t a b i l i t y  about any pos i t i on  the  elbow can achieve under normal 
operat ion.  
of equat ion (14), becomes 

The value of e, der ived i n  t h e  same manner as t h a t  

Once aga in  approximating S(X(3)) i n  the  region of t h e  o r i g i n  
by K X ( 3 )  y i e l d s  

S 

e = (CA) (K2O) (LC) 2X (4) - (CA) (E) (Kl)  (Ks)X (3). 

Figure 111-15 can now be recons t ruc ted  as shown i n  Figure 
111- 16, 

Le t t i ng  G ( S )  = 1, t h e  open loop t r a n s f e r  func t ion  e/B i s  
e a s i l v  ca l cu la t ed  t o  be 

S 

(K1) (K 1 [" s 
(-K2') 

" 

(m GS')' 
= (KFB (2)) (KFL(2)) 

Proceeding wi th  a s i m i l a r  a n a l y s i s  on t h e  ind iv idua l  man- 
i p u l a t o r  j o i n t s  as was conducted above on the  master j o i n t s ,  
t h e  manipulator shoulder servo loops e x i s t s  as shown i n  
Figure 111-17. e is  ca l cu la t ed  t o  be 

(18) 
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Figure  111-16 Linear ized  Form of Master Elbow Servo Loop 
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Let t ing  S(X(5)) = KsX(5)  

f o r  small va lues  of X ( 5 ) ,  Figure 111-17 can be redrawn as 
shown i n  Figure 111-18 

Needed 
Comp. 
Network L_r_ 

Figure 111-18 Linearized Form o f  Manipulator Shoulder Servo Loop 

(19) 
e 

2 B L e t t i n g  G (S) = 1, t h e  open loop t r a n s f e r  f u n c t i o n  - i s  cal- 
cu la t ed  t o  be 

D ,  
111-19. e i s  de r ived  t o  be 

The manipulator elbow se rvo  subsystem i s  shown i n  Figure 
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Let t ing  S(X(7)) = Ks X ( 7 )  

f o r  s m a l l  va lues  of X ( 7 ) ,  Figure 111-19 can be r econs t ruc t ed  
as shown i n  Figure 111-20 

? 

Motor 
Transfer 
Function 

I G , ( S )  = KFL(4) UI 0 
X(I 

. 

Needed 
Comp. 
Network + 

Figure 111-20 Linear ized Form of  Manipulator Elbow Servo Loop 

L e t t i n g  G 2 ( s )  = 1, the  open loop t r a n s f e r  func t ion  e/@ i s  given 
by S (21) 

(IC41 (Ks 1 
(-K5' 1 1 +  

S 
-I- (KFL(4)) (ICE1 (4)) (IGB (4)) 

- e'b - (KFB (4))(IcFL(4)) 
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7. Time Domain Analysis  

The f i n a l  ana lys i s  of t h e  t o t a l  system becomes somewhat 
d i f f i c u l t  i n  t h a t  now no p iece  of t h e  system can be he ld  
r i g i d  while another  piece i s  azalyzed. 
l i n e a r i z a t i o n  must be performed f o r  both t h e  forced and un- 
forced s i t u a t i o n s .  Th i s  l i n e a r i z a t i o n  r e s u l t s  i n  i n v e s t i -  
ga t ing  t h e  system behavior around equi l ibr ium po in t s ,  of 
which t h e r e  are an i n f i n i t e  number, and provides a l i n e a r i z e d  
system wi th  time varying c o e f f i c i e n t s  f o r  t h e  forced  case, 
Almost t o  t h e  poin t  of being f ace t ious ,  i t  can be s a i d  t h a t  
t h i s  type of a n a l y s i s  becomes horrendous f o r  an  e igh th  order  
system (s ix teenth  order  i f  a l l  compensating f i l t e r s  are 
included).  
behavior of t h e  t o t a l  c losed loop system must be found. I f  
t he  frequency domain i s  now abandoned and a t t e n t i o n  is  given 
t o  t h e  t i m e  domain, it i s  r e a l i z e d  t h a t  an easier method does 
e x i s t .  This easier technique c o n s i s t s  of examining t h e  
systems t i m e  t r a j e c t o r i e s  f o r  var ious  inputs ,  o r  fo rc ing  
func t ions ,  and i s  descr ibed  i n  d e t a i l  i n  t h e  following sec t ion .  

A complete system 

Therefore an easier method f o r  determining t h e  

a. Digi ta l  Program - To ob ta in  t i m e  t r a j e c t o r i e s  f o r  t he  
r e s u l t a n t  motion t o  var ious  input  forc ing  func t ions  f o r  t h e  
system of Figure 111-6, t h e  servo  motors and c o n t r o l  l a w s  are 
modelled and programmed, i n  For t ran  IV,  wi th  the  r e s u l t a n t  
program designed f o r  execut ion on a CDC 6400 computer. 
system motion i s  descr ibed by e i g h t  f i r s t  order  nonl inear  
d i f f e r e n t i a l  equations.  The t i m e  s o l u t i o n s  t o  these  equat ions 
are obtained by i t e r a t i v e  i n t e g r a t i o n  using t h e  Kutta Merson 
i n t e g r a t i o n  rout ine .  The inpu t s  t o  t h e  program are: 1. a l l  
system va r i ab le s ,  2. a l l  i n i t i a l  condi t ions ,  and 3. t he  e x t e r -  
n a l  fo rces  appl ied  a t  t h e  t i p  of t h e  master and manipulator;  
t h e  outputs  are: 1. motion of a l l  j o i n t s ,  2. rate of a l l  
j o i n t s ,  3. t i p  motion of master and slave, 4. t i p  rates, and 
5. torques generated by a l l  servo  motors. The program can 
s imulate  t h e  servo mgtors connected i n  e i t h e r  t h e  vol tage  o r  
cur ren t  d r i v e  modes and includes the  n o n l i n e a r i t i e s  i n t r o -  
duced by motor torque and rate l i m i t s .  See Appendix D f o r  
program l i s t i n g  . 

The 

The program c o n s i s t s  of f i v e  major p a r t s .  
p a r t s  provides t h e  func t ions  as descr ibed below, 

Each of t hese  



P a r t  I: 

1. reads i n  a l l  d a t a  

2. writes out  a l l  input  d a t a  

3, def ines  t h e  coordinate  t ransformat ion  mat r ix  CT 

4. computes t h e  composite se rvo  parameters KFL(i.1 (forward loop), 

KEI (i) ( re f l ec t ed  i n e r t i a ) ,  and KFB (i) (servo viscous damping) 

5. calls numerical  i n t e g r a t i o n  rou t ine  

6 .  s t o r e s  r e s u l t s  of numerical i n t e g r a t i o n  r o u t i n e  

7. p r i n t s  out t i m e  h i s t o r i e s  i n  t a b u l a r  form 

8. 

P a r t  11: 

p l o t s  each time h i s t o r y  on a separate graph 

P a r t  11 i s  t h e  Kutta-Merson numerical i n t e g r a t i o n  subroutine.  

One of t h e  formal parameters passed i n t o  t h i s  subrout ine  i s  t h e  name of 

another  subrout ine  which conta ins  t h e  e igh t ,  f i r s t  order  d i f f e r e n t i a l  

equat ions t h a t  desc r ibe  t h e  motion of tihe master-s lave system. 

P a r t  111: 

P a r t  111 i s  t h e  "FIRDER" subrout ine  t h a t  de f ines  t h e  e i g h t  f i r s t  

order  d i f f e r e n t i a l  equat ions t h a t  desc r ibe  t h e  system. The program 

input  da t a ,  read  by t h e  main program (Part  I), i s  passed i n t o  t h i s  

subrout ine  by means of common block s torage.  

P a r t  IV: 

P a r t  I V  i s  a s h o r t  subrout ine  t h a t  seeks out t h e  minimum and maximum 

values  of each t r a j e c t o r y  t o  be p lo t t ed .  



P a r t  V: 

P a r t  V is  a scale subrout ine  that scales a l l  axes f o r  t r a j e c t o r y  

p l o t t i n g .  

b, Resul t s  of D i F i t a l  Program 

As s t a t e d  previous ly ,  t h e  f i r s t  output  func t ion  of t h e  program i s  

t o  p r i n t  ou t  a l l  inpu t  data.  A sample p r i n t  out  follows. 

TWO DIMENSIONAL BILATERAL MANIPULATOR PROGRAM 

INPUT DATA 

K 1  K2 
2000,000 0, 6.500 

0, 2000.000 0, 

K 3  K 4  
20,000 0, 2000,000 

0, 20,000 0, 

K 5  
6.500 
0, 

CA 
, 799 

0, 

K6 
0, 20,000 
6,500 0, 

MA 
0, , 799 

.799 0, 

MM 
1,000 0, 
00 1.000 

GS 
0, 

P I  
0. 

RR 
0, 

KT 
, 149 .149 .149 

00 
6.500 

0, 
2000,000 

0, 
20.000 

0, 
799 

.149 
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RL 
1,500 1.500 

TL 
28.125 28.125 

RT 
11.900 11.900 

KG 
100,000 100,000 

!a 
200 

JM 
0. 

1.500 

28.125 

21.900 

100.000 

200 200 

Lc= 1.000 L M =  2,000 

STIME = 1.000 

NEQ = 8 STEP = .005 

T = 0, 

FC 
0, 1,000 

1,500 

28.125 

11,900 

100,000 

.zoo 

0. 

END OF INPUT DATA 



Those values i n  t h i s  p r i n t  out t h a t  have no t  been previously defined 

i n  Table 

1. 

2. 

3. 

4. 

5. 

6, 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

111-1 are:  

KT 

RL 

TL 

RT 

KG 

KB 

J'M 

RA 

I& 

LM 

= torque s e n s i t i v i t y  value of each se rvo  motor 

= rate l i m i t  f o r  each j o i n t  

= torque l i m i t  f o r  each servo-gear t r a i n  combination 

= t o t a l  r e s i s t a n c e  of motor winding and d r i v e r  ampli- 
f i e r  output impedence f o r  each servo motor 

= gear  t r a i n  r educ t ion  value 

= viscous damping of servo motor 

= r e f l e c t e d  i n e r t i a  a t  each j o i n t  due t o  load at t i p  
of master or s l a v e  

= coordinate  a x i s  r o t a t i o n  angle 

= length of master a r m  segments 

= length of manipulator a r m  segments 

STIME = length of run  t i m e  f o r  program 

NEQ = number of f i r s t  order d i f f e r e n t i a l  equat ions t o  be 
handled by numerical i n t e g r a t i o n  subrout ine 

STEP = p r i n t  out i n t e r v a l  

T = i n i t i a l  t i m e  

X ( i )  = i n i t i a l  values of j o i n t  p o s i t i o n s  

FC = X and Y t i p  forces  appl ied t o  master 

FM = X and Y t i p  forces  appl ied t o  manipulator 

The t a b u l a r  p r i n t  out of the t i m e  func t ions  w i l l  not  be presented 

as t h a t  in format ion  can more r e a d i l y  be shown by the  t r a j e c t o r y  p lo ts .  

To avoid a lengthy exp lana t ion  of each p l o t t e d  funct ion,  t h r e e  examples 
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w i l l  be given t h a t  show t h e  p l o t t e d . r e s u l t s  of a c t u a l  computer 
runs 

A ,  Example I 

This example demonstrates t h e  f o r c e  r e f l e c t i n g  p r o p e r t i e s  
of t h e  system. The servo  motors are modeled i n  t h e  vo l t age  
d r i v e  mode, a moderate amount of d i f f e r e n t i a l  t i p  rate feed-  
back i s  included,  and t h e  e x t e r n a l  appl ied  f o r c e s  on the  t i p  
of t h e  master and manipulator are (10 l b s ,  10 l b s )  and (-10 
l b s ,  -10 l b s ) ,  r e spec t ive ly .  The master and manipulator t i p s  
are i n i t i a l l y  placed a t  (1.7 f t ,  0). Since equa l  and opposi te  
e x t e r n a l  fo rces  a r e  placed on t h e  master and manipulator,  i t  
i s  expected t h a t  t h e  system w i l l  undergo i n i t i a l  t r a n s i e n t s  
wi th  t h e  s teady s ta te  condi t ion  r evea l ing  no motion and t h e  
ind iv idua l  j o i n t  se rvo  motors ac tua t ed  t o  oppose t h e  e x t e r -  
n a l  appl ied  fo rces .  A s  seen  by t h e  time t r a j e c t o r i e s ,  t h i s  
is  indeed t h e  case ,  

I n  the  fol lowing p l o t s ,  angular  p o s i t i o n  i s  given i n  
r ad ians ,  angular  r a t e  i n  radians/second,  t i p  p o s i t i o n  i n  
f e e t ,  t i p  r a t e  i n  fee t / second,  and torques  i n  f o o t  lbs .  



TWO DIMENSIONAL BILATERAL NANIPULATOR PROGRAM 

INPUT DATA 

K1 
2000,000 

0, 

K2 
0. 
0, 

0. 
2000,000 

K3 
20,000 

0. 

K4 
20000000 

0, 
0, 
20,000 

0. 
2000,000 

K6 
20.000 
0, 

K5 
00 
0, 

0. 
20.000 

MA 
.799 

0, 

CA 
0 799 

0, 
00 

0 799 
0, 
.799 

MM 
1.000 
0, 

0, 
1.000 

GS 
0. 0. 00 

P I  
0. 

RR 
0, 0. 

KT . 149 .149 .149 

1.500 

28.125 

11.900 

100.000 

.149 

1.500 

28.125 

11.900 

100,000 

RL 
1.500 1.500 

TL 
28,125 28.125 

RT 
11.900 11,900 

KG 
100,000 100.000 
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KB 
* 200 

Lc= 1.000 

.200 

0, 

L1 = 2.000 

200 

0. 

STIrn = 1.000 

NEQ = 8 STEP = ,005 

T = 0, 

FC 
10,000 10,000 

FM 
-10,000 -10.000 

END OF INPUT DATA 
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0. 2.000-01 a.ooo-o1 6.000-01 8.000-01 1.00 0. 2.000-01 a.ooo-o1 6.000-01 8.ooo-ot 1.m 

X(11 VS TIM 

1 MASTER sH0Uu)ER POSITION X(11 

X(2) VS TIM 

1 WISlER SHahDER E L K  I TY xi21 

0. 2.000-01 4.000-01 6.000-01 8.ooo-ot 1.w 0. 2.000-01 a.ooo-o1 6.000-01 8.000-01 1.00 

X(3) VS TIM X(4) VS TIM 

f bWTER ELBOW POSlTlCN x I31 1 ELBOW MLOCITY xta) 
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0. 2.000-01 4.000-01 6.000-01 8.000-01 1 .M) 0. 2.000-01 a.ooo-01 6.000-01 8.000-01 i . ~ )  

X(51 ys TIM 

1 SAVE SHOUDER POSITION XI51 

XI61 vs TIM 

1 U'E SHOlhoER KLOClTY X(61 

0. 2.000-01 0.000-oi 6.000-01 8.000-01 1.00 0. 2.000-01 4.000-01 6.000-01 8.000-01 1.M) 

XI71 vs TIM 

4 SAVE ELBOW POSITION X(71 

XI81 vs TIM 

1 SLAVE ELBOOW YROC I TY x181 
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0. 2.000-01 4.000-01 6.000-01 8.000-01 1.00 0. 2.000-01 4.000-01 6,000-01 8.000-01 1.00 

XCIII vs T I E  

I MPSTER X TIP POSITICN X C ( l 1  

XCD(l1 vs T I E  

1 llpsrm X TIP MLKlN XCD(1) 

0. 2.000-01 4.000-01 6.000-01 8.000-01 1.00 
0. 2.000-01 4.000-01 6.000-01 8.000-01 1.00 

XCD(21 vs TlK xc (21 vs TIK 

1 WZER Y TIP M L O C I N  XCD (21 1 EUISTER Y TIP POSlTlCN xc (21 - 
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0. 2.000-01 a.ooo-ot 6.000-01 8.ooo-oi 1.00 

m11 1 vs TIM 

1 %AM X TIP POSlTlCN X M ( 0  

0. 2.000-01 a.ooo-oi 6.000-01 8.ooo-oi 1.00 

W2I vs TIK 

1 SAVE Y TIP POSITICN ;61(2) 

0. 2.090-01 4.000-01 6.000-01 8.000-01 1.00 

0. 2.000-01 4.000-01 6.000-01 8.000-01 %$0O 

XM] 12) vs TIM 

1 SLAVE Y TIP MlOClTY XM, 12) 
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0. 2.OOO-OI 4.000-01 6.000-01 8.000-01 1.00 

TQ(11 VS T I E  

I MpsTfR SHOcbDER ToR(xIE TQf11 

0. 2.000-01 4.000-01 6.000-01 8.000-01 1-00 

TQ(31 VS T I M  

1 %AM sHwu)ER TORQE TQ131 

0. 2.000-01 4.000-01 6.000-01 8,000-Ot ( S O 0  
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TQ(2I vs T I M  

1 m aBcw TORME TQ(21 

0. 2.000-01 4.000-01 6.000-01 8.000-01 1.00 

TQ(41 VS T I E  

1 SAM WCcl TCRW TQ(41 



b. Example I1 - 
I n  t h i s  example tlie servo  motors are modeled i n  t h e  vo l tage  

d r i v e  mode, t h e r e  i s  no d i f f e r e n t i a l  or p o s i t i v e  t i p  rate 
feedback, t he  e x t e r n a l  appl ied  f o r c e s  on the Master a r e  (0, 1 lb), 
and e x t e r n a l  fo rces  on the  manipulator are (0, 0). Both arms 
a r e  i n i t i a l l y  placed a t  ( 1 . 7  f t ,  0). A s  seen from t h e  t i m e  
t r a j e c t o r i e s ,  t h i s  system i s  considerably underdamped and has 
a very poor 2 r a t i o .  

F 
- m i  n 
- 
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TWO DIMENSIONAL BILATERAL MANIPULATOR PROGRAM 

INPUT DATA 

K1 
2000.000 

0. 

K3 
0. 
0. 

0. 
0. 

K5 

CA 
799 

0, 

MM 
1,000 
0, 

0, 

0, 

0. 

GS 

PI 

RR 

KT 
,149 

RL 
1.500 

TL 
28,125 

RT 
11.900 

KG 
100.000 

0. 
2000.000 

0. 
0. 

0, 
0. 

0, 
, 799 

0, 
1,000 

0, 

0. 

0, 

.149 

1.500 

28.125 

11.900 

100,000 

K2 
0, 
0. 

2000.000 
0. 

K4 

K6 
0. 
0, 

MA 
0 799 

0. 

0. 

0. 
0. 

0. 
2000.000 

0. 
0. 

0. 
.799 

0. 

.149 .149 

1.500 1.500 

28.125 28.125 

11,900 11.900 

100.000 100.000 
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KB . 200 

JM 
0. 

RA = 0. 

Lc= 1.000 

STIME = 1.000 

NEQ = 8 STEP = 

T =  0, 

200 

0. 

LM = 2.000 

,005 

200 

0, 

200 

0. 
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0. 2.000-01 4.000-oi 6.000-01 8.ooo-0i I .oo 0. 2.000-01 a.ooo-oi 6.000-01 8.ooo-oi i .oo 

X ( f )  vs T I E  

I 11psTER SHOWER POSITION X( l1 

Xf2J Ys T I M  

1 ElpmR SWUSER VELOCITY X(21 

0. 2.000-01 a.000-01 6.000-01 8.ooo-oi 1.w 0. . 2.000-01 4.000-oi 6.000-01 8.000-01 1.00 

TIM xtai vs TIM X(31 vs 

W X R  aBcH POSITION X(31 i U C U  MLKITY x(ai 1 
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0. 2.000-01 a.ooo-o1 6.000-01 8.000-01 i .oo 0. 2.000-01 a.ooo-oq 6.000-01 8.000-ot 1.00 

vs T I M  X(61 vs T I M  X(51 

1 %AvE SHOUDER POSITION X(51 1 SlAvE S-KUDER M L O C I T Y  X(61 

2.000-01 a.000-01 6.000-01 8.000-01 1.00 0. 2.000-01 a.ooo-oi 6.000-01 8.000-01 1.00 0. 

XI71 vs T I M  XI81 vs T I M  

SAVE ELBOW WSlTlCN Xl7) 1 SAVE ELBOW mot I TY XI81 1 
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0. 2.000-01 a.ooo-oi ~ . O O O - U I  8.000-01 t.m 0. 2.000-01 a.ooo-01 6.000-01 8.ooo-ot 1.00 

xc (1 I vs T I M  

f FlpsTm X TIP WSITlaV XCIO 

XCD (1 I vs T I M  

i I%lER X TIP MLOClTY XCDLO 

0. 2.000-01 a.000-oi 6.ooo-ot E.OOO-O~ + .m 0. 2.000-01 a.ooo-of 6.ooo-of 8.000-01 1.00 

XCD (21 vs T I M  xc (21 vs T I M  

xc 12) 1 WSKR Y TIP VELOCITY XCD (2) 1 MASTER Y TIP WSlTlCEI 



0. 2.000-01 a.ooo-oq 6.000-01 8.ooo-ot 1.00 0 .  2.000-01 4.000-01 6.000-01 8.000-01 t . 00  

m11 vs T I M  )03)(0 VS T I M  

1 SA= X TIP POSITION xM(11 1 SAK X TIP VELOCITY xMI(11 

2.000-01 a.ooo-a 6.000-01 a.000-01 I . @  0 .  0. 2.000-01 4.000-01 6.000-01 8.000-01 1-00 

xM(21 VS T l K  rn (2) vs T I M  

1 SAVE Y TIP POSlTlCN xM(21 1 U'E Y TIP VELOCITY m (21 
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0. 2.000-01 a.ooo-01 6.000-01 8.ooo-oi 1 .M) 

0. 2.000-01 4.000-01 6.000-01 8.000-01 1-04 

I 

0. 2.000-01 a.ooo-ot 6.000-01 8.000-01 1 .oo 
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c* 
I n  t h i s  example t h e  servo  motors are modeled i n  t h e  c u r r e n t  

-...* Example --I --..- I11 - 
d r i v e  mode, t h e r e  i s  no d i f f e r e n t i a l  o r  p o s i t i v e  t i p  rate 
feedback, t h e  e x t e r n a l  appl ied  f o r c e s  on the  Master are (0, 1 l b ) ,  
and the  e x t e r n a l  f o r c e s  on t h e  manipulator are (0, 0). Both 
arms a r e  i n i t i a l l y  placed a t  (1.7 f t ,  0), As seen  from t h e  t i m e  
t r a j e c t o r i e s ,  t he  system i s  t o t a l l y  uns t ab le  due t o  t h e  almost 
complete absence of any i n t e r n a l  damping. 

111-63 



TWO DIMENSIONAL BILATERAL MANIPULATOR PROGRAM 

INPUT DATA 

K1 
2000.000 

0. 

K3 
0. 
0. 

K5 
0. 
0, 

CA 
.06 720 

0. 

MM 
1.000 
0, 

GS 
0. 

PI 
0, 

RR 
0. 

K!r 
, 149 

RL 
1.500 

TL 
28.125 

RT 
11,900 

KG 
100.000 

00 
2000,000 

0. 
0. 

0. 
0. 

0, 
, 06720 

0, 
1.000 

0, 

0. 

0. 

.149 

1.500 

28.125 

11.900 

100,000 

K2 
0. 
0, 

K4 
2000.000 

0. 

K6 
0. 
0, 

MA 
, 06 720 

0, 

.149 

1,500 

28.125 

11.900 

100,000 

0, 
0, 

00 
2000,000 

0, 
0, 

0. 
, 06720 

.149 

1.500 

28.125 

11.900 

100,000 
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KB 
0 00042 .00042 

0, 

.00042 

0. 

Lc= 1.000 LM = 2.000 

STIME = 1.000 

NEQ = 8 STEP = .005 

T = 0, 

FC 
0. 

FM 
0, 

END OF INPUT DATA 

1.000 

00042 

0. 

111-65 



0. 2.000-01 a.ooo-oi 6.000-01 8.000-01 1.00 

X(11 VS T I M  

1 M4STER S-IOULDER POSlTlCMl XLlI 

-5.500-01 

-6 000-01 

-6 500-01 

- 7  000-01 

-7.500-01 

-8 000-01 

-8 500-01 

-9 000-01 

-9.500-01 

-1 .ooo+oo 

-1.050+00 

0. 2.000-01 4.000-01 6.000-01 8.000-01 1.00 

X(31 vs T I M  

1 MASTER ELBW POSlTlCN X(31 

0. 2.000-01 0.000-oi 6.000-01 8.000-01 1.00 

X(21 VS T I M  

f MAmR SHOULDER YELOCITY X(21 

9.000-01 

8.000-01 

7.000-01 

6.000-01 

5.000-01 

4.000-01 

3.000-01 

2.000-01 

1.000-01 

-1.776-15 

-1.000-01 

0 .  2.000-oj a.ooo-oi 6.000-01 8.000-oi 1.00 

x(ai VS T I M  

x(a) f MASTER ELBOW MLOC I TY 
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0 .  2.000-01 a.ooo-oi 6.000-Oi 8.000-01 1.00 0 .  2.000-01 a.ooo-of 6.ooo-of 8.00o-of 1.00 

X ( 5 )  VS T I M  

i 9 A E  W E F t  POSITION X ( 5 )  

X ( 6 t  VS T I M  

i SLAVE WWER VFLOC I TY X(6) 

0 .  2.000-01 4.000-01 6.000-01 8.000-01 1.00 0 .  2.000-01 a.ooo-of 6.000-01 8.ooo-oi 1.00 

X(71 vs T I M  

SdE RBW POSITION X I 7 1  

X ( 8 1  VS T I M  

4 WE RBOW MLOC I TY X(81 
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0. 2.000-01 a.ooo-oi 6.000-01 8.000-01 1.00 0 .  2.000-01 4.000-01 6.000-01 8.000-0( 1.00 

XCLII vs T I M  XCD(1) vs T I M  

XCDIl) t MASTER X TIP POSITICN XC(11 i MASTER X TIP VELOCITY 

0. 2.000-01 4.000-oi 6.000-01 E.OOO-OI 1.00 0 .  2.000-01 4.000-01 6.000-01 E.OOO-OI 1 .W 

xc (21 V5 TlK XCD I21 vs T I M  

1 MASTER Y TIP POSlTlCN xc (21 1 IWTEF? Y TIP VELOCITY XCDl2) 
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0. 2.000-01 0.000-01 . 6.000-01 8.000-01 1.00 0. 2.000-01 0.000-oi 6.000-oi 8.000-01 i .oo 

mc1 I VS T I E  

1 WE X TIP POSITICN xM(1) 

mci) vs T I E  

1 %AM X TIP VELOCITY rn(0 

0. ,?.ooo-oi a.ooo-o$ 6.000-01 8.000-01 j.00 0. 2.000-01 6.000-ot 6.000-01 8.000-01 1.00 

mQ.((21 vs T I E  

1 SLAVE Y TIP POSITION m(2) 

m (2) VS TIE 

1 %AM Y TIP MLOC I TY xw(21 

Id-69 



0. 2.000-01 a.ooo-oi 6.000-01 9.ooo-oi 1.00 

TQl11 VS TIM 

t EUSTER SHOIJLCER TORWE TQ(11 

0 .  2.000-01 a.ooo-oi fi.000-01 8.ooo-oi 1.00 0. 2.000-01 4.000-01 6.000-01 8.000-01 1.00 

TO131 VS TIM 

f %ALE % O L D E R  TORQX TQ(31 

TQ I1 VS TIM 

SLAM ELBW TORMlE TQLQl 
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B. SERVO SYSTEM DESIGN 

Before proceeding t o  t h e  a c t u a l  des ign  and a n a l y s i s  of t h e  
two D,O,F. c o n t r o l  system, t h e  phys ica l  c h a r a c t e r i s t i c s  of t h e  
breadboard hardware w i l l  be reviewed so t h a t  t h e s e  c h a r a c t e r i s t i c s  
can be used i n  transforming t h e  previously d iscussed  c o n t r o l  l a w  
g e n e r a l i t i e s  i n t o  t h e  needed e l e c t r o n i c s  t o  i n t e r f a c e  input  con- 
t r o l l e r  and output manipulator.  

Figure 111-27 d e p i c t s  t he  completed a r m s  w i th  motors, tacho- 
meters, and potentiometers.  A l l  phys ica l  dimensions are given 
on the  schematic of Figure 111-21Jc and w i l l  t he re fo re  be omitted 
here,  I n  c o n t r a s t  t o  Figure 111-21, the potentiometer a t  each 
j o i n t  w a s  moved from t h e  output  s h a f t  t o  t h e  s h a f t  t h a t  i s  one 
mesh removed from t h e  input  dr ive ,  
s i g h t  was g r e a t e r  than  f o r e s i g h t  i n  t h a t  t h e  c e n t e r  t o  cen te r  
d i s t ances  f o r  each gear  mesh were not  made a d j u s t a b l e  and t h e  
o v e r a l l  gear  t r a i n s  r e s u l t e d  wi th  apprec iab le  backlash. This  
backlash accompanied wi th  high loop ga ins  (low compliance b i -  
la teral  system) r e s u l t e d  i n  i n t o l e r a b l e  nonl inear  l i m i t  cycling, 
To a l l e v i a t e  t h i s  problem, higher  t u r n  potent iometers  were ob- 
t a ined  and placed c l o s e r  t o  t h e  inpu t  s h a f t s ,  
pa id  f o r ' t h i s  type of s o l u t i o n  i s  a degradat ion i n  t i p  p o s i t i o n  
accuracy, but  t i p  accuracy i s  only meaningful f o r  a manipulator 
system wi th  computer commanded inputs ,  Since t h e  breadboard manipu- 
l a t o r  was designed t o  operate  wi th  man-in-the-loop, t i p  accuracy was 
meaningless, and thus  no penal ty  was paid f o r  t h i s  par t icular  s o l -  
u t i o n  t o  reduce t h e  backlash e f f e c t s .  

As with  many designs,  hind- 

Normally t h e  price 

The mechanical parameters of i n t e r e s t  t o  t h e  servo system 
des ign  are: 

1. Motor c h a r a c t e r i s t i c s  

2. Gear c h a r a c t e r i s t i c s  

3. I n e r t i a  p rope r t i e s  

It i s  noted t h a t  no opt imiza t ion  procedure was used f o r  se- 
l e c t i n g  t h e  motor and gear  t r a i n  a t  each j o i n t .  
of expediency, t h e  same Inland prehoused Tach-Torquer w a s  
used f o r  both j o i n t s  of master and s l ave  and i n i t i a l l y  the  
same gear  t r a i n  was used f o r  a l l  j o i n t s ,  

* Mechanical design of t h e  breadboard and Figures  111-21 

For the  sake 

A s  i nd ica t ed  below, 

through 111-26 are contained i n  Appendix F, 
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t h e  master shoulder and elbow gear  r a t i o s  were modified 
s l i g h t l y  t o  reduce f r i c t i o n  levels and y i e l d  an  input  c o n t r o l l e r  
with an 8 l b  t i p  fo rce  c a p a b i l i t y .  

Tables  111-2, 111-3, and 111-4 summarize t h e  motor, gea r ,  
and i n e r t i a  p r o p e r t i e s  a s soc ia t ed  wi th  each j o i n t .  
numbers a r e  a c t u a l  measured va lues  and r ep resen t  t h e  i n e r t i a  
r e f l e c t e d  t o  the  output  s h a f t  of a l l  r o t a t i n g  members (beam 
s t r u c t u r e ,  g e a r s ,  s h a f t s ,  motor r o t o r ,  potent iometer  s h a f t ,  
e t c .  ) assoc ia t ed  wi th  a p a r t i c u l a r  j o i n t .  

The i n e r t i a  

Table 111-2  

Motor C h a r a c t e r i s t i c s  ( A l l  j o i n t s  have 

Manufacture : 

Mode 1 : 

Peak Torque: 

Power Input ,  a t  Peak Torque: 

Viscous Damping, I n f i n i t e  Impedence 
Source : 

DC Resis tance:  

Volts a t  Peak Torque: 

Amps a t  Peak Torque: 

Torque Sens i  t i v i  t y  : 

same motor) 

In land  

NT2173 

0.281 f t  l b s  

57 watts 

0,0000625 f t  l b s l r a d l s e c  

11.8 ohms 

22.4 v o l t s  

1.9 amps 

0,149 f t  lbs/amp 
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Gear Tra in  -Rat io  

J o i n t  Gear Rat io  

Master Shoulder 62: 1 

Master Elbow 29: 1 

Slave Shoulder 100: 1 

Slave Elbow 100: 1 
I 

Table 111-4 

I n e r t i a  P rope r t i e s  

J o i n t  

Elbow = Oo 
Elb'ow = 90" 

Master Shoulder 

I n e r t i a  Reflected t o  Output Shaf t  

0.90 f t  l b s  sec2 2 

0.86 E t  l b s  sec 

2 Master Elbow 0.434 f t  l b s  sec 

S lave Shoulder Elbow = Oo 
Elbow = 90' 

1.97 ft Ibs  sec2 2 

1.62 E t  l b s  sec 

Slave Elbow 0.781 f t  l b s  sec 2 

2. Control System Design 

A s  i nd ica t ed  i n  t h e  above d iscuss ion ,  a f t e r  t h e  con t ro l  
laws have been formulated t h a t  y i e l d  a system with a l l  t h e  
requi red  opera t iona l  qual i t ies ,  t h e  foremost problem i n  t h e  
con t ro l  system des ign  becomes t h a t  of developing the com- 
pensating c i r c u i t r y  t h a t  w f l l  provide an  uncondi t iona l ly  
s t a b l e  servo system. 
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As revealed by t h e  above t i m e  t r a j e c t o r i e s ,  us ing  tacho- 
metric feedback as t h e  primary s t a b i l i z i n g  technique produces 
very undes i rab le  e f f e c t s  f o r  a b i l a t e r a l  fo rce  r e f l e c t i n g  
system. Since it i s  des i r ed  t o  minimize t h e  f o r c e s  needed t o  
produce motion i n  t h e  master c o n t r o l l e r  when t h e  s l ave  is  
f r e e  t o  move, any negat ive tachometr ic  feedback present  i n  
the system tends t o  increase  t h e  r equ i r ed  input  force .  Thus, 
wi th  tachometric feedback, a fo rce  t o  v e l o c i t y  r a t i o  e x i s t s  
f o r  a l l  non s teady state condi t ions ,  and i f  d i f f e r e n t i a l  
tachometr ic  feedback i s  not  used,  a fo rce  t o  v e l o c i t y  r a t i o  
w i l l  e x i s t  a l s o  f o r  a l l  s teady state condi t ions .  This  fo rce  
t o  v e l o c i t y  r e l a t i o n s h i p  i s  c l e a r l y  undes i rab le  f o r  a b i l a t e r a l  
system s i n c e  it  tends  t o  degrade t h e  ope ra to r ' s  sense of f e e l  
f o r  i n e r t i a l  and e x t e r n a l l y  appl ied  fo rces  a c t i n g  on t h e  s l ave  
member. T.achometric feedback has  o ther  undes i rab le  q u a l i t i e s  
i n  t h a t  although it  can be used t o  s t a b i l i z e  a system, i t  
cannot simultaneously optimize o the r  system parameters such 
as  bandwidth, rise t i m e ,  resonant  frequency, etc. 

Due t o  these  cons idera t ions ,  t h e  use  of tachometr ic  feed- 
back was abandoned and it  w a s  decided t o  use network compen- 
s a t o r s  ( lead-lag f i l t e r s )  f o r  s t a b i l i z i n g  a l l  po r t ions  of 
t h e  system. The design of compensating f i l t e r s  f o r  each of 
t h e  servo  subsystems w a s  accomplished by frequency domain 
techniques as descr ibed below. 

a. Master Shoulder J o i n t  - Figure 111-12 r ep resen t s  t he  
master shoulder se rvo  system wi th  i t s  var ious  s i g n a l  inputs .  
For a given i n i t i a l  p o s i t i o n  (equi l ibr ium poin t )  of t h e  master 
and slave, t h i s  system can  be l i n e a r i z e d  as previously descr ibed  
t o  y i e l d  t h e  l i n e a r i z e d  system shown i n  Figure 111-14, where 

KFL(1)) (KEI (1 
= s' I- (KFL(1)) (K&l)) (KFB(1)) 

and 

G2 (s) = needed compensating f i l t e r .  
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To f i n d  t h e  needed t r a n s f e r  func t ion  f o r  G (s), t h e  open loop 
t r a n s f e r  func t ion  e,@ must be obtained. 
e/p i s  seen t o  be 

2 From Figure 111-14 

e/P = (2) (KFL (1) 1 077)) (=B (1) o(1) 1 -r i::?) 1 (23) 
(GL(1) )  (m1 (1)) (KFB (1)) 

Taking worst  case cond i t ion  f o r  t h e  Bode ga in  of equat ion  
(23), (C (U7) = 1), and remembering no tachometr ic  feedback i s  
t o  be used, and s e t t i n g  Ks = 1; t h e  above equat ion becomes 

Since t h e  va lues  f o r  KFL(l) ,  KFB(l), and JCEI(1) are g iven  by 
t h e  motor, gear ,  and i n e r t i a  c h a r a c t e r i s t i c s  of t h e  master 
shoulder j o i n t ,  t h e  remaining unknown i n  equat ion (24) i s  
K1, t h e  master system forward loop gain.  It w a s  o r i g i n a l l y  
hoped t h a t  K 1  could be set as h igh  as 2000; although t h i s  i s  
t h e o r e t i c a l l y  f e a s i b l e ,  it was found t h a t  t h e  computer 231R 
analog computer used t o  program t h e  c o n t r o l  equat ions has a 
s i g n i f i c a n t  60 Hz noise  problem and K 1  could not be r a i s e d  
much beyond 300. 
Tables 111-2, 111-3, and 111-4 and t h e  d e f i n i t i o n s  i n  Table 
111-1, t h e  v a r i a b l e s  of equat ion  (24) are given by: 

Using t h i s  valye of K 1 ,  t h e  va lues  from 

Kl = 300 

KG(1) = 62.2 

KFL'(1) = 9.28 

WB(1) 

KEI(1)  

= 0,02615 - current d r ive ,  i n f i n i t e  impedence source 

= 1.09 - worst  case i n e r t i a ,  elbow = 0' 

Lc = 1  

CA = 0,108 
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and e/@ becomes 

1 

1 e/(3 = 6612 S +7zz 
Figure 111-28 d e p i c t s  t he  Bode p l o t s  of t h e  ga in  and phase 
curves f o r  t he  t r a n s f e r  func t ion  of equat ion (26), and 
r evea l s ,  as expected, t he  i n t o l e r a b l e  s t a b i l i t y  parameters of: 

Gain Margin (GM) = -18db 

Phase Margin (PM) = Oo 

Figure 111-28 reveals t h a t  lead compensation is  needed i n  t h e  
w = 50 rad / sec  v i c i n i t y  i n  order  t o  y i e l d  workable va lues  f o r  
GM and PM, I n s e r t i n g  t h e  network f i l t e r  

S 1 +- 
16.4 

1 -I-- 54.7 
G 2 ( s )  = S 

wi th  a zero  t o  pole r a t i o  of 0.3, t he  Bode p l o t s  of t he  open 
loop t r a n s f e r  func t ion  become s h i f t e d  as shown i n  Figure 111-29. 
From t h i s  f i g u r e  it i s  seen t h a t  t h e  ga in  and phase margins 
now have the  acceptable  va lues  o f .  

GM = 30db 

PM = 24' 

Due t o  t h e  h igh  ga in  crossover  frequency i n  Figure 111-28, t h e  
compensating network of equat ion  (27) h a s  " ta i l -end"  e f f e c t s  
t h a t  extend i n t o  t h e  60 Hz frequency range. Since,  a s  s t a t e d  
earlier, t h e  analog computer 
was decided t o  i n s e r t  t h e  60 

2 - S2 f 3963 + (381 

Gf - S2 f 7928 + (381i2 

used genera tes  60 Hz noise ,  it 
Hz notch f i l t e r  
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i n  order  t o  reduce t h e  d i t h e r  generated i n  t h e  servo  motors. 
It i s  noted t h a t  t h i s  f i l t e r  h a s  a notch r a t i o  of only 0.5. 
Lower notch r a t i o s  could not  be used due t o  t h e  undes i rab le  
phase s h i f t  c h a r a c t e r i s t i c s  introduced i n  the  ga in  crossover  
region. With t h e  noise  f i l t e r  introduced i n  t h e  c i r c u i t ,  t h e  
lead compensator of equat ion  (27) must be modified t o  r e t a i n  
allowable va lues  of GM and PM. This  modified f i l t e r  

S 1 +-  1 7  
1 + -  85 

G 2 ( s )  = S 

has  a zero t o  pole r a t i o  of 0.2 and y i e l d s  t o t a l  open loop 
ga in  and phase curves given by Figure 111-30. 
curves  it i s  seen t h a t  t h e  f i n a l  compensated l i n e a r i z e d  system 
has t h e  following s t a b i l i t y  margins, 

From these  

GM = 12db 

PM = 23" 

Summarizing these  r e s u l t s ,  t h e  compensated master shoulder 
l i n e a r i z e d  servo subsystem i s  given as shown i n  Figure 111-31. 

UI  
- H  - 1  I UIILlIUII  I i - 

Figure 111-31 Compensated Master Shoulder Linearized Servo Subsystem 
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/ 

b. Master Elbow J o i n t  - Figure 111-15 rep resen t s  t h e  master 
elbow servo subsystem and i ts  assoc ia ted  s i g n a l  inputs .  
ceeding as i n  the  above sec t ion ,  t h i s  system i s  Linearized about 
any i n i t i a l  master-s lave p o s i t i o n  t o  produce t h e  l i n e a r i z e d  
system show i n  F igure  111-16. 

Pro- 

where 

KFL(2)) (KEI (2 
G1(S) = s’ + (KFL(2)) (2; (2)) (KE‘B (2)) 

and 

G2 (s) = needed compensating f i l t e r  . 

The open loop t r a n s f e r  func t ion  e/fl is seen t o  be 

el@ = 

From the  d i scuss ion  of Sec t ion  I I I , C , 2  and Tables 111-1, 111-2, 
111-3, 111-4, t h e  v a r i a b l e s  of equat ion (33) are given by 
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K 1  

-K2' 

Lc 

= 300 

= 1  

= 29.6 

= 0,0124 

= 4.41' 

= 0.227 

= o  

- 1  

= 2,31 

and e l 0  becomes 

(34) 
1 

0,124 

Figure 111-32 represents  the  Bode p l o t s  of e /P and reveals  
t h a t  the  uncompensated system has s t a b i l i t y  margins of 

GM -23db 

PM = 0'. 
(35 1 

Inser t ing  the  lead compensator 

S 1 +- 
11,2 

1 +- 37,3 
G2(s) = S 

i n  the  c i r c u i t  y i e lds  the  Bode p l o t s  of Figure 111-33 and the  
system is now seen t o  have , 
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GM = 30db 

PM = 24'. 
(3 7) 

Once aga in  a t t e n u a t i n g  t h e  60 Hz noise  wi th  t h e  notch f i l t e r  

2 - S2 + 396s + (381 

Gf - S 2  + 792s 4- (381:2 

and modifying G 2 ( S )  to 

S 1 - k -  14 
1 -I-- 70 

G 2 ( 4  = S (3 9) 

y i e l d s  t h e  Bode p l o t s  of Figure 111-34 f o r  t h e  t o t a l  compen- 
sa t ed  system. Figure 111-34 r evea l s  t h e  open loop s t a b i l i t y  
margins to be 

GM = 16db 

PM = 28O 

and Figure 111-35 r ep resen t s  t h e  completely compensated master 
elbow l i n e a r i z e d  servo subsystem, 
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I 
(KFLQ) U I  

Figure 111-35 Compensated Master Elbow Linearized Servo System 

Transfer 
Fu nct ion 

GI(S) = 

. 

c .  Slave Shoulder J o i n t  - Figure 111-17 d e p i c t s  t h e  slave 
shoulder se rvo  subsystem and i ts  var ious  s i g n a l  inputs.  
L inear iz ing  t h i s  system around any i n i t i a l  master-s lave 
p o s i t i o n  r e s u l t s  i n  t h e  system of Figure 111-18, 
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where 

and 

G2 (s) = needed compensating f i l t er  , 

From Section III ,C,2 and Tables 111-1, 111-2, 111-3, 111-4, 
the variables of equation (41) are defined t o  be 

K4 = 300 

= l  
KS 

KG(3) = 100 

4 ( 3 )  = 0,042 

KE'L(3) = 14,9 

KEI(3) 

MA(1) = 0,0672 

K 5  ' = o  

= 0,508 = worst case inertia, elbow = 0" 

LM = 2  
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MM = 1 worst  case multi-mode value 

C(U7) = 1 worst  case p o s i t i o n  of s l a v e  elbow 

Figure 111-36 presents  t h e  Bode p l o t s  of equat ion  (42) and 
r evea l s  t h e  uncompensated s t a b i l i t y  margins t o  be 

GM -23db 

PM = oo, 

I n s e r t i n g  t h e  f i l t e r  

S 1 + -  
20 

1 + -  
66.6 

G2(s)  = S 

(43) 

t h e  compensated system has Bode p l o t s  given by Figure 111-37 
and ga in  and phase margins of 

GM = 30db 

PM = 220, 

Attenuat ing t h e  60 Hz noise  with 

0 n 
L 

SL + 3968 + (381) 

S + 7928 + (381)2 
G f ( s )  = 

and modifying G2 (s) t o  

L 

y i e l d s  t h e  Bode 
system, Figure 

GM = 17db 

PM = 2 2 O ,  

(45) 

1 +3 
120 

p l o t s  of Figure 111-38 f o r  t h e  t o t a l  compensated 
111-38 r evea l s  t he  open loop s t a b i l i t y  margins t o  be 

(4 7) 
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- 
Motor X(6) I G , ( S )  = I 

Transfer 
Fu nct ion 

KF L(3) - 
* 

I + -  
~ 120 

Figure 111-39 Compensated Slave Shoulder Linearized Servo Subsystem 

Figure 111-39 shows t h e  completely compensated s l a v e  shoulder 
l i n e a r i z e d  servo subsystem. 

d, Slave Elbaw J o i n t  - Figure 111-19 shows the  s l ave  
elbow servo subsystem and i ts  as soc ia t ed  s i g n a l  inputs .  
Linear iz ing t h i s  system around any i n i t i a l  master-slave 
p o s i t i o n  r e s u l t s  i n  the  system of Figure III-20,, 
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where 

and 

G2 (s) = needeL compensating f i l t e r .  

The open loop t r a n s f e r  func t ion  i s  given by 

(LM) (MM) (K4) (Ks) 

e@ = (KFB (4)) (KFL(4)) 

- S I+.%' " 

From Sect ion  I I I . C . 2  and Tables 111-1, I I f - 2 ,  111-3, 111-4, 
t h e  v a r i a b l e s  of equat ion  (48) are given by 

K4 = 300 

- 1  
S 

K 

KG(4) = 100 

KFB(4) = 0.042 

KFL(4) = 14.9 

mI(4) = 1.28 

MA(2) = 0.0672 

K5' = o  

. .._ 

LM = 2  

MM = 1  
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and e/p becomes 

1 
“b =2556 [ s( l  , +- ,..,,,I 

Figure 111-40 shows t h e  Bode p l o t s  of equat ion  (50) and revea l s  
t h e  uncompensated s t a b i l i t y  margins of 

GM = -3db 

PM = oo, 

Let t ing  
S 1 +- 

16.6 
S , 1 + -  55.3 

G2 (s) = 

t h e  Bode p l o t s  of t h e  compensated system are given by Figure 
111-41 and t h e  g a i n  and phase margins become 

GM = 3Odb 

PM = 22O 
(5 3 )  

Attenuat ing t h e  60 Hz no i se  wi th  

S 2  + 3965 + (381) 2 
G f ( S )  = 

S + 7928 4- (3S1)2 

and redesigning G2 (S) to 

S 1 + -  17 
1 +-  83 

G*(s) = S 

(54) 

(55) 
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y i e l d s  the  Bode p l o t s  of Figure 111-42 wi th  g a i n  and phase 
margins of 

G M =  lOdb 

PM = 16". 

The t o t a l l y  compensated slave elbow servo subsystem is  
represented  by Figure 111-43. 
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Figure 111-43 Compensated Slave Elbow Linear ized Servo Subsystem 
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c ,  TEST RESULTS 

1. Two DOF Breadboard T e s t  Plan- 

The test  p l an  f o r  t h e  two DOF breadboard must be a pro- 
cedure t h a t  demonstrates, or i n v e s t i g a t e s ,  a l l  t h e  foreseen 
and unforeseen ope ra t iona l  c h a r a c t e r i s t i c s  of breadboard hard- 
ware and e l e c t r o n i c s .  The i n v e s t i g a t i o n  of t h e  o p e r a b i l i t y  
of t h e  breadboard i s  divided i n t o  f i v e  gene ra l  areas: 

1. Bilateral ope ra t ion  

2. Cooidinate transforniations 

3. P o s i t i o n  indexing 

4. Variable ga in  r a t i o  

5. S t a b i l i t y  

By necess i ty ,  t he  documentation of t h e  tests conducted i n  
t h e s e  f i v e  areas w i l l  be both objec t ive  and subjec t ive .  
of t he  system’s c h a r a c t e r i s t i c s  can be determined by 
def ined d e f i n i t e  pnocedures t h a t  are conducted via  m 
the-loop techniques. 
manner r e v e a l  t he  6asPc ope ra t iona l  q u a l i t i e s  of the system 

Ma 

The c h a r a c t e r i s t i c s  determined i n  t h i s  

, e  

Since t h e  breadboard manipulators are b i l a t e r a l  force  
r e f l e c t i n g  t h a t  r e q u i r e  inputs  from a human operator ,  t h e  man- 
in-the-loop c h a r a c t e r i s t i c s  of t h e  system must l ikewise be 
determined. Man h a s  h i s  awn unique t r a n s f e r  func t ion  ( th i s  
func t ion  d i f f e r i n g  from person t o ’  pe ) t h a t  , r e s u l t s  i n  a 
servo system having man-not-in-the-1 a s i c  operationZ1. 
q u a l i t i e s  that d i f f e r  marked from the  man-in-the-loop complex 
ope ra t iona l  q u a l i t i e s .  To document t h e s e  complex ope ra t iona l  
q u a l i t i e s  t he  i n v e s t i g a t o r  must s u b j e c t i v e l y  eva lua te  system 
performance f o r  var ious b i l a t e r a l  tasks .  

The following test plan w i l l  i n v e s t i g a t e  the  f i v e  a fore-  
mentioned areas by determining the  following p r o p e r t i e s  of 
t he  system. 

1. Unpmered hardware c h a r a c t e r i s t i c s  

2, Force r e f l e c t i n g  p r o p e r t i e s  

3, Coordinate indexing c a p a b i l i t i e s  
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4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

Pos i t i on  indexing c a p a b i l i t i e s  

Variable ga in  r a t i o  opera t ion  

S t a b i l i t y  (man-not - in- the-  loop) 

S t a b i l i t y  (man-in-the-loop) 

Large payload handl ing c h a r a c t e r i s t i c s  

Bandwidth 

U n i l a t e r a l  opera t ion  

U n i l a t e r a l  - b i l a t e r a l  t a s k  t i m e  comparisons 

2, Bilateral Operation 

Of primary importance i n  any b i l a t e r a l  manipulator is  t h e  
mechanical aspects of both master and slave. Although t h e  
t h e o r e t i c a l  c h a r a c t e r i s t i c s  of t h e  breadboard hard- 
ware are given i n  t h e  mechanical s e c t i o n  of t h i s  r e p o r t ,  follow- 
ing  are t h e  a c t u a l  measured va lues  of s t i c t i o n ,  i n e r t i a ,  and 
backlash f o r  each j o i n t  of master and slave. 

a. S t i c t i o n  

Master elbow: 

Master shoulder:  

Slave elbow: 

Slave shoulder:  

TS = 0.56 f t  l b s  

TS = 1.06 f t  l b s  

TS = 1,77 f t  l b s  

TS = 1.52 f t  l b s  

b. I n e r t i a  

2 Master elbow: I = 0,43 f t  l b s  sec 

Master shoulder:  
2 = 0.90 E t  l b s  sec 

'elbow = 0' 
2 = 0.86 f t  l b s  sec 

'elbow = 90" 
2 Slave elbow: I = 0.78 f t  l b  sec 

Slave shoulder: 2 *elbow = 0' = 1.97 f t  l b s  sec 

= 1.62 f t  l b s  secL 
'elbow = 90" 
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c, Backlash ' 

Master elbow: B = 5.51 min 

Master shoulder:  B = 7.44 min 

Slave elbow: B = 2.98 min 

Slave shoulder:  B = 6.09 min 

To document t h e  f o r c e  r e f l e c t i n g  p rope r t i e s  of t h e  bread- 
board, t h e  fo rce  r e f l e c t i o n  r a t i o  w a s  measured, i n  t h e  X and 
Y d i r e c t i o n s ,  f o r  var ious  a r m  pos i t i ons  (a l l  wi th  p o s i t i o n  
indexing) wi th  d i f f e r i n g  v a r i a b l e  ga in  r a t i o  va lues  and wi th  
master and s l ave  opera t ing  i n  d i f f e r e n t  coordinate  systems. 
The forward loop ga ins  K 1  and K 4  are equa l  f o r  a l l  measure- 
ments and thus  t h e o r e t i c a l l y  t h e  fo rce  r e f l e c t i o n  r a t i o  should 
be 1:l f o r  a l l  tes t  cases. A s  seen from t h e  s lopes  of t h e  
fol lowing graphs,  t h e  fo rce  r e f l e c t i n g  r a t i o  is  very nea r ly  
1:l f o r  a l l  measurements wi th  any incons i s t enc ie s  a r r i s i n g  
from measurement and analog computer g a i n  s e t t i n g  inaccurac ies .  

For each of t h e  following test  cases (Figures 111-44 through 
111-48), t h e  i n i t i a l  slave p o s i t i o n  and t h e  indexed master 
p o s i t i o n  are given, t h e  va lues  of t h e  v a r i a b l e  p o s i t i o n  ga in  
r a t i o  MM and t h e  coord ina te  t ransformat ion  r o t a t i o n  angle  RA a r e  
noted, and p l o t s  of t h e  fo rce  r e f l e c t i n g  r a t i o  i n  t h e  X and Y 
d i r e c t i o n  are included. 

3. Compliance 

The compliance of a b i l a t e r a l  manipulator system i s  a 
measure of i t s  servo  s t i f f n e s s .  For t h e  two DOF breadboard 
c o n t r o l  system, t h e  compliance, i n  e i t h e r  t h e  X or  Y d i r e c t i o n ,  
i s  inve r se ly  equal  t o  t h e  forward loop g a i n  K1, The compliance 
i s  measured by immobilizing t h e  s l ave  and measuring t h e  d i s -  
placement t o  fo rce  r a t i o  i n  both t h e  X and 3F d i r e c t i o n s ,  
Figures  111-49 and 111-50 reveal t h e  measured compliance t o  
be very near  i t s  t h e o r e t i c a l  value and i n d i c a t e  t h a t  system 
compliance, l i k e  t h e  f o r c e  r e f l e c t i n g  r a t i o ,  i s  independent 
of t h e  v a r i a b l e  ga in  r a t i o  MM, t h e  coordinate  t ransformat ion  
r o l l  angle RA, and t h e  p o s i t i o n  indexing vec tor  PI. 

4. Tracking - Par t  A 

To document t h e  o p e r a b i l i t y  of p o s i t i o n  indexing, v a r i a b l e  
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g a i n  r a t i o s ,  and coord ina te  t ransformat ions  between master and 
s l a v e ,  t h e  fol lowing t r a c k i g g  curves are presented. Various 
MM, RA, and P I  values  are introduced i n t o  t h e  system, t h e  t i p  
of t h e  master i s  then  moved, i n  a s t r a i g h t  line along a guid- 
ing  ba r ,  i n  t h e  X and Y d i r e c t i o n  and the t r a c k i n g  c a p a b i l i t y  
of t h e  t i p  of t he  s l ave  i s  recorded. The fol lowing curves 
(Figures 111-51 through 111-60) p l o t  master and slave t i p  
p o s i t i o n  as a func t ion  of t i m e .  Each f i g u r e  i n d i c a t e s  t h e  
master-slave i n i t i a l  pos i t i ons ,  t he  d i r e c t i o n  i n  which t h e  
t i p  of t h e  master w a s  moved, and t h e  appropr ia te  va lues  of 
MM and RA. As revea led  by t h e  traces, t h e  t r ack ing  p r o p e r t i e s  
of t h e  system are e x c e l l e n t  wi th  r e spec t  t o  a l l  t h r e e  p rope r t i e s  
(pos i t ion  indexing, v a r i a b l e  ga in  r a t i o s ,  and coord ina te  t r a n s -  
formations) and t h e r e  i s  no de tec t ab le  "c ross  t a lk"  between 
pure X and pure Y motions. 

5. Tracking - P a r t  3 

As a second p a r t  t o  t h e  t r ack ing  problem, it was des i r ed  
t o  i n v e s t i g a t e  t h e  t r a n s i e n t  behavior and s t a b i l i t y  p rope r t i e s  
of t h e  breadboard system t o  man i n  t h e  loop inputs .  
t r a j e c t o r i e s  s i m i l a r  t o  those  i n  t h e  preceding s e c t i o n  were 
provided, only now t h e  ob jec t  was t o  s t o p  t h e  t i p  of t h e  master 
at some predetermined point .  The t r a j e c t o r y  w a s  terminated 
by e i t h e r  d r iv ing  t h e  master t o  a peg or  v i s u a l l y  recognizing 
t h e  end poin t  s c r ibe .  The system was t e s t e d  both unloaded 
and loaded wi th  a 306 lb s  weight (described i n  mechanical sec- 
t i o n )  f l o a t i n g  on an  a i r  bear ing a t tached  t o  t h e  end of t h e  
slave a r m  (Figure 111-27). The 306 l b s  weight w a s  used t o  
provide l a rge  s l ave  i n e r t i a l  loading and both u n i l a t e r a l  and 
b i l a t e r a l  t e s t i n g  was accomplished wi th  t h e  load at tached.  

Input 

As seen  from the  fol lowing traces (Figures 111-61 through 
111-69), t h e  unloaded system has  e x c e l l e n t  man-in-the-loop 
t r ack ing  and s t a b i l i t y  q u a l i t i e s  f o r  a l l  combinations of 
i n p u t s  and system parameters considered. For l a rge  i n e r t i a l  
loads on t h e  slave, it i s  seen t h a t  t h e  s l ave  i s  h ighly  under- 
damped f o r  u n i l a t e r a l  (no fo rce  feedback t o  t h e  opera tor )  
operat ion.  This marginal s t a b i l i t y  i s  t o  be expected s ince  
t h e  system w a s  no t  designed f o r  u n i l a t e r a l  opera t ion  with 
h igh  i n e r t i a l  loading. When operated i n  t h e  b i l a t e r a l  mode 
wi th  t h e  l a r g e  i n e r t i a  load, i t  i s  noted t h a t  t h e  system has 
both e x c e l l e n t  t r a c k  and s t a b i l i t y  q u a l i t i e s .  The payload 
can be brought t o  t h e  des i r ed  end poin t ,  deacce lera ted  and 
stopped by t h e  operator  w i th  l i t t l e  t o  no overshoot. This  
b i l a t e r a l  handl ing q u a l i t y  f o r  l a rge  payloads i s  l ikewise  t o  
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be expected s ince  equi l ibr ium po in t  o s c i l l a t i o n s  are nu l l ed  
by t h e  f a s t e s t ,  o r  dominant member of t h e  system 

t r o l l e r .  Thus, even though designed f o r  unloaded operat ion,  
t h e  b i l a t e r a l  f e a t u r e  allows t h e  operator  t o  compensate the  
system t o  y i e l d  a la rge  payload handl ing capab i l i t y .  

- t h i s  member being t h e  master con- 

6. Bandwidth 

The bandwidth of any b i l a t e r a l  manipulator i s  determined 
by t h e  slowest responding member of t h e  system - t h i s  member 
being the  s l ave  a r m .  Thus, t h e  bandwidth of t h e  breadboard 
manipulator w a s  determined by applying inpu t s  on the  t i p  of 
t h e  master and recording t h e  r e s u l t i n g  motion a t  the  t i p  of 
t h e  s lave.  
t o  e x c i t e  t h e  master t i p  and s l ave  motion w a s  observed f o r  
MM values  of 1 / 2 ,  1/4,  and 1/8. Bandwidth measurements were 
made f o r  t he  s l ave  both unloaded and loaded (306 lbs  weight 
and a i r  bear ing a t tached  t o  s l ave  t i p ) ,  and Tables 111-5 
through 111-10 r e v e a l  t he  unloaded system capable  of respond- 
ing t o  f requencies  ranging between 3.0 H z  and 1.6 H z  and t h e  
bandwidth of t h e  loaded system ranges between 0.2 H z  and 
0.1 H z ,  

A pure Y o s c i l l a t i n g  input  of ,+ 0.092 f t  was used 

7. Sample T imes  

I n  an a t t e m p t  t o  secure prel iminary information as t o  
t h e  needed sample  rate f o r  the  d i g i t a l  i n t e r f a c e  of t h e  two 
DOF breadboard manipulator,  sample and hold c i r c u i t s  were 
i n s e r t e d  i n  the  d r i v e  channels t o  each of t he  j o i n t  servo 
motors. Although sampling t h e  output s i g n a l s  is  c e r t a i n l y  
not  equiva len t  t o  a t r u e  d i g i t a l  i n t e r f a c e ,  it does r evea l  
t h e  na ture  of system dependency upon sample  rate and does 
give an  i n s i g h t  i n t o  needed computational t i m e .  

Since sample rate i s  dependent upon system bandwidth, 
worst  case condi t ions  (unloaded s l ave  a r m )  were inves t iga ted .  
Variable  ga in  r a t i o  va lues  of MM = 1/2, 1/4, and 1/8 were 
used and both pure Y s inuso ida l  0,092 f t )  and man-in-the- 
loop inpu t s  were appf ied  t o  t h e  master c o n t r o l l e r .  
from Tables 111-11, 111-12, and 111-13, both t h e  ob jec t ive  
and sub jec t ive  conclusions as t o  system s t a b i l i t y  i n d i c a t e  
allowable sample  rates vary  from 7 msec (MM = 1/2)  t o  61 
msec o r  slower f o r  MM. L 1/8. 

As seen 
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Table 111-5. Bandwidth Measurements, Unloaded, MM = 1 / 2  
I 

M M =  1 / 2  

RA = oo 

Pure Y input  on master 

Frequency 

0.05 hz 
0,l  hz 
0.2 hz 
0.8 hz 
1.0 hz 
1.4 hz 
1.6 hz 
1.8 hz 
2.0 hz 
2.2 hz 
2.4 hz 
2.6 hz 
2.8 hz 
3.0 hz 

Input Yc 

- + 0.092 f t  
+ 0,092 f t  - + 0.092 f t  
+ 0.092 f t  - + 0,092 f t  

- 
- 
+ 0,092 f t  
+ 0,092 f t  - + 0,092 f t  
+ 0.092 f t  
+ 0.092 f t  - + 0.092 f t  
+ 0,092 f t  
+ 0,092 f t  

- - - 
- - - + 0.092 f t  

Output Ym 

- + 0.20 f t  

- + 0.19 f t  - + 0.19 f t  - + 0.20 f t  - + 0.21 f t  

- + 0.21 f t  - + 0,19 f t  

- + 0.17 f t  - + 0.18 f t  

- + 0.23 f t  

- + 0.18 f t  

- + 0.15 f t  - + 0.13 f t  

- + 0.16 f t  

L 

Table 111-6, Bandwidth Measurements, Unloaded, MM = 1 /4  

MM = 1/4 

R A =  0 9 

Pure Y input on master 

0.05 hz 
0.1 hz 
0.4 hz 
0.8 hz 
1.2 hz 
1.4 hz 
1.6 hz 
1.8 hz 
2.0 hz 
2.4 hz 
2,8 hz 
3-0  hz 
3.4 hz 

4- 0.092 f t  
+ 0.092 f t  
+ 0,092 f t  
+ 0.092 f t  

- - - - + 0,092 f t  + 0.092 f t  + 0,092 f t  
+ 0,092 f t  
+ 0.092 f t  
+ 0.092 f t  
+ 0,092 E t  
i- 0,092 f t  
+ 0,092 E t  

- - - - 
- - - - - 

+ 0.36 f t  - 3- 0.37 f t  - + 0.36 f t  - + 0.37 E t  - + 0.39 f t  - + 0-41 ft - + 0.49 f t  - + 0.42 f t  - + 0.39 f t  - + 0.30 f t  - + 0,27 f t  
- - f 0.23 f t  - + 0.17 f t  - 
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Table 111-7  Bandwidth Measurements, Unloaded, MM = 1/8 

MM = L/8 

R4 = 0" 

Pure Y input  on master 

Frequency 

0,05 hz 
0.1 hz 
0.2 hz 
0.4 hz 
0.6 hz 
0.8 hz 
1.0 hz 
1.2 hz 
1.4 hz 
1.6 hz 
1.8 hz 
2.0 hz 

Input P 

+ 0,092 f t  - + 0,092 f t  - + 0,092 E t  - + 0.092 f t  - + 0,092 f t  - + 0,092 f t  - + 0,092 E t  
+ 0,092 E t  - + 0,092 E t  - 4- 0,092 f t  - + 0,092 f t  - + 0,092 f t  

- 

Output Ym 

- + 0.84 f t  

+ 0.77 f t  

- + 0.77 f t  - + 0.75 f t  

- + 0.75 f t  

- + 0.75 f t  - + 0.75 f t  
- + 0.75 f t  

- + 0.80 f t  

- + 0.60 f t  - + 0,48 f t  
+ 0.45 f t  

Table 111-8 Bandwidth Measurements, Loaded, MM = 1/2 

MM = 1 / 2  

RA = oo 

306 l b  load on slave 

Pure Y input on master 

Frequency 

0.05 hz  
0.07 hz 
0.10 hz 
0.13 hz 
0.16 hz 
0.19 hz 
0.22 hz 
0.25 hz 
0.3 hz 

Input P 

- 4- 0.092 f t  - 4- 0,092 f t  
+ 0,092 f t  - + 0,092 f t  - + 0,092 f t  - + 0.092 f t  - + 0.092 ft - + 0.092 f t  - + 0.092 f t  

C 

- 

Output Y m 

- + 0.27 - + 0.21 - + 0,21 - + 0-21 
+ 0.19 - + 0.21 - + 0.23 - + 0.24 
Uncontrollable 
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MM = 1/4 
R A =  oo 
306 lbs  load on slave 

Table 111-9  Bandwidth Measurements, Loaded, MM = 1/4 

Pure Y input on master 

Frequency 

0.02 hz 
0-05 hz 
0.07 hz 

0.11 hz 
0.13 hz 
0.15 hz 
0.17 hz 
0.2 hz 
0.24 hz 

0.09. hZ 

Input Y 

I + 0,092 f t  - + 0,092 f t  

- 4- 0.092 ft: 
- + 0.092 f t  

- + 0,092 f t  - + 0.092 f t  - + 0.092 f t  - + 0.092 f t  - 4- 0.092 f t  - 4- 0.092 f t  

Gutput Y m 

+ 0-43 f t  - + 0.42 f t  - + 0.42 f t  

- + 0.43 f t  
L + 0.44 f t  - + 0.48 f t  

- + 0.43 f t  

- + 0.52 f t  
Uncontrollable 

I 
Table 111-10 Bandwidth Measurements, Loaded, MM = 1/8 

M M =  1 /8  
RA= oo 
306 l b s  load on master 

Pure Y input  on master 

Frequency 

0.05 hz 
0.07 hz 
0.09 hz 
0,12 hz 
0.15 hz 

Input Y 
C 

+ 0.092 f t  
+ 0.092 f t  
+ 0.092 f t  
+ 0,092 f t  
+ 0.092 f t  

- - - - - 

m output Y 

+ 0.92 f t  

+ 0.87 f t  
+ 1.02 f t  

- + 0,77 ft  

I Une ont r o 1 lab le 

- - 
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Table 111-11 S a m p l e  R a t e s ,  U n l o a d e d ,  MM = 1 / 2  

MM = 1 / 2  

RA = oo 

N o  load 

Frequency Input  Output S a m p l e  T i m e  

N o r m a l  O p e r ,  H u m a n  Oper. V e r y  good 0.4 m s e c  
N o r m a l  O p e r .  H u m a n  O p e r .  V e r y  good 5.0 m s e c  
N o r m a l  Oper. H u m a n  O p e r .  G o o d  6.0 m s e c  
N o r m a l  O p e r ,  H u m a n  O p e r ,  Fair  7.0 m s e c  
N o r m a l  O p e r .  H u m a n  O p e r .  Fair 10.0 m s e c  
N o r m a l  O p e r .  H u m a n  O p e r .  U n s t a b l e  15.0 m s e c  

Table 111-12  

MM = 1/8 

S a m p l e  R a t e s ,  U n l o a d e d ,  MM = 1/8 

RA. = oo 

N o  load 

Frequency Input 

N o r m a l  O p e r ,  
N o r m a l  O p e r ,  
N o r m a l  Oper. 
N o r m a l  O p e r ,  
N o r m a l  O p e r .  
N o r m a l  O p e r ,  
N o r m a l  O p e r .  
N o r m a l  O p e r .  
N o r m a l  - O p e r e  
N o r m a l  O p e r .  
N o r m a l  O p e r ,  
N o r m a l  O p e r ,  

H u m a n  O p e r ,  
H u m a n  O p e r ,  
H u m a n  O p e r ,  
H u m a n  O p e r ,  
H u m a n  O p e r .  
H u m a n  O p e r .  
H u m a n  O p e r ,  
H u m a n  O p e r .  
H u m a n  Oper. 
H u m a n  O p e r .  
H u m a n  O p e r ,  
H u m a n  O p e r ,  

O u t p u t  

V e r y  goo1 
V e r y  good 
V e r y  good 
V e r y  good 
V e r y  good 
V e r y  good 
Good 
G o o d  
Fa i r  
F a i r  
Poor 
U n s t a b l e  

Sample T i m e  

0.4 m s e c  
9.5 m s e c  

14.8 m s e c  
20.0 m s e c  
25.0 m s e c  
32.0 m s e c  
41.0 m s e c  
50.0 m s e c  
61.0 m s e c  
80.0 m s e c  
100 msec 
120 m s e c  
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Table 111-13 

MM = 1/4 

Sample Rates, Unloaded, MM = 1/4 

RA = oo 

No Load 

Pure Y input  on master 

Frequency Input Y 
C 

0.1 hz 
0.1 hz 
0 , l  hz 
0.1 hz 

- + 0.092 f t  - + 0.092 f t  
i + 0,092 f t  - + 0,092 f t  - + 0.092 f t  - + 0,092 f t  

0.1 hz - + 0,092 f t  
0.1 hz - + 0,092 f t  
0.1 hz + 0,092 f t  
0.1 hz - + 0,092 f t  

0 , l  hz  
0,l  hz 

1,2 hz 
1.2 hz 
1.2 hz 
1.2 hz 
1.2 hz 
1.2 hz 
1.2 hz 
1.2 hz 

- + 0,092 f t  - + 0.092 f t  - + 0.092 f t  - + 0.092 f t  - + 0,092 f t  - + 0,092 f t  

- + 0,092 f t  
- + 0.092 f t  

2.0 hz - + 0,092 f t  
2.0 hz - + 0,092 f t  
2.0 hz - + 0.092 f t  
2.0 hz - + 0,092 f t  
2.0 hz - + 0.092 f t  
2.0 hz  + 0.092 f t  
2.0 hz - + 0.092 f t  

Normal Oper. Human Oper. 
N o r m a l  Oper. Human Oper. 
Normal Oper. Human Oper. 
Normal Oper. Human Oper. 
Normal Oper. Human Oper. 
Normal Oper. Human Oper. 
Normal Oper. Human Oper. 

Output Y m 

- + 0.41 f t  - + 0,40 f t  - + 0.40 f t  - + 0.40 f t  - + 0.40 f t  

- + 0.40 f t  
- + 0.34 f t  

- + 0.34 f t  - + 0.34 f t  - + 0.34 f t  

- + 0.40 f t  - + 0,.40 f t  - + 0.40 f t  - 4- 0.38 f t  - + 0.38 f t  - + 0.42 f t  - + 0.42 ft - + 0,47 f t  

- + 0.44 f t  

- + 0.44 f t  - + 0.36 f t  - + 0.44 f t  - + 0.49 f t  - + 0.44 f t  

Very good 
Very good 
Very good 
Very good 
Fa i r  
Fa i r  
Poor 

- + 0.34 f t  

Sample Time 

0.4 mec 
0.8 msec 
2.6 msec 
4.2 m s e c  
6.0 m s e c  
9.5 msec 

14.4 msec--b S t a r t i ng  t o  cha t t e r  
19.5 msec 
30.0 msec 
45.0 msec----FTotally unstable  

0.4 
7.6 

10.8 
16.4 
25.0 
33.0 
44.0 
50.0 

m s e c  
msec 
msec 
msec 

m s e c - j - S t a r t i n g  t o  go 
msec uns t ab le 
msec -Unstable 

mS€?C 

0.4 msec 
1.8 msec 

11.2 m s e c  
16.4 msec 
25.0 m s e c  
37.0 msec-Starting t o  go 
52.0 m s e c  unstable  

0.4 msec 
6.0 m s e c  

11.2 msec 
16.4 msec 
20.4 m s e c  
25.0 msec 
30.0 m s e c  
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8. Maze T i m e s  

Figure 111-70 d e p i c t s  t h e  breadboard manipulator being 
used t o  nego t i a t e  a probe through a maze. 
included i n  t h e  system documentation procedures t o  reveal 
t o  those unfami l ia r  w i th  manipulator systems one of t h e  ad- 
vantages of b i l a t e r a l  Over u n i l a t e r a l  opera t ion ,  Four test 
sub jec t s  were used and each w a s  d i r e c t e d  t o  guide t h e  probe 
through t h e  maze i n  t h e  f a s t e s t  poss ib l e  t i m e  under both 
u n i l a t e r a l  opera t ion  and b i l a t e r a l  opera t ion  with and with-  
out v i s u a l  feedback. As seen from Table 111-14, v i r t u a l l y  
no d i f f e rence  i n  t a s k  times w a s  noted, f o r  any of t h e  sub- 
jects , between b i l a t e r a l  opera t ion  wi th  and without  v i s u a l  
feedback. A l s o  seen from the  t a b l e ,  t h e  d i f f e r e n c e  i n  t i m e s  
t o  complete t h e  t a s k  between t h e  u n i l a t e r a l  mode and b i l a t e r a l  
mode var ied  with t h e  experience of t h e  operator, with u n i l a t e r a l  
t i m e s  ranging from 2 t o  7 times g r e a t e r  t han  b i l a t e r a l  t i m e s .  

This  test w a s  
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Table 111-14 Maze Task Times 

U n i l a t e r a l  

(seconds ) 

24.0 
19.0 
14.5 
16.5 
15.0 
13.5 

59.0 
19.9 
36.8 
51.4 

41.4 
37.7 index* 
Out of maze** 
42.6 
47.1 

43*4  
61.1 
54.7 
59.2 

Bilateral Bilateral 

No Visua l  With Visua l  Subject  I, very experienced 
(seconds) (seconds) 

8.00 6.25 
6.50 8.00 
7.00 7.10 

11.00 7.00 
8.50 6.75 
7.50 7.50 

8.9 8.5 
8.4 9.7 
7.3 6.9 
7.8 9.8 
7.5 8.0 ' 

7.3 7*5 

+ 
58.6 l o s t  10.0 
11.3 9.0 
15.2 9.6 
13.3 8.6 
11.6 8.7 

9.0 8.4 

10.0 9.0 
9.5 9.4 
8.7 10.7 
8.7 10.6 

12.4 10.8 
9.8 11.0 

MM = 1/4. 
RA = 0" 

Subject  11, experienced 

MM = 114 
RA = 0" 

Subject  111,' not  experienced 

MM = 1/4 
w = 0" 

Subject I V ,  experienced 

M M =  114 
RA = oo 

* It was t h e  op t ion  of a l l  s u b j e c t s  t o  p o s i t i o n  index t h e  master 
c o n t r o l l e r  at w i l l .  

** Due t o  Subject  111's inexperience,exceedingly high fo rces  were 
appl ied  i n  t h e  u n i l a t e r a l  mode and t h e  probe w a s  forced out of 
t h e  maze. 

I n  t h e  b i l a t e r a l  mode with no v i s u a l  feedback, t h e  sub jec t ,  on 
h i s  f i r s t  run, became momentarily l o s t  and had t o  hunt by t r i a l  
and e r r o r  f o r  t h e  proper path. 

4- 

111-140 



E, SUMNARP 

A c o n t r o l  technique has been presented t h a t  allows a b i -  
lateral fo rce  r e f l e c t i n g  manipulator t o  inco rpora t e  coord ina te  
t ransformation,  multi-mode opera t ion ,  and p o s i t i o n  indexing. 
The technique uses  an 4 r e fe rence  frame c o n t r o l  scheme which 
r e s u l t s  i n  a h ighly  nonl inear  system. 
t i o n  design is based on l i n e a r i z e d  c o n t r o l  l a w  equat ions and 
t h e  procedures f o r  der iv ing  t h e  needed f i l t e r  networks are 
presented. 

Servo system compensa- 

To "prove t h e  concept", i n  hardware, of t h e  5 re ference  
frame technique, a two DOF master-s lave breadboard was fab- 
r i ca t ed .  The breadboard master and s l ave  were i n t e r f a c e d  
with a EAI 231R analog computer on which t h e  c o n t r o l  l a w  
equat ions and compensating network were programmed. 

Tes t ing  of t h e  breadboard system revea led  t h e  5 r e fe rence  
frame fo rce  r e f l e c t i n g  p r o p e r t i e s  were t r u l y  independent of 
coord ina te  t ransformat ions ,  multi-mode operat ion,  and posi-  
t i o n  indexing. The coord ina te  t ransformat ions  and multi-mode 
f e a t u r e s  operated p e r f e c t l y ,  and it was r e a l i z e d  t h a t  p o s i t i o n  
indexing was not  only a n i c e t y  but  a necess i ty  f o r  te leopera-  
t o r s  with a l a r g e  master-slave s i z e  d i s p a r i t y .  
compliance of t h e  system was 0.003 f t / l b ;  a l though o r i g i n a l l y  
it was hoped t h a t  a smaller compliance f i g u r e  could be obtained,  
t h e  achieved va lue  d id  y i e l d  a workably s t i f f  se rvo  system. 
The t i p  t o  t i p  t r ack ing  p r o p e r t i e s  were e x c e l l e n t ,  and it w a s  
demonstrated how man-in-the-loop serves  as an adapt ive  f i l t e r  
fo r  s t a b i l i z i n g  a b i l a t e r a l  system handl ing a l a rge  payload. 
The t i p  t o  t i p  bandwidth of t h e  unloaded sys temwas  exper i -  
mentally determined t o  range from 3.0 t o  1.6 Hz, w i th  t h e  
loaded system (306 lbs  i n e r t i a  load on t i p  of manipulator) 
having a bandwidth ranging from 0.2 t o  0.1 Hz. It was con- 
cluded t h a t  i f  t h e  analog system were sampled, t h e  t o l e r a b l e  
sample rate va r i ed  from 10 msec (MM = 1/2) t o  32 msec (MM = 1/8). 
To demonstrate one advantage of a b i l a t e r a l  system, a maze w a s  
negot ia ted  wi th  a probe a t tached  t o  t h e  end of t h e  manipulator. 
Comparing u n i l a t e r a l  and b i l a t e r a l  t a s k  t i m e s  revealed t h e  
b i l a t e r a l  mode t o  be two t o  seven t ims more e f f i c i e n t .  

The X, Y t i p  
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IV, MANIPUL4TOR 

This chapter  d i scusses  t h r e e  main areas: j o i n t s ,  counter- 
balance,  and o v e r a l l  manipulator design. The work on j o i n t s  
includes gear  t r a i n  breadboards, gear  ra t io /motor  s e l e c t i o n  
and f i n a l  design. The la t ter  i s  based on commercial q u a l i t y  
components but  has  incorporated s e v e r a l  space vers ion  requi re -  
ments; i ,e , ,  envelope s i z e ,  torque,  e t c ,  

A counterbalance mechanism breadboard was designed and 
t e s t ed .  A l t e rna t ive  techniques and f i n a l  recommended design 
is  discussed. 
the  e f f e c t  of the counterbalance on the arm dynamics and aid i n  
the yoke design.  

An opt imiza t ion  technique was used t o  minimize 

The last  sec t ion ,  o v e r a l l  manipulator design, inc ludes  a 
layout drawing of t he  40 f t  counterbalanced AMs. The design 
incorpora tes  a counterweight c learance  yoke which allows 
complete manipulator movement. 

A. JOINTS 

1. Desipn Requirements and J o i n t  A l t e rna t ives  

Many techniques have been used and proposed over t h e  yea r s  
f o r  providing t h e  requi red  torques and speeds f o r  manipulator 
j o i n t s .  Most systems were not  weight or e f f i c i e n c y  c r i t i ca l  
and many design conf igura t ions  gave s a t i s f a c t o r y  
r e s u l t s .  However, f o r  a system, with p o t e n t i a l  u t i l i z a t i o n  
i n  space, where a h igh  degree of c o n t r o l  i s  requi red ,  c e r t a i n  
opt imiza t ion  i s  mandatory. This  does not  imply increas ing  
mechanism complexity. It does mean t h a t  t h e  des ign  parameter 
t r a d e o f f s  must be considered more thoroughly; those such as 
weight , e f f i ciency , r e  li ab i li t y  , b ac kdr iveab i li t y  , i n e r t i a ,  
backlash,  t o r s i o n a l  e l a s t i c i t y ,  envelope volume, and s o  f o r t h .  
The backdr iveab i l i t y  requirement has a very s t rong  inf luence  
on t h e  s e l e c t i o n  of a torque m u l t i p l i e r  system. 

It should be noted t h a t  t he  c r i te r ia  f o r  s e l e c t i n g  t h e  
torque va lues  and t h e  d r i v e  types f o r  t h e  AMs is  not r e l a t e d  
t o  t h e  presence of grav i ty .  The g r a v i t y  load i s  overcome 
by counterbalancing (Section B )e Therefore,  t h e  s e l e c t i o n  
of a d r i v e  type i s  appl icable  f o r  t h e  SAMs as w e l l  as t h e  
AMs. 
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Severa l  candidate  speed reduct ion  techniques f o r  use  i n  
space manipulator j o i n t s  have been shown i n  t h e  pas t .  Each 
h a s  apparent advantages and disadvantages.  The approach of 
t h i s  technology i n v e s t i g a t i o n  i s  t o  (1) s e l e c t  t h r e e  alter- 
n a t i v e  gear  t r a i n  types ,  (2) des ign  and f a b r i c a t e  a f u l l  s i z e  
breadboard of each gear  t r a i n ,  (3) test  each f o r  s ta t ic  and 
dynamic f r i c t i o n ,  backdr iveab i l i t y ,  t o r s i o n a l  d e f l e c t i o n  
(wind-up), and backlash,  (4) analyze t h e  d a t a  and select t h e  
p re fe r r ed  gear  t r a i n  type,  and (5) des ign  t h r e e  AMs j o i n t s  
based on t h e  s e l e c t e d  gear  t r a i n  type. 
der  j o i n t  was the  one se l ec t ed  t o  breadboard. 

The 1200 f t - l b  shoul- 

With regard t o  a choice of o v e r a l l  r a t i o  f o r  t h e  gear  
t r a i n  breadboards s e v e r a l  f a c t o r s  were considered. DC 
torque motors are ava i l ab le  i n  a wide range of to rques  s o  
t h a t  it was equa l ly  poss ib l e  t o  use  a low torque motor wi th  
a high gear r a t i o  o r  a high torque motor with a low gear  
r a t i o .  The need t o  have h igh  backdr iveab i l i t y  means t h a t  
motor r e f l e c t e d  f r i c t i o n  must be low, which i n d i c a t e s  a low 
gear  r a t i o .  
more sources  of gear  f r i c t i o n  and thus  a h igher  gear  r e f l e c t e d  
f r i c t i o n .  
board arms it w a s  known t h a t  a s i m p l e  spur gear  system could 
be backdriven i f  t h e  r a t i o  w a s  i n  t h e  v i c i n i t y  of 100 or 200 
t o  1, with up t o  four  gear  meshes. Beyond t h i s ,  no concrete  
information w a s  ava i l ab le .  Most Harmonic Drives are l imi ted  
t o  a r a t i o  of 200:l i n  a s i n g l e  s tage.  

I n  addi t ion ,  i f  t h e r e  are more meshes t h e r e  are 

Based on previously designed and f a b r i c a t e d  bread- 

Based on t h e  above reasoning a gear  t r a i n  r a t i o  of 200:l 
was se l ec t ed  f o r  t h e  j o i n t  breadboards. An e f f o r t  (parallel 
t o  t h e  breadboard f a b r i c a t i o n )  w a s  conducted t o  a n a l y t i c a l l y  
t r adeof f  t h e  gear  t r a i n  r a t i o  vs  motor s i ze .  The r e s u l t s  
of t h i s  ana lys i s  (discussed i n  p a r t  3 of t h i s  s ec t ion )  po in t s  
t o  a gear  r a t i o  of approximately 1OO:l f o r  t h e  1200 f t - l b  
shoulder j o i n t .  Since t h i s  r a t i o  i s  r e l a t i v e l y  c l o s e  t o  t h a t  
used i n  t h e  breadboards, t h e  latter test  r e s u l t s  are v a l i d  
f o r  comparison of gear  t r a i n  types f o r  use  on t h e  AMs. 

The t h r e e  gear  t r a i n  types se l ec t ed  f o r  breadboarding 
are: 
t e r n a l  spur gears  throughout, and (3) a double spur gear  
system wi th  t h e  f i n a l  (output) member an i n t e r n a l  spur  
(or r ing )  gear.  The latter two are r e f e r r e d  t o  as t h e  'lex- 
ternal l '  and t h e  " in t e rna l "  d r i v e s ,  r e spec t ive ly .  

(1) a harmonic d r ive ,  (2) a spur gear  system with ex- 
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2. Breadboards 

a. Design and Fabr i ca t ion  - The e x t e r n a l  and i n t e r n a l  
systems were designed and b u i l t  by MMC. The harmonic d r i v e  
was purchased from United Shoe Machinery (USM) Corporation. 
High s t r eng th ,  accura te  gea r s  were purchased f o r  t h e  i n t e r n a l  
and e x t e r n a l  dr ives .  Standard commercial gears  do not  have 
t h e  accuracy and s t r eng th  which are necessary f o r  a des ign  
which can  m e e t  t h e  f i n a l  envelope and backlash requirements. 
For example, t h e  s a f e  too th  loading of both cast i r o n  o r  
s o f t  steel gea r s  (commercial types)  is  i n  t h e  order  of 20,000 
l b s  p e r  square inch. Using h i g h  s t r e n g t h  steel, s a f e  too th  
loading can be about 80,000 lbs  p e r  square inch. 
f a c t o r  of fou r  reduces t h e  width of t h e  gea r s ,  thus  producing 
s i g n i f i c a n t l y  smaller envelope s i zes .  

This s t r e n g t h  

Because of t h e  200:l reduct ion  r a t i o  and t h e  12.0 inches 
envelope l i m i t a t i o n  f o r  t h e  d r i v e  housing i n  t h e  test  bread- 
board d r ive  and furthermore t h e  d e s i r e  f o r  no more than  3 
meshes, it was necessary t o  use  enlarged shaped t e e t h  p in ions  
wi th  13 tee th .  
t h e  pinion t e e t h  i n  con t r a s t  t o  what one would g e t  wi th  an 
undercut t e e t h  pinion. 

This  way a f u l l  beam s t r eng th  was achieved f o r  

I n  t h e  two spur  gear  systems t h e  fol lowing design guide- 
l i n e s  were used: 

Weight of test  breadboards was not  l imi t ed ,  

Unground gears  were used, 

S impl ic i ty  was a p r ime  goal,  

Aluminum housings and e x t e r n a l  d r i v e  s h a f t s  
w i th  keyways were used f o r  ease of connecting 
input  and output  torque loads,  

Approximately 12 inch o v e r a l l  j o i n t  diameter,  

Low backlash of less than  0.005 inches  on output  
gear  t e e t h ,  and 

Gears manufactured t o  AGMA-9 q u a l i t y  spec i f i ca -  
t i o n s ,  u s ing  s tandard hobbing methods f o r  
c u t t i n g  . 
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T t  should be noted t h a t  more r i g i d  to l e rance  s p e c i f i c a t i o n s  
(such as A m - 1 0  t o  14 could reduce backlash,  but  funding con- 
s t r a i n t s  prevented t h i s  on these  breadboards. For comparative 
eva lua t ion  a higher  backlash was considered allowable,  

Harmonic d r i v e  - The harmonic d r ive  uses  an e c c e n t r i c  input  
d r ive  t o  d e f l e c t  a c i r c u l a r  s p l i n e ,  engaging many s m a l l  t e e t h  
a t  one t i m e .  Each r o t a t i o n  of t h e  input  advances t h e  d r i v e  
by one too th ,  thus  achieving a 200:l r a t i o  i n  one mesh. 
model 8M (USM) harmonic d r i v e  w a s  purchased f o r  the 
breadboard tests. 
r a t i o ,  and i s  r a t e d  f o r  1200 f t - l b s  on t h e  output sha f t .  The 
harmonic d r ive  concept i s  shown i n  Figure IV-1 .  The u n i t  used 
f o r  test  w a s  an  of f - the-she l f  model (Figure IV-2), al though 
i t s  components were se l ec t ed  (by t h e  vendor) f o r  b e s t  f i t .  
P r io r  t o  t h e  test  t h e  o i l  w a s  removed from t h e  d r i v e  leaving 
only a l i g h t  o i l  f i lm. The input  s h a f t  seal w a s  a l s o  removed 
t o  decrease t h e  f r i c t i o n  level. 

A 

This d r i v e  has  a 200:l speed reduct ion  

Externa l  Drive - A s i m p l e  t h r e e  mesh system was designed, 
each mesh r a t i o  approximately 6 : l w i t h  a t o t a l  reduct ion  of 
199:l. This  system c o n s i s t s  of 20' spur gears  i n  a s i n g l e  
t r a i n .  The backlash i n  t h i s  system was con t ro l l ed  with good 
dimensional t o l e rance  and wi th  some s m a l l  adjustments a v a i l -  
ab l e  during f i n a l  assembly. 

I n  developing t h e  gear  and pinion s p e c i f i c a t i o n s  t h e  
bas i c  L e w i s  Equation was used throughout. The v e l o c i t i e s  
t o  be encountered are s o  law t h a t  t h e  dynamic e f f e c t s  are 
inconsequent ia l .  Also, t h e  p i t c h  l i n e  v e l o c i t y  i s  so  small 
t h a t  t h e  Barth modi f ica t ion  does not  make any s i g n i f i c a n t  
cont r ibu t ion .  The major f a c t o r  of importance i s  t h e  s a f e  
too th  load stress which i s  dependent on t h e  c h a r a c t e r i s t i s t i c s  
of t h e  gear  material. The material chosen w a s  SAE4340 steel. 
Although f u l l  s t r eng th  i s  no t  reached u n t i l  RC45 or  g r e a t e r  
w e  allowed a r e l a x a t i o n  of t h i s  t o  RC38 t o  enable  f i n a l  
machining without  gr inding,  a f t e r  h e a t  t reatment .  

The breadboard concept and d e t a i l  des ign  i s  shown i n  
Figures  IV-3 and IV-4. 

I n t e r n a l  Drive - The i n t e r n a l  gear  system i s  dr iven  by a 
s tandard spur pinion, bu t  t hen  branched off  i n t o  two spur  gear 
t r a i n s  d r iv ing  a common r i n g  gear. 
ments i n  t h e  double p in ion  d r ive  t o  allow fo r  assembly of the 
gears.  

This  d r i v e  uses  ad jus t -  
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The i n t e r n a l  d r ive  a l s o  has  t h r e e  meshes, each approximately 
The e x t e r n a l  d r ive  d i s -  6:1, giving a t o t a l  reduct ion  of 199:l. 

cuss ion  above regarding t h e  L e w i s  and Barth r e l a t i o n s h i p s ,  and 
t h e  material s e l e c t e d  a l s o  a p p l i e s  t o  t h e  i n t e r n a l  dr ive .  The 
i n t e r n a l  d r ive  breadboard concept and d e t a i l  des ign  i s  shown 
i n  Figures  I V - 3  and IV-5.  

b. T e s t i n g  and T e s t  Resul t s  - The following parameters 
are those eva lua ted  and measured i n  the  test  program. 

1) Drive t o r s i o n a l  e l a s t i c i t y  (windup) through t h e  
t o t a l  loading range (0 t o  1200 f t - l b s ) ,  

2) Breakaway ( s t i c t i o n )  torque through t h e  t o t a l  
loading range (driving forward and backward), 

3) F r i c t i o n a l  running torque l o s s  a t  s e v e r a l  acce l -  
e r a t i o n s  and v e l o c i t i e s  through t h e  t o t a l  loading 
range , 

4) Running e f f i c i e n c y  a t  seve ra l  acce le ra t ions  and 
v e l o c i t i e s  through t h e  t o t a l  loading range, 

5) Backlash a t  inpu t  and output  s h a f t ,  and 

6) Miscellaneous operat ing c h a r a c t e r i s t i c s  of each 
d r i v e  observed during the  test. 

1) T e s t  Set-up - Figure IV-6 i s  a schematic of t h e  
tes t  apparatus.  No motors or  e x t e r i o r  gear  d r ives  were used. 
The d r ive  mount i s  approximately 12 f e e t  above t h e  f loo r .  The 
output s h a f t  i s  equipped with a balanced a r m  from which weights 
are suspended, These weights produce an  output torque up t o  
1200 f t - l b s .  On t h e  input  s h a f t  i s  a pu l l ey  of known diameter 
over which i s  wound nylon cord from which the input  weight i s  
appl ied.  The input  load i s  accura te ly  weighed. For t h e  dyna- 
mic tests, a timer i s  wired t o  a l i m i t  switch a t  t h e  i n p u t  
pul ley and a l i m i t  switch a t  t h e  s top  point; approximately 12 
f e e t  below t h e  input  pulley.  On release of t h e  input  weight 
t h e  upper switch starts t h e  t i m e r .  When t h e  drop weight 
s t r i k e s  t h e  s top,  t h e  lower switch s tops  t h e  t i m e r .  The 
t i m e r  i s  readable  wi th in  2 mil l iseconds.  
sur ing  t h e  d i s t ance  t h e  weight f a l l s ,  a c c e l e r a t i o n s  and velo-  
c i t i e s  can be accu ra t e ly  determined. The maximum output 
v e l o c i t i e s  expected i n  manipulator opera t ion  are expected t o  
be about 2 f t l s e c  unloaded and 0.2 f t / s e c  f u l l y  loaded. These 

By accura t e ly  mea- 
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a c c e l e r a t i o n s  and v e l o c i t i e s  were w i t h i n  t h e  range obtained 
with t h e  test  set-up. 

Table IV-1 shows t h e  parameters t h a t  were measured during 
t h e  tests and those  t h a t  were ca l cu la t ed  later. A d i g i t a l  
computer program was w r i t t e n  and used t o  reduce t h e  da t a .  

2) Sta t ic  Tests - Backlash and t o r s i o n a l  windup a t  
t h e  input  s h a f t  were measured by a c a l i b r a t e d  p r o t r a c t o r  
l oca t ed  a t  t h e  input  sha f t .  A poin te r  f i x e d  t o  t h e  input  
s h a f t  shows t h e  angle t r ave led  from t h e  t i m e  weights were 
f i r s t  appl ied  till t h e  t i m e  breakaway occurs.  
f i r s t  measured by manually r o t a t i n g  t h e  input  s h a f t  while t h e  
output s h a f t  i s  locked. Backlash a t  t h e  output  s h a f t  w a s  
measured while t h e  input  s h a f t  w a s  locked. 

Backlash was 

T a b l e  IV-2 shows a sample  s t a t i c  breakaway torque test  
da t a  shee t  used f o r  each d r ive  f o r  t h e  forward d r ive  mode. 
A weight w a s  placed a t  the  end of t h e  balance beam t o  s imulate  
output torque. This weight i s  recorded as output weight. A 
weight w a s  appl ied  a t  the  input  pu l ley  u n t i l  movement of t h e  
balance beam was de tec t ed  on t h e  d i a l  i n d i c a t o r .  
i s  recorded a s  input  weight. A t  t h e  s a m e  t i m e ,  t h e  windup 
angle w a s  read a t  t h e  input  s h a f t  t o  determine t h e  windup 
angle. Torque on the  input  s h a f t  was computed based on t h e  
weight and input  pu l ley  diameter of 6 inches.  This  torque 
mul t ip l i ed  by 200, t h e  gear  r a t i o  f o r  harmonic d r i v e  and 
199.3 f o r  spur d r ives ,  provides t h e  t h e o r e t i c a l  output torque. 
The output torque i s  t h e  output  weight t i m e s  t h e  beam length 
of 4.75 f t .  
output torque i s  t h e  s t a t i c  breakaway e f f i c i e n c y  i n  percent ,  
Actual d r i v e  static f r i c t i o n  i n  f t - l b s  i s  t h e o r e t i c a l  output 
torque l e s s  a c t u a l  output torque. Backdrive s t a t i c  breakaway 
torque tests were run i d e n t i c a l  t o  t h e  forward d r i v e  test. 
d a t a  i s  handled i d e n t i c a l  t o  t h e  forward d r i v e  tes t  except 
windup d a t a  w a s  not obtainable .  

This  weight 

The a c t u a l  output torque d iv ided  by t h e  t h e o r e t i c a l  

The 

By comparing input  torque appl ied ,  t o  t h e  output  torque,  
s t a t i c  breakaway torque e f f i c i e n c y  i s  determined. By sub- 
t r a c t i n g  t h e  output torque from t h e  input  torque t i m e s  t h e  
gear  r a t i o ,  t h e  a c t u a l  f r i c t i o n  torque of t h e  d r ive  i s  der ived.  

F igures  IV-7 and I V - 8  show t h e  e x t e r n a l  and i n t e r n a l  d r i v e s  
set up f o r  t e s t i n g .  

IV-12 



Table I V - 1  Measured and Calculated J o i n t  ‘Data 

T e s t  

Backlash 

Tor si ona 1 
E last i c i t y  
(tJi ndu p ) 

S t a t i c  Break-. 
away Torque 
Forward and 
Backward 

Dynamic d r iv ing  
c h a r a c t e r i s t i c s  

P ro t r ac to r  reading 
i n  degrees 

P r o t r a c t  or re ad ing  
i n  degre9-s 

Output s h a f t  torque 
* .  . ”  

Weight app l i ed  t o  
output 
Weight app l i ed  t o  
input  
Input  weight f a l l  
d i s t ance  
Input  weight f a l l  
t i m e  

%’ 

Calcula ted  Data 

Def lec t ion  of components 
i n  d r i v e  and balance beam 

Drive breakaway f r i c t i o n  
t or que 
D r i v e  s tatic e f f i c i e n c y  

Mass moment of i n e r t i a  of: 

a. Input pu l ley  
b. Balance beam 
c. Drive 

Distance Trave l led  by: 

a. Input  pul ley (radians)  
b. Balance beam (radians)  
c.‘ Output weight 

Accelerat ion of: 

a. Input  weight ( f t / s e c  
b., Input pu l ley  (radlsec ) 
c. Output weight ( f t / s e c 2 )  
d.’ .Balance beam (rad/sec2) 

F i n a l  Velocity of: 

a. Input  weight ( f t / s e c )  
b. Input pu l l ey  (rad/sec) 
c. Balance beam (rad/sec) 
d. Output weight ( f t / s ec )  

’3 

Drive Running F r i c t i o n  

Drive Torque Loss ‘Due t o  
iner t ia  

. ‘  
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S t a t i c  breakaway torque va lues  over t h e  f u l l  range of 
output torques appl ied  t o  t h e  d r i v e  were obtained by t h e  follaw- 
ing  procedure. 

1) Apply load t o  end of balance beam t o  s imulate  
torque on d r ive  output  s h a f t ,  

2) Set  he igh t  gage under p in  loca ted  on end of 
ba 1 ance beam, 

Carefu l ly  add "lead shot  t o  conta iner  a t tached  
t o  cord on input  pu l ley ,  and 

When t h e  d i a l  i n d i c a t o r  shows movement of t h e  
output weight; recbrd  t h e  weight appl ied t o  the  
input  s i d e  of t h e  dr ive.  

3) 

4) 

S t a t i c  test  r e s u l t s  are p l o t t e d  i n  Figures  IV-9 through 

* ,  
IV- 13. 

3) Dynamic Tests - A sample  da t a  shee t  i s  shown i n  
Table IV-3 .  Three tests were run a t  each output  s h a f t  load 
(50, 100, 150, 200 and 250 pounds).i'. The drop weight was i n -  
creased f o r  each test  t o  providk th ree  d i f f e r e n t  a c c e l e r a t i o n  
and v e l o c i t y  points .  
recording drop d is tance  and t i m e '  
and drop d i s t ance  of t h e  four  d ro  
of each test, 

Each test<qas tepea ted  four  t i m e s ,  
drop. ~ The average t i m e  

I was u$ed f o r  t h e  a n a l y s i s  

By knowing t h e  d is tance  t r a v e l e d  by the h p u t  weight and 
i n  what t i m e  per iod,  d i s tance  t r ave led  and e lapsed  t i m e  can 
be computed f o r  t h e  input  s h a f t ,  output s h g f t  and output  weight. 
From these  tines and d i s t ances ,  average acce lb ra t ions ,  f i n a l  
v e l o c i t i e s ,  dynamic torque,  k i n e t i c  energy va lues  and e f f i -  
c i enc ie s  can be determined f o r  each individual.  cmponent of 
t h e  system. 

Figure I V - 1 4  a and b show two typ ica l  

Table I V - 4  l i s t s  the mass moments of  i n e r t i a .  These i n -  

riamic t e s t  se tups .  
7 .  

e r t i a s  a r e  r e f l e c t e d  t o  the i n p u t  s h a f t  f o r  forward d r iv ing  
and r e f l e c t e d  t q  the  output  for ,backdriving.  

I V - 1 7  
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Harmonic Drive - Negligible 

Internal Drive - 1.5 Arc Minutes to Output 
- External Drive - 1.5 Arc Minutes to Output 

Harmonic Drive (8M) - 

Figure IV-13 Torsion Deflection of Three Drives 
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Figure IV-314b T e s t  Set-up-Harmonic Drive During Accelera t ion  T e s t  
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Table IV-4 Mass Moment of I n e r t  

The m a s s  moment of i n e r t i a  of t he  balance beam and input  
pu l ley  were ca l cu la t ed  t o  complete t h e  information necessary 
f o r  energy balance and dynamic torque determinations.  

Figures IV-15a through IV-15f show t h e  dynamic da ta  for  
a l l  d r ives .  

4) Conclusions 

Harmonic Drive - This  d r ive  r equ i r e s  approximately 
30% a d d i t i o n a l  torque be app l i ed  over a c t u a l  output torque t o  
overcome t h e  s ta t ic  f r i c t i o n  of t he  dr ive.  This value a p p l i e s  
r ega rd le s s  of t h e  output load. A t  zero  output load, 50 f t - l b s  
(output value)  was requi red  t o  i n i t i a l l y  move t h e  dr ive.  
Per iodic  drag w a s  noted at approximately every 15' of input  
s h a f t  r o t a t i o n .  This  drag could be r e f e r r e d  t o  as cogging. 
A s  t h e  d r i v e  w a s  acce l e ra t ed ,  t h e  cogging e f f e c t  w a s  not as 
not iceable .  

There was no de tec t ab le  backlash a s soc ia t ed  wi th  t h i s  
dr ive .  The spr ing  d e f l e c t i o n  (windup) of t h e  d r i v e  w a s  sub- 
s t a n t i a l  and i s  a se r ious  c h a r a c t e r i s t i c  t o  consider  f o r  i t s  
e f f e c t  on t h e  con t ro l  system. A t  1200 f t - l b s  output torque 
appl ied ,  t h e  input  s h a f t  turned approximately 235' before  
movement of t h e  output sha f t  was detected.  An angle  of 235' 
a t  t h e  input  s h a f t  r ep resen t s  1' 10' windup a t  t h e  output  
sha f t .  
t h e  diameter of t h e  output s h a f t  bu t  t h e  major i ty  would remain 
as inherent  t o  t h i s  type of dr ive.  It has  been proposed a l s o  
t h a t  50% reduct ion  i n  windup could be accomplished by using a 
3 lobe c a m  ins tead  2; and some a d d i t i o n a l  lessening of windup 
by t i gh ten ing  cam f i t .  

P a r t  of t h i s  windup can be e l imina ted  by increas ing  

I V -  26 
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3 Mesh Spur Gear System w i th  
I n t e r n a l  Ring Gear Output 

Approximate No Load 
M a x  Velocity Required 

.05 .IO .I5 .20 .25 (Output Shaft) 

Velocity (Rad/ Sec 1 

Figure IV-15c In t e rna l  Gear Drive-Dynamic Torque Losses 
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The d r i v e  e f f i c i e n c y  based on work-in vs  work-out i n  t h e  
dynamic range i s  low i n  t h e  low v e l o c i t y  range where t h i s  
d r i v e  w i l l  be operated.  With higher  v e l o c i t i e s ,  t he  e f f i c i e n c y  
improves t o  t h e  80 t o  90% range. 

A t  t he  higher  v e l o c i t i e s ,  f r i c t i o n a l  torque of t h e  d r i v e  
diminishes s u b s t a n t i a l l y  from t h e  s t a t i c  breakaway value. How- 
eve r ,  due t o  t h e  high moment of i n e r t i a ,  torque t o  a c c e l e r a t e  
the gear ing i s  high. 

Ex te rna l  Drive - The s t a t i c  breakaway f r i c t i o n  o f  
t h i s  d r i v e  was over 40% l e s s  than the  harmonic d r i v e .  No cog- 
ging was observed. Torsional  d e f l e c t i o n  a t  maximum output  t o r -  
que was 115 a t  t h e  inpu t  s h a f t  o r  35 a r c  minutes a t  t he  output  
s h a f t .  An eva lua t ion  of d e f l e c t i o n  shows t h a t  t he  major i ty  of 
t h i s  i s  a t t r i b u t a b l e  t o  bear ing d e f l e c t i o n  and looseness.  Close 
to l e rance ,  good q u a l i t y  angular  con tac t  o r  tapered bear ings 
can improve t h i s  s i t u a t i o n .  

0 

Backlash i n  t h i s  d r i v e  va r i ed  from 1.8 t o  3.0 a r c  minutes 
a t  t he  output  shaft.' 
t r i c i t i e s  and bear ing d e f l e c t i o n .  The d r i v e  was designed t o  
allow f o r  unlimited adjustment o f  the  output  gea r  t o  t h e  p i n -  
ion  and minor adjustments i n  t he  o the r  gear  c e n t e r s .  During 
f i n a l  assembly i t  was noted t h a t  t h e  output  s p u r  gear was 
s u b s t a n t i a l l y  e c c e n t r i c .  Backlash could be ad jus t ed  t o  a 
small  angle  only a t  one po in t  on t h e  gear .  

This v a r i a t i t o n  i s  caused by gear eccen- 

Dynamic torque l o s s e s  vary from 5% of  the  ou tpu t  torque 
a t  250 f t - l b s  t o  10% a t  1200 f t - l b s  output  torque. This  i s  
s u b s t a n t i a l l y  less  than the  20% f i g u r e  f o r  t h e  Harmonic Drive 
a t  high and low ou tpu t  t o rques ,  

This  d r i v e  exh ib i t ed  e x c e l l e n t  b a c k d r i v a b i l i t y  cha rac t e r -  
i s t i c s .  S t a t i c  breakaway e f f i c i e n c i e s  were n e a r l y  a s  good 
during backdriving as forward d r iv ing .  No cogging o r  draggy 
s p o t s  were noted. 

I n t e r n a l  Drive - Improvement i n  the  s t a t i c  and 
dynamic f r i c t i o n  was noted over t h e  e x t e r n a l  d r i v e .  Back- 
d r i v e  e f f i c i e n c i e s  were as  good as t h e  forward e f f i c i e n c i e s .  
Backlash i s  1.8 a r c  minutes a t  t he  output  s h a f t  (measured 
a t  the  completion of t h e  load tes ts) .  Torsional  windup of 
about 15 a r c  minutes,  less  than h a l f  t he  e x t e r n a l  d r i v e ,  was 
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t h e  most noted d i f f e rence  over t h e  e x t e r n a l  d r ive ,  
e x t e r n a l  d r ive ,  t h e  use of c lose  to l e rance  angGlar contact  
bear ings  w i l l  reduce t h i s  d e f l e c t i o n  even more. No cogging 
was noted. 

A s  with  t h e  

The r e s u l t s  of t h i s  test  program c l e a r l y  suggest t h a t  t h e  
double d r i v e ,  i n t e r n a l  spur gear  system i s  t h e  b e s t  choice of 
d r i v e  f o r  t h e  shoulder j o i n t  (and probably f o r  a l l  t h e  j o i n t s )  
of t h e  manipulator a rm.  
formance advantages of t h i s  d r ive ,  it can be packaged more 
compactly than  the  e x t e r n a l  spur gear  system. 
motor can e a s i l y  be located w i t h i n  t h e  d r i v e  housing. 

I n  a d d i t i o n  t o  t h e  opera t iona l  per-  

The torque 

3, Motor-Gear Rat io  Se lec t ion  Considerat ions 

a. In t roduct ion  - To optimize t h e  s e l e c t i o n  of t h e  motor 
and gear r a t i o  t o  be used a t  t h e  shoulder and elbow gimbals of - 
t h e  1-G manipulator,  t h e  following ope ra t iona l  c r i t e r i a  were 
considered: 1. Power, 2. Speed, 3. Duty Cycle, 4. F r i c t i o n ,  
5. Weight, and 6 .  I n e r t i a .  Each requirement i s  b r i e f l y  d i sc -  
cussed and curves are presented t h a t  dep ic t  t h e  e f f e c t  t h e  re- 
quirement has  on t h e  motor-gear r a t i o  s e l e c t i o n ,  The included 
curves are drawn f o r  1200 f t  l b  (shoulder) and 650 f t  l b  (elbow) 
gear  assemblies and c o n s i s t  of po in ts  t h a t  represent  var ious  In-  
land and Magtech DC torque motors t h a t  g ive ,  when combined wi th  
t h e  ind ica t ed  gear  r a t i o ,  t h e  des i r ed  s t a l l  torque value. Since 
t h e  curves were generated from e x i s t i n g  motor catalogue da ta ,  
they  can be used only t o  i n d i c a t e  genera l  t r ends ,  and thus  the  
e f f e c t s  a p a r t i c u l a r  parameter has  on t h e  gear  r a t i o  s e l e c t i o n  
cannot be d e f i n i t e l y  defined. 
t o  bracket  or give upper o r  lower bounds t o  t h e  gear  r a t i o  t h a t  
y i e l d s  an acceptab le  motor-gear assembly. 

The p l o t t e d  d a t a  can be used only 

The shoulder gimbal i s  considered f i r s t ,  and based upon t h e  
arguments presented h e r e i n ,  a recommended gear  r a t i o  and torque 
motor s e l e c t i o n  i s  presented. A brake compatible wi th  t h e  
chosen motor i s  ind ica t ed  and a s u i t a b l e  tachometer generator  
i s  s e l e c t e d  v i a  cons idera t ions  and graphs s i m i l a r  t o  those  used 
t o  determine t h e  acceptable  motor-gear r a t i o .  

Curves app l i cab le  t o  t h e  elbow gimbal are a l s o  presented 
and t h e  elbow j o i n t  components are se l ec t ed  based upon r e s u l t s  
der ived from the  t r ends  ind ica t ed  by t h e s e  curves.  
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b. Shoulder 1200 l b  Joint  Assembly 

A General r u l e  of thumb f o r  the  larger 
torque motors ( >  6 f t  l b s )  i s  t o  avoid output  s h a f t  powers 
g r e a t e r  than 1/2 t h e  r a t e d  motor peak power. This precaut ion 
i s  a r e s u l t  of commutation problems t h a t  a r i s e  i f  s h a f t  power 
exceeds 112 Pp. I f  i t  i s  des i r ed  t o  apply 1200 f t  l b s  t o  a 
s h a f t  r o t a t i n g  a t  0.07 r ad / sec ,  then a se rvo  motor with a 
peak power r a t i n g  o f  (2)x(1200 f t  lbs)x(0.07 r ad / sec )x  

watts)  218 w a t t s  must be used. (f t lb / sec  

Examining the  gear  t r a i n  vs  peak power curves f o r  Inland 
and Magtech motors, i t  i s  seen t h a t  a gear  r a t i o  o f  65:l  o r  
l e s s  should be used w i t h  a Magtech motor. 

It is  a l s o  not iced from the  curves t h a t  r a t i o s  of 70:l 
o r  less should n o t  be used wi th  Inland motors t o  avoid servos 
with excess power r a t i n g s .  Likewise, r a t i o s  o f  1 O : l  o r  l ess  
shouldbe avoided wi th  Magtech motors t o  i l l i m i n a t e  over d e -  
s ign ing  . 

Conclusions: Gear Train vs  Peak Power curves i n d i c a t e  a 
general  t rend  t h a t  r e v e a l s  t he  following gear  r a t i o  bounds 
f o r  the  two motors considered : 

1. Inland 70: 1- 170: 1 

2, Magtech 1O:l- 65:l 

2. S,veed 

For the 1200 f t  l b  gear assembly under con- 
s i d e r a t i o n ,  t h e  maximum des i r ed  no load speed i s  0.07 r ad l sec .  
From the  graphs of  gear t r a i n  vs  output  speed f o r  t he  Inland 
and Magtech motors, i t  i s  seen t h a t  a l l  gea r  r a t i o s  of 9O:l 
o r  l ess  s a t i s f y  the  speed requirement f o r  Inland motors, and 
r a t i o s  of 77:l  o r  less  s a t i s f y  the  requirement f o r  Magtech 
motors. 

Note from t h e  curves t h a t  a s  t h e  gear r a t i o  dec reases ,  
t h e  output  speed inc reases .  A t  f i r s t  thought,  one might 
t h i n k  t h a t  a lower gear r a t i o  l i m i t  must be s p e c i f i e d  t o  avoid 
overdesign; t h i s  i s ,  of course ,  t r u e ,  bu t  the  l i m i t  m u s t  be 
der ived from power cons ide ra t ions  and not s o l e l y  from the  gear 
t r a i n  vs  speed curves.  
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Conclusion : 

1. Inland 5 9 O : l  

2. Magtech 177:l 
3 .  Duty Cycle 

Since a du ty  c y c l e  c r i t e r i a  has no t  been e s t a b l i s h e d  f o r  
t he  1 - G  s imu la to r ,  t o  meet any f u t u r e  du ty  c y c l e  requirement 
a near 100% f u l l  torque on t i m e  must be desiged f o r .  

A general  trend f o r  D.C. se rvo  motors i s  - the  l a r g e r  t h e  
motor the  higher  t he  du ty  cyc le .  

Thus, motors of a t  l e a s t  a c e r t a i n  s i z e  must be s e l e c t e d  
t o  allow f o r  even the  most s t r i n g e n t  o p e r a t i n g  cond i t ions .  Upon 
examining the  duty cyc le  vs  motor s i z e  cu rves ,  t h e r e  appears 
t o  be a g r e a t  d i f f e r e n c e  between the  du ty  c y c l e s  f o r  Inland 
and Magtech. 

This i s  a c t u a l l y  not  t he  c a s e  s i n c e  t h e  two companies d i f f e r  
i n  t h e i r  l abo ra to ry  procedures f o r  measuring motor h e a t  d i s s i -  
pa t ion .  Magtech claims t o  a r r i v e  a t  t h e i r  O C / w a t t  u l t i m a t e  
temperature r i s e  f i g u r e s  wi th  t h e  motor placed i n  a t y p i c a l  
i n s t a l l a t i o n  conf igu ra t ion ,  while  Inland makes temperature 
measurements with t h e  motor a t t ached  t o  no h e a t  s i n k  metal  
such a s  a s h a f t  and housing. 

Since t h e  Magtech values  a r e  quoted t o  be "typical",  i t  i s  
assumed t h a t  Inland motors will y i e l d  comparable values  under 
s imi l a r  t e s t  condi t ions.  

Examining the  Magtach d u t y  c y c l e  curve ,  i t  appears t h a t  a 
motor capable o f  12  f t  l b s  s t a l l  torque o r  g r e a t e r  should be 
se l ec t ed  t o  a s s u r e  a 100% o r  g r e a t e r  duty cyc le .  This  r equ i r e -  
ment r e s u l t s  i n  a gea r  t r a i n  r a t i o  o f  1OO:l o r  less f o r  a 1200 
f t  l b  gea r  assembly. 

Conc l u s  ion  : 

1. Magtech 5 1OO:l 
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4 .  F r i c t i o n  

F r i c t i o n  i n  D.C. torque motors has two sources:  1. brush 
commutator f r i c t i o n  and 2.  magnetic r e t a r d i n g  torques  (such a s  
h y s t e r e s i s  drag  and cogging). Brush drag accounts f o r  20-40% 
of the  t o t a l  f r i c t i o n  wi th  magnetic e f f e c t s  c o n t r i b u t i n g  t h e  
o the r  60-80%. Magtech motors have s l i g h t l y  h igher  magnetic 
f r i c t i o n  which i s  a r e s u l t  o f  t h e i r  des ign  philosophy t o  bu i ld  
motors wi th  a h igh  torque t o  weight r a t i o  . 

Observing t h e  Gear Tra in  vs F r i c t i o n  curves f o r  a 1200 
f t  l b  gear  assembly, i t  i s  seen t h a t  f r i c t i o n  l e v e l s  a t  t h e  
output  gear  s h a f t  a r e  f a i r l y  independent of gea r  r a t i o  fo r  
r a t i o s  between 4 : l  and 9O:l. 

Although a s  s t a t e d  above, Magtech does have h ighe r  f r i c t i o n  
l e v e l s ,  no genera l  t rand from e i t h e r  curve i s  not iced  and 
the re fo re  no conclusions w i l l  be  drawn on r e s t r i c t i o n s  a s  
t o  gear r a t i o .  

5. Weight 

Although t h e  l a r g e r  t h e  torque  motor t h e  g r e a t e r  the weight 
i s  an obvious f a c t ;  when the  weight  of  motor and gear  t r a i n  . 
a r e  considered toge ther  f o r  a 1200 f t  l b  gear  assembly, a 
d e f i n i t e  t rend developes.  A s  not iced from t h e  Gear Tra in  vs 
Weight curves  f o r  Magtech and In l and  motors, gea r  r a t i o s  
g r e a t e r  than 35:l and less than 200:L produce a t o t a l  gear  
assembly weight t h a t  i s  almost gear  r a t i o  i n v a r i a n t .  Below a 
35:l r a t i o  t h e  t o t a l  assembly weight s t a r t s  t o  inc rease  rap id ly .  
These two f a c t s  a r e  a consequence of gear  weight dominancy 
fo r  high gear  r a t i o s  and motor weight dominancy f o r  low gear  
r a t i o s .  The former f a c t  o f  a dominant gear  weight  y i e l d i n g  a 
cons tan t  t o t a l  assembly weight i s  a r e su l t  o f  t h e  l a r g e  output  
gear  weight being f a i r l y  independent of the  gear  r a t i o  f o r  
r a t i o s  between 35:l a n d  200:l for In land  and 55:l and 200:l for 
Pkgtech. 

Conclusion: 

1. Magtech 2 55:l 

2. Inland L 55:l 

6 .  I n e r t i a  

The i n e r t i a  of t he  motor r o t o r  i s  r e f l e c t e d  t o  the  output  
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gear  s h a f t  as a funct ion o f  the  square of the  a s soc ia t ed  gear 
r a t i o .  For a 1200 f t  l b  gear  assembly, i t  i s  seen from the  
Gear Tra in  v s  I n e r t i a  curves t h a t  the  r e f l e c t e d  r o t o r  i n e r t i a  
f o r  Inland and Magtech motors does not i nc rease  r a p i d l y  as t h e  
gear r a t i o  i s  increased from 30:l t o  90:1, b u t  remains f a i r l y  
cons t an t  due t o  the  smaller  r o t o r  i n e r t i a s  f o r  t he  smaller  
motors. A t  f i r s t  t h i s  r e s u l t  would s2em t o  i n d i c a t e  t h a t  a gear 
r a t i o  between 30: l  and 9 O : l  would be optimal from the  i n e r t i a  
s tandpoint .  Although t h i s  i s  p a r t i a l l y  t r u e ,  t he  value of 
t h i s  opt imizat ion fades when t h e  r e f l e c t e d  motor i n e r t i a  i s  
compared wi th  the  load i n e r t i a .  For the  1200 f t  l b  shoulder 
gear assembly under cons ide ra t ion ,  t he  unlaoded arm i n e r t i a  
abo t the  shoulder j o i n t  i s  approximately 1.03 x lo4 f t  l k  
sec and 5he loaded a r m  i n e r t i a  i s  approximately 3.2 x 10 
f t  l b  sec  . When these  numbers a r e  compared with t h e  average 
r e f l e c t e d  motor i n e r t i a  f o r  gea r  r a t i o s  between 30:l and 9 O : l  
o f  70 f t  l b  sec , i t  i s  r e a l i z e d  t h a t  even t h e  unloaded arm 
presents  i n e r t i a  loads two o rde r s  of magnitude g r e a t e r  than 
the  r e f l e c t e d  motor i n e r t i a .  Therefore,  any opt imizat ion re- 
s t r i c t i o n  on gear r a t i o  va lues  with r e s p e c t  t o  motor i n e r t i a  
i s  somewhat s u p e r f i c i a l .  

Y 

2 

Conclusion: For gear  r a t i o s  less than 90:1, r e f l e c t e d  
motor i n e r t i a  i s  i n s i g i n i f i c a n t  with r e s p e c t  t o  load i n e r t i a s .  

7. Summary 

C r i t e r i a  Ind ica t ed  Gear Rat io  Range 

1. Pawer 

2. Speed 

3. Duty Cycle 

Inland:  70: 1- 170: 1 
Magtech: 10:l- 65:l 

Inland: Less than  9O:l 
Magtech: Less than 77:l 

Inland: Less than 1 O C : l  
Magtech: Less than 100: 1 

4. F r i c t i o n  No conclusions 

5. Weight Inland: Grea ter  than 35:l 
Magtech: Greater  than 55:l 

6 .  I n e r t i a  Inland: Less  than 9O:l 
Magtech: Less than 9O:l 

IV- 38 



1250 

1000 

- m ’ 750- U U 

w 
$ 
PI 

4 
PI 500- 

250 

2.5 

2.0 

h 
0 

\ a 
I 
d 1.5 
Y 
a 
0 a cn 

I. 0 

0.5 

- 

- 

- 

I I I 1 I I I I I 
25 50 75 100 125 150 175 200 

I I 1 I I I I I 

10 20 30 40 50 60 70 80 
Gear Ratio 

Figure IV-17 Gear Ratio vs Output Speed,1200 ft lb Gear AssembLy 

I V  - 3 9  



150 

loo 

5c 

25 

h 

B 20 
4 

U %I 
v 

B 
4 U 

.: 15 
h 

1c 

Magtech 

Inland 

I I I I 1 I 

5 10 15 20 25 30 35 40 

3 
Motor Torque (Ft- lbs)  

Figure IV-18 Duty Cycle vs Motor Torque,1200 ft l b  Gear Assembly 

I 
10 

I I I I I 1 I 
20 30 40 50 60 70 80 

Gear Ratio 
Figure IV-19 Gear Ratio vs Friction,lZOO f t  l b  Gear Assembly 

I V  -40 



500 

400 

h 
m 
2 
v 

U 

4 
%I 300 

f 

200 

100 

250 

200 
h 

N 
0 

W 

2 
U 

150 
cd 
.PI U 

a 
H 

100 

50 

I I I I I I I I 
25 50 75 100 125 150 175 200 

Gear Ratio 
Figure IV-20 Gear Ratio vs J o i n t  Weight,1200 f t  l b  Gear Assembly 

1 I I I I I I I 
10 20 30 40 50 60  70 80 

Gear Ratio 
Figure IV-21 Gear Ratio vs Ref lec ted  Inertia,lZOO f t  l b s  Gear Assembly 

I V  - 41 



Attempting t o  average these r e s u l t s  f o r  a l l  the  cri teria yields, 

Motor Brand Indica ted  Gear h t i o  Range 

In1.and 70: 1- 90: 1 

Magtech 55: 1-65: 1 

It i s  r e i t e r a t e d  once again these  r e s u l t s  a re  based only on 
t rends  and do not r e p r e s e n t  a hard East r u l e .  

In  an a t t e m p t  t o  pick one brand o f  motor over the o t h e r ,  
i t  i s  remembered t h a t  Magtech has  higher  torque t o  weight 
r a t i o s  and Inland has  lower s t a t i c  f r i c t i o n  torque values.  
Since i t  was shown t h a t  f o r  gear  r a t i o s  g r e a t e r  than 5 5 : l  
the  gear weight was dominant, i t  appears t h a t  v a r i a t i o n s  i n  
motor weight a r e  in s ig r t i f i can t  f o r  t h i s  range of gear r a t i o s .  
Thus i t  i s  suggested t h a t  Inland motors be se l ec t ed  on the  
b a s i s  of t h e i r  providing somewhat lower magnetic cogging. 

Motor, Gear S e l e c t i o n  

Using the  above information as a guide,  t he  following 
motor, gear s e l e c t i o n  i s  o f f e red  a s  a candidate  f o r  
one of the  1200 f t  l b  shoulder j o i n t s  of the  1 - G  s imula tor .  

Gear Ratio: 85. 7 : l  

D .C.  Torque Motor: Inland T-5745 

No load speed: 

Motor f r i c t i o n :  

Motor i n e r t i a :  

Motor peak power: 

Motor temp. rise: 

Motor weight: 

Motor cons tan t :  

Motor power rate: 

OD: 

ID: 

I4 rad /sec  

0.25 f t  lbs 

0.01 f t  lbs sec 

274 w a t t s  

I. 3 ” C / w a t t  

15 lbs 

0.88 f t  lb/ w a t t  

2 

2 

19600 f t  lbsisec 

7.2 inches 

3.95 inches 



Mot or -Gear Assembly : 

Sta l l  torque : 1200 f t  lbs 

Max. output speed: 0.16 rad/sec 

Reflected friction: 12.8 f t  lbs 

Reflected inertia: 73.4 f t  lbs sec 
2 

Total weight: 124 lbs 

7 Brake: Simpla tro l  PMB-103 

Holding torque: 16.6 f t  lbs 

Weight: 3.8 l b s  

c.  Tachometer Generator Considerat ions - Upon comparing 
Inland and Magtech tachometer gene ra to r s  t h e r e  appears t o  be 
no outs tanding advantage of one brand over the  o the r .  Although 
only Magtech gene ra to r s  a re  considered below due to  a more ex- 
t ens ive  Magtech t ach  gene ra to r  catalogue,  t h i s  by no means 
implies  t h a t  an Inland product would not  be s u i t a b l e .  

The va r ious  t ach  generator  parameters discussed below a r e  
compared as a funct ion of a maximum generator  speed s ince  t h i s  
i s  t he  most w e l l  def ined parameter i n  the  s e l e c t i o n  process.  
For t h e  motor-gear t r a i n  s e l e c t e d  previously,  t he  no load 
motor speed i s  14 r ad / sec .  Tach generators  having maximum 
speed c a p a b i l i t i e s  s l i g h t l y  less  and s l i g h t l y  g r e a t e r  than 
t h i s  value are  considered t o  r e v e a l  general  t r ends  i n  t h e  va r ious  
parameters. 

1) S e n s i t i v i t y  - It i s  seen from the  Max. Speed vs  
S e n s i t i v i t y  curve t h a t  t he  generator  s e n s i t i v i t y  r i ses  sha rp ly  
f o r  max. speeds below 15 rad/sec.  Since a high s e n s i t i v i t y  
i s  d e s i r a b l e ,  i t  i s  concluded t h a t  a tach  generator  w i t h  t h e  
lowest p o s s i b l e  maximum speed t h a t  i s  compatible w i t : n  t ne  
torque motor s e l e c t i o n  should be used. 

2)  Weight: - From t h e  Max. Speed v s  Weight curve t h e  
gene ra l  trend i n d i c a t e s  t he  lower t h e  maximum speed the  g r e a t e r  
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t h e  weight. This  seems t o  i n d i c a t e  a high speed gene ra to r  
should be used t o  minimize weight,  al tnougn ttiis i s  t r u e  t o  
some e x t e n t ,  t h e  tach weight i s  n e g l i g i b l e  compared t o  t h e  
t o t a l  gea r  assembly weight,  and t h e r e f o r e  weight conservat ion 
i s  noc a dominant f a c t o r  f o r  generator  s e l e c t i o n .  

3) Ripple - The Max. Speed vs  Ripple  curve i n d i c a t e s  
t h a t  r i p p l e  v a r i e s  only between 5 t o  7% f o r  max. speed va lues  
between 8 and 20 r ad l sec .  Therefore % r i p p l e  does n o t  appear 
t o  be a l i m i t i n g  f a c t o r .  

d. Breakaway Torque - The Max. Speed v s  Breakaway Torque 
curve r e v e a l s  t h a t  g e n e r a l l y  higher  speed t achs  have a lower 
s t a t i c  f r i c t i o n  value.  Although t h i s  seems t o  i n d i c a t e  a 
high speed gene ra to r  should be se l ec t ed  wi th  respect t o  
f r i c t i o n  torque ,  i t  i s  noted t h a t  breakaway torque d i f f e r s  
only by 0.025 f t  l b s  f o r  speed ranges between 8 and 20 r ad / sec  
and t h e  t o t a l  f r i c t i o n  values  range only between 0.02 and 0.047 
f t  l b s .  These values  compared w i t h  a motor f r i c t i o n  o f  0.14 
f t  l b s  a r e  smal l ,  and t h e r e f o r e  breakaway torque does no t  con- 
s t i t u t e  a major parameter t o  De optimized. 

4 .  Summary 

From t h e  aDove d i s c u s s i o n ,  it i s  bel ieved t h a t  sensitivity 
i s  t h e  dominanc parameter i n  the s e l e c t i o n  of a tachometer 
generator .  Since s e n s i t i v i t y  v a r i e s  i n v e r s e l y  W i C h  maximum 
speed, a generator  should be picked t h a t  has  a max. speed com- 
p a t i b l e  wich t h e  s e l ec t ed  torque mocor no load speed. A s  an 
example, and t h i s  i s  by no means unique, o f  a tachometer t h a t  
meets t h e  above c r i t e r i a ,  the  following s e l e c t i o n  i s  offered.  

Tachometer Generator: Magtech 3730B-134 

Max, Speed: 15 rad / sec  

S e n s i t i v i t y :  5.0 V/rad/sec 

Ripple : 7% 

Breakaway Torque: 0.021 f t  Ibs 

2 
Moment of Inertia: 0,00031 f t  Ib sec 

Weight : 2.06 l b s  

OD: 3.73 inches 

ID : 1.34 inches 
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Elbow 650 f t  l b  J o i n t  Assembly - The elbow gimbal com- 
ponents were chosen i n  t h e  same fash ion  as were those of t h e  
shoulder. 
gear r a t i o  and: 

The following curves show the  r e l a t i o n s h i p  between 

1. 

2, 

3, 

4. 

5. 

6. 

7. 

Power 

Speed 

Duty Cycle 

F r i c t i o n  

Weight 

I n e r t i a  

Motor outs ide  diameter 

The t r ends  of these  curves i n d i c a t e  the  following c r i t e r i a  - 
gear  r a t i o  r e l a t ionsh ips .  

Criteria Ind ica t ed  Gear Ra t io  Range 

Power 

Speed 

Duty Cycle 

F r i c t i o n  

Weight 

I n e r t i a  

Motor Outside 
D i a m e t e r  

Inland: less than  144:l 
Magtech: less than  35:l 

Inland:  less than  1 O O : l  
Magtech: less than  4 O : l  

Inland: no conclusion 
Magtech: no conclusion 

Inland: less than 94:l 
Magtech: less than  86:l 

Inland: g r e a t e r  t han  35:l 
Magtech: g r e a t e r  than  35:l 

Inland: less than  1M:l 
Magtech: less than  1 O O : l  

Inland: g r e a t e r  than  44:l 
Magtech: g r e a t e r  than  4O:l 
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allowable wattage - - _ _ _  
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Figure IV-26 Gear Ratio vs  Peak Power, 650 f t  l b  Gear Assembly 
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Gear Ratio 

I I I 1 

Figure IV-27 Gear Ratio vs Output Speed, 650 l b  GearAssembly 
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Magtech 

Inland 

I I I I I I I 
5 10 20 25 30 35 15 

Motor Torque (ft lbs) 

Duty Cycle vs Motor Torque, 650 ft lbs Gear Assembly Figure IV-28 

I I I I I I I 
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Gear Ratio 

Figure IV-29 Gear Ratio vs Friction, 650 ft lb Gear Assembly 
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Gear Ratio 

Figure 337-30 Gear Ratio vs J o i n t  Weight, 650 f t  l b  Gear Assembly 

Gear Ratio 
Figure IV-31 Gear Ratio vs  Reflected I n e r t i a ,  650 f h  l b  Gear Train 
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Attempting t o  average t h e s e  r e s u l t s  f o r  a l l  t h e  cri teria 
y i e l d s ,  

Motor Mfg. 

Inland 44: 1-94: 1 

Ind ica t ed  Gear Rat io  Rar.ge 

Magtech No obvious cone l u s  i on  

Once aga in  s e l e c t i n g  an In land  motor i n  t h e  above ind ica t ed  
range r e s u l t s  i n  t h e  following suggested components. 

Gear Ratio: 46.4:l 

DOC. Torque Motor: Inland T-5745 

Mot or -Gear As semb l y  : 

S t a l l  torque:  650 f t  l b s  

Max. output  speed: 0.3 r ad / sec  

Ref lec ted  f r i c t i o n :  6.9 f t  l b s  

Ref lec ted  Inertia:  21.5 f t  lbs  sec 
2 

Total weight:  124 l b s  

As revea led  above, t h e  same motor was s e l e c t e d  f o r  both 
shoulder and elbow j o i n t s ;  t hus ,  t h e  same break and tacho- 
meter genera tor  can be used f o r  both j o i n t s .  Re i t e ra t ing ,  
t hese  two elements are: 

- Brake: S impla t ro l  PMB-103 

Tachometer Generator : Magtech 3730B- 134 
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4, J o i n t  Design f o r  AMs 

This s e c t i o n  d iscusses  t h e  f i n a l  des ign  approach f o r  t h r e e  
j o i n t s  and some of t h e  included components. 
ments are t h e  r e s u l t  of analyzing many previous des igns ,  the  
l i m i t i n g  envelopes requi red ,  d i r e c t e d  toward weight o p t i -  
mization, stresses and loads i n  important members, and of 
course t h e  breadboard tests and technology s t u d i e s  of motor/ 
gear ing  combinations. Assembly sequence i s  a l s o  a very im- 
po r t an t  f a c t o r  i n  consider ing t h e  arrangement. 

The design arrange-  

Each j o i n t  conta ins  a DC servo  motor, DC f a i l - s a f e  magneti- 
c a l l y  operated brake,  tachometer genera tor ,  a l l  preferab ly  on 
a c m o n  s h a f t ,  a potent iometer ,  gear ing as t h e  torque mul t i -  
p l e r ,  yoke type h inging  t o  provide maximum load ca r ry ing  bear- 
i n g  support ,  and p rec i s ion  bear ings  loca ted  b i a x i a l l y  (at end 
of s h a f t s  - non-cant i levered loads)  wherever space permits .  

Every e f f o r t  h a s  been made t o  s tandard ize  on components 
wherever poss ib l e  t o  reduce c o s t s ,  t o  s impl i fy  maintenance 
and t o  minimize adverse e f f e c t s  on t h e  c o n t r o l  system. 

Addition weight op t imiza t ion  w i l l  be necessary i n  t h e  
d e t a i l  component design. Aluminum c a s t i n g s  should be con- 
s idered  f o r  t h e  l a rge  housings where some machining areas 
may be d i f f i c u l t  or  impossible f o r  reducing weight. 

For t h e  f i n a l  AMS and SAMS gears  a f u l l  hardness would 
be recommended. 
i f  it i s  determined t h a t  t h e r e  would be s i g n i f i c a n t  d i s t o r t i o n  
of c r i t i ca l  to le rances .  It would reduce c o s t s  i f  g r ind ing  
could be avoided. Shaping, hobbing and/or shaving may be 
s u f f i c i e n t .  
v ide  good too th  wear c h a r a c t e r i s t i c s  f o r  t h e  type  of s e r v i c e  
expect e d, 

Th i s  may r e q u i r e  gr inding  a f t e r  h e a t  treat 

A hardness  of from R C 3 8  t o  RC45 should a l s o  pro- 

The t h r e e  j o i n t s  p re l imina r i ly  designed are t h e  shoulder 
p i t c h  and r o l l  and elbow yaw. 
following paragraphs. 

These are discussed i n  t h e  

Shoulder P i t c h  - The des ign  of t h i s  d r i v e  is shown on 
Figure IV-33.  It incorpora tes  t h e  type of i n t e r n a l  gear ing  
system proven by t h e  tests, however, i n  a smaller packaging 
arrangement. The gear ing r a t i o  w a s  s e l e c t e d  a t  approximately 
96:l which when used wi th  t h e  proper motor 14 f t - l b  produces 
an optimum design capable of providing t h e  r equ i r ed  1200 f t . l b  
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output torque p lus  losses ,  
r a t i o  and motor s e l ec t ion .  ) 

(see Sec t ion  A. 3 ifor gear  t ra in  

The s e l e c t e d  motor Inland T5945 weighs 16 l b s  and w i l l  
provide 14 l b  f t  a t  stall .  The armature i s  he ld  onto t h e  
s h a f t  by end clamping (standard p r a c t i c e )  and w i l l  have a 
partial  aluminum support  f o r  l i g h t e r  e i g h t .  Provis ion  i s  
made i n  t h e  housing f o r  w i r e  rou t ing  t o  a common penetrat ion.  
P a r t i c u l a r  a t t e n t i o n  has been given f o r  t h e  provis ion  of proper 
sequence of f i e l d  "keeper" removal t o  prevent magnet damage. 

Tach generator  (Magnetic Technology No. 7000-065) i n s t a l l -  
a t i o n  and support  is  similar t o  the  motor however somewhat 
l a r g e r  and th inne r  t o  enable  assembly w i t h i n  t h e  envelope. 
Both tachometer genera tor  and motor w i l l  have t h e  requi red  non- 
magnetic material c learances  of approximately 0.25 inches. 

The f a i l - s a f e  brake t h a t  f u l f i l l s  t h e  requirement i s  a 
Simpla t ro l  PMB103, 
s l i g h t l y  g r e a t e r  than  t h e  motor s t a l l  torque. 
been used previously i n  t h e  MMC test a r t i c l e s .  
s i m i l a r  i n  s i z e  and c a p a c i t i e s  are ava i lab le .  There was some 
specula t ion  concerning t h e  use  of a new type of f a i l - s a f e  
brake,  from t h e  same company, t h a t  can be pulse  operated t o  
open and c lose ,  thereby e l imina t ing  "opera t iona l  period" power 
consumption. However, f o r  s imulator  use t h e  s tandard  brake 
w a s  se lec ted .  For space use  the  pulse  operated system (nearly 
t h e  same s i z e  but  r equ i r ing  e x t e r n a l  e l e c t r o n i c s )  should be 
inves t iga t ed  f u r t h e r .  Axial alignment of t h e  brake i s  rela- 
t i v e l y  unimportant except f o r  dynamic balancing prcblems , 
t he re fo re ,  it can be placed i n  a can t i l eve red  mode i f  nec- 
e s sa ry  and a l s o  dr iven  through a coupling. 

This  w i l l  provide a braking torque of 
This  type  has  

Many o thers  

The gear ing  i s  designed us ing  high s t r e n g t h  SAE 4340 steel  
at a hardness  of RC38 t o  RC45 f o r  s t r eng th  and wear charac- 
teristics necessary f o r  a s imula tor ,  however, a l s o  s u f f i c i e n t l y  
capable f o r  space use. P rec i s ion  to l e rances  i n  housings,  bear- 
ings  and gear ing (and sha f t ing )  w i l l  p e r m i t  backlashes on the  
order  of  ,002 i n .  t o  be f u l l y  r e a l i z a b l e .  SeLected gear  
p i tches :  1st mesk24 ;  2nd mesh: 16; 3rd mesh: 10 w i l l  provide 
smooth torque t r a n s m i t t a l ,  y e t  be s u f f i c i e n t l y  s t rong  f o r  
small impact loads,  and continuous duty a t  r a t e d  loads. 

The i n t e r n a l  r i n g  gear is  t h e  i d e n t i c a l  p i t c h  as t h a t  
used i n  the  test apparatus.  
t o  30 r m s  f o r  b e s t  wear. 

Tooth f i n i s h e s  should be he ld  
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Wherever poss ib le  mul t ip l e  gears  should be made on one 
s h a f t  wi th  spacing only s u f f i c i e n t  f o r  t oo th  c u t t i n g  r e l i e f  
f o r  shaping, hobbing or  gr inding  too l s .  
p in ion  combinations does r e q u i r e  a two p iece  f a b r i c a t i o n  due 
pr imar i ly  as an a i d  i n  f i t t i n g  i n  t h e  dual output  system t o  
allow f o r  proper o r i e n t a t i o n  of t e e t h  throughout. For t h i s  
gea r  i t  i s  planned t h a t  t h e  gea r s  be machined sepa ra t e ly ,  
however, assembled and pinned ( r ive ted)  toge ther  f o r  posi-  
t i on ing  and holding i n  shear.  I f  t h e  f a b r i c a t i o n  or  develop- 
ment proves t h e  necess i ty  f o r  gear  gr inding  (warpage from hea t  
t reat)  t h e  other  dua l  gear /p in ions  could a l s o  be f a b r i c a t e d  
i n  two pieces. 

One of our gear /  

Access t o  components and i s o l a t i o n  of e l e c t r i c a l  com- 
ponents from gear ing  i s  d e s i r a b l e  although not  mandatory. 
This  reasoning has  a l s o  been imposed wherever p rac t i cab le .  

The bear ings w i l l  be t h e  permanently lub r i ca t ed  double 
sh ie lded  type. It i s  recommended t h a t  a dry lub r i can t  baked, 
burnished, (or poss ib ly  impregnated type)  be used, and a t h i n  
a p p l i c a t i o n  of a l u b r i p l a t e  or  s i l i c o n e  grease  a l s o  be con- 
s idered.  
w i l l  be provided. This  s i t u a t i o n  i s  un l ike ly  because of t h e  
slow speeds involved. Care must be exerc ised  t o  prevent o i l  
f i l m  build-up on brushes and brake faces  i n  p a r t i c u l a r .  

Wherever grease  may be thrown out double s h i e l d s  

Bearings s e l e c t e d  f o r  t h i s  des ign  are r e a d i l y  ava i l ab le .  
One promising approach s e l e c t e d  i s  ex tens ive  use of double 
row angular  contac t  bear ings  which he lp  on alignment and pre-  
load. Other p rec i s ion  bear ings  (angular con tac t )  could a l s o  
be acceptable .  J o i n t  housings w i l l  be high s t r e n g t h  aluminum 
such as 6061 T-6 or  equivalent .  

No i n t e r n a l  mechanical s t o p s  f o r  r o t a t i o n  a r e  required fo r  
t h i s  j o i n t ,  
c o n t r o l  system; f a i l - s a f e  braking provides stopping fo rces  
i n  t h e  event  of power loss ,  

The motor provides t h e  p r ime  s t o p  fo rce  via t h e  

This  j o i n t  w a s  designed t o  ob ta in  a packaging s o  t h a t  it 
could a l s o  be used f o r  t h e  shoulder yaw and so t h a t  it would 
be app l i cab le  t o  t h e  space version.  

Shoulder R o l l  - Figure IV-34 shows a layout  f o r  t h i s  j o i n t .  
The design a p p l i e s  s p e c i f i c a l l y  t o  t h e  AMs because of t h e  
necess i ty  of inc luding  t h e  counterbalance ba r  scheme (See 
Sec t ion  C )  w i t h i n  t h e  tubing. For t h e  space ve r s ion  it would 
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be intended t h a t  a r o l l  des ign  would be incorporated w i t h i n  
t h e  tube. 

The AMs r o l l  j o i n t  i s  of utmost s impl i c i ty .  Easy backdrive- 
a b i l i t y  i s  not  a requirement,  t he re fo re ,  a worm d r i v e  was 
se l ec t ed ,  This  o f f e r s  two advantages: a) a very high s i n g l e  
mesh r a t i o  and b)  d e l e t i o n  of a holding f a i l - s a f e  brake be- 
cause of t h e  inherent  h i g h  f r i c t i o n  c a p a b i l i t y  of  
a properly designed worm gearing system. 

It i s  planned t h a t  t h e  14 f t  l b  DC torque motor used i n  
t h e  shoulder p i t c h  be used he re  f o r  commonality. Ce r t a in ly  
t h i s  r ep resen t s  a maximum s i z e  and could be reduced i f  nec- 
essary .  However, f o r  t h e  r o l l  j o i n t  of t h e  AMs conf igura t ion ,  
weight i s  not  cr i t ical .  
and i s  e a s i l y  accommodated i n  a symmetrical envelope i f  nec- 
essary .  Added i n e r t i a  i s  not  s i g n i f i c a n t  compared t o  t h e  main 
a r m  segments. 

Counterbalancing has  been considered 

Elbow Yaw - The same motor Inland T-5745 as those i n  t h e  
shoulder j o i n t s  used here  wi th  a 53:l  gear  r a t i o ,  a f t e r  
counterbalancing mechanisms and gear ing f r i c t i o n  l o s s e s  
are accounted f o r ,  w e  have (with some margin) t h e  r equ i r ed  
650 f t  l b s  torque. U s e  of gear ing  and counterbalancing bread- 
board test  d a t a  provided guidance i n  determining conservat ive 
allowances f o r  f r i c t i o n a l  l o s s e s  here.  

Figure IV-35 i s  a layout  of t h e  elbuw j o i n t .  The counter- 
balancing mechanism crankshaf t  d i sks  (See Sec t ion  C ) ,  d r iven  
by t h e  connecting ba r s  are shown i n  dashed l i n e s .  These 
occupy considerable  envelope space, even though minimized i n  
s i z e ,  and caused t h e  r e s u l t a n t  gear ing  arrangement with t h e  
r i n g  gear  d r i v e  i n  t h e  yoke. It was d e s i r a b l e  t o  provide a 
dua l  gear  d r i v e  he re  as i n  t h e  breadboard, however, t h e  counter  
balancing mechanism prevented t h i s  and a compromise w a s  made 
<sing only one d r ive  pinion. 
arrangements were inves t iga ted .  
b e s t  because of minimal housing ex tens ion  and i t s  a t tendant  
lower weight. Also t h e  d e s i r a b i l i t y  of having t h e  motor and 
tachometer genera tor  and motor d r i v e  p in ion  on t h e  same s h a f t  
wi th  t h e  brake w a s  achieved. 

Severa l  gear ing  and bear ing 
The r e s u l t a n t  design appeared 

The r i n g  gear  used i n  t h e  yoke d r i v e  is s l i g h t l y  l a r g e r  
than  t h a t  used f o r  t h e  shoulder ,  however, it does allow use of 
a l a r g e r  p in ion  f o r  s ing le  d r i v e  too th  s t r eng th ,  and wi th  a 
l a r g e r  number of p in ion  t e e t h  undercut t ing  i s  avoided. Back- 
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dr iv ing  w i l l  be very easy wi th  t h e  53:l r a t i o .  
can be provided by a p las t ic  o r  rubber l i p .  
space vers ion)  a l l  gear ing  would be i n t e r n a l  t o  t h e  main 
housing. 

Dust p ro tec t ion  
Normally (for 

A l l  bear ings  can e a s i l y  handle t h e  loads while  r e t a i n i n g  
t h e  necessary alignment wi th  minimal de f l ec t ions .  Double 
sealed bear ings  w i l l  be used which should be good f o r  t h e  
l i f e  of t h e  s imulator .  
e x t e r n a l l y  or  i n  double row angular contact'. 

Preloading w i l l  a l s o  be employed e i t h e r  

The tachometer genera tor  s e l ec t ed  i s  Magnetic Technology 
3730 B-134 t h e  same as t h a t  used f o r  t h e  shoulder r o l l .  

A Simpla t ro l  f a i l - s a f e  brake model PMB- 103, ( i d e n t i c a l  
t o  t h a t  spec i f i ed  f o r  t h e  Shoulder P i t c h )  i s  provided, This 
w i l l  provide 16.7 f t - l b  which is  s l i g h t l y  g r e a t e r  than  s t a l l  
torque of t h e  motor. 

Generally t h e  yoke/hinge conf igura t ion  and envelope i s  
appl icable  t o  both t h e  AMs and SAMs except  €or t h e  elonga- 
t i o n  of t h e  housing beyond t h e  hinge c e n t e r l i n e  t o  con ta in  
t h e  motor, t ach  genera tor  brake and p a r t  of the  gearing. 
The yokelhinge allows a r t i c u l a t i o n  from approximately -2' 
t o  -I-164" minimum. 
enclosed wi th  t h e  angledf lange  t h a t  provides added j o i n t  
s t i f f n e s s  and s t rength .  

Yoke design shown here  h a s  been p a r t i a l l y  
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B, COUNTERBALAIICE ANALYSIS AND OPTIMIZATION 

A p r e r e q u i s i t e  t o  realist ic AMs opera t ion  i n  a 1-g envir- 
onment i s  some means by which t h e  torques about t h e  AMS j o i n t s ,  
due t o  g r a v i t a t i o n a l  fo rces ,  can be n u l l i f i e d .  One way t o  
accomplish t h i s  i s  t o  extend t h e  upper arm back p a s t  t h e  
shoulder j o i n t  f o r  some d i s t a n c e  and a t t ach ing  an a r t i c u l a t e d  
counterweight at t h e  end of t h i s  ex tens ion  (see Figure IV-36). 

Upper  Arm t- Lower A r m  
Extension Upper \- \ \Y 

A r t  i cu l a t ed  \ Shoulder J o i n  
Counterweight 

J o i n t  
t 

Figure IV-36 Ar t i cu la t ed  Counterbalance Concept 

The t e r m  a r t i c u l a t e d  i m p l i e s  t h a t  t h e  counterweight is  phys ica l ly  
connected t o  t h e  elbow j o i n t  i n  such a way t h a t  t h e  o r i e n t a t i o n  
of t h e  counterweight r e l a t i v e  t o  t h e  upper a r m  i s  i d e n t i c a l  t o  
t h e  o r i e n t a t i o n  of t h e  lower arm r e l a t i v e  t o  t h e  upper a r m  (the 
angle ,  a, i n  Figure IV-36). A d e t a i l e d  d i scuss ion  of how one 
a c t u a l l y  achieves such a r t i c u l a t i o n  i s  contained i n  Sec t ion  C 
of t h i s  chapter.  

It w i l l  be shown i n  what fo l lows  t h a t ,  by proper s e l e c t i o n  
of t h e  counterbalance i n e r t i a  p rope r t i e s  and geometry, it i s  
poss ib l e  t o  negate  t h e  g r a v i t a t i o n a l  torques about t h e  shoulder 
and e l b m  of the  AMs, simultaneously,  r e g a r d l e s s  of AMs or i en ta -  
t i o n  (neglect ing pe r tu rba t ions  due t o  changes i n  w r i s t  o r i en ta -  
t ion). 
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It w i l l  become apparent i n  t h e  sequel  t h a t  t h e r e  are an 
i n f i n i t y  of counterbalance geometry and i n e r t i a  combinations 
t h a t  s a t i s f y  t h e  counterbalance equat ions.  It i s  the re fo re  
necessary t o  f u r t h e r  i n v e s t i g a t e  the  d e t a i l s  of t he  AMs des ign  
i n  order  t o  arrive a t  a meaningful c r i t e r i o n  f o r  s e l e c t i o n  
of counterbalance i n e r t i a  p rope r t i e s  and geometry, One means 
of s e l e c t i o n  can be found by examining t h e  increase  i n  shoulder 
p i t c h  moment of i n e r t i a  f o r  each of t he  mul t i tude  of counter- 
balance p o s s i b i l i t i e s ;  f o r ,  al though t h e  g r a v i t a t i o n a l  torques 
are cance l led  i n  each case, t h e  shoulder and elbow motors are 
requi red  t o  d r i v e  the  a d d i t i o n a l  counterbalance i n e r t i a .  Thus, 
i t  would s e e m  des i r ab le  t o  choose t h e  counterbalance m a s s  and 
geometry t h a t  minimizes t h e  inc rease  i n  i n e r t i a .  The necessary 
equat ions and corresponding d i g i t a l  computer program t o  accom- 
p l i s h  t h i s  t a s k  are descr ibed below along wi th  r e s u l t s  f o r  a 
range of AMs des ign  data .  F i n a l l y ,  some conclusions are drawn 
about t h e  counterbalance design. 

1. Counterbalance Equations 

W e  begin  by assuming t h e r e  are no unbalanced g rav i ty  
fo rces  on t h e  payload or t h e  support  s t r u c t u r e  (i.e., it i s  
assumed t h a t  both of t hese  bodies are supported by t h e  f l o o r ) .  
For t h i s  reason,  one need only consider  counterbalancing t h e  
unloaded AMs. To f u r t h e r  s impl i fy  matters, w e  assume t h e  w r i s t  
does not  r equ i r e  counterbalancing and the re fo re  lump the  m a s s  
of t he  w r i s t  a t  t h e  end of t h e  lower a r m .  

The foregoing assumptions r e s u l t  i n  a reduct ion  of t h e  s i x  

It i s  noted t h a t  t he  g rav i ty  

6 3' 

body model shown i n  Figure A-1  (see Appendix A) t o  t he  four  
body model shown i n  Figure IV-37. 
vec to r ,  9, i s  assumed paral le l  t o  e 

Now t h e  counterbalance design philosophy is  t o  choose the  
mass p rope r t i e s  of body 1 and the  loca t ion  of hinge 1 (see 
Figure IV-37) i n  such a way t h a t  t h e  torque motors at hinges 
2 and 3 need not  counterac t  any g rav i ty  torques ,  r ega rd le s s  
of AMS or i en ta t ion .  

The necessary counterbalance r e l a t i o n s  can be obtained 
from Equations (A-1) - (11-12) i n  Appendix A. For t h e  s ta t ic  
case and wi th  t h e  g rav i ty  vec tor  parallel  t o  e 
equat ions become (for t he  four  bodies shown in6J igure  IV-37). 

, t hese  
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Figure N-37 Four Body AMs Model 

Body Label 

Hinge Label 

(sv- 1) 

(IV- 2) 

(sv- 3) 

where 
the support s t ructure .  
Appendix A) f o r  T 
expressions fo r  t&! hinge forces,  one i s  l e f t  with 

i n  Eq. (IV-4) represents t he  force of t he  f loor  on 6 Sglving Eqs* (A-7) - (A-9) (See 
T33 , and T22 , and using the  above 

(SV-6) 

+ m ' i  3 x 2 22 
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Now it i s  assumed t h a t  t h e  o r i e n t a t i o n  of body 1 relative t o  
body 2 is i d e n t i c a l  t o  t h a t  of body 3 r e l a t i v e  t o  body 2 and 
it i s  f u r t h e r  assumed t h a t  

- 
Hll = H 6 11 31 

- 
HZl = -H e 2 1  2 1  

- - 
H22 = -H e 22 21 ( IV-  8) 

- 
H23 = H e 23 21 

- 
=-H e 

H33 33 31 

Equation ( IV-8)  r e f l e c t  t h e  assumption t h a t  t h e  j o i n t s  l i e  
on t h e  c e n t e r l i n e s  of the  tubes comprising t h e  lower and 
upper arm segments. 

Since t h e  motor a t  j o i n t  3 must d r i v e  both bodies 1 and 
3, t h e  counterbalance condi t ions can be w r i t t e n  

- H  - H  
Tll f T 3 3  = 0 

- H  T22 = 0 

(IV- 9) 

(IV- 10) 

S u b s t i t u t i n g  from Eq. ( IV-8)  i n t o  ( IV-5)  and ( I V - 6 ) ,  Equation 
( IV-9)  can  be w r i t t e n  

which w i l l  be s a t i s f i e d  regard less  of t h e  AMS o r i e n t a t i o n  i f  
one r equ i r e s  
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m H  - m H  = O  1 11 3 33 (IV- 11) 

Simi l a r ly ,  Eq. ( IV-10)  can be w r i t t e n  

(IV- 12)  

From Eq. ( I V - 1 1 )  it follows t h a t  t h e  f i r s t  t e r m  i n  Eq. ( IV-12)  
vanishes ,  and the re fo re  Eq. ( IV-12)  w i l l  be  s a t i s f i e d  i f ,  

(IV- 13) 

Thus, Equations ( IV-11)  and ( I V - 1 3 )  are t h e  necessary condi- 
t i o n s  f o r  t h e  AMs t o  be counterbalanced i n  any o r i en ta t ion .  

It i s  more meaningful t o  w r i t e  Eqs. ( I V - 1 2 )  and ( IV-13)  
i n  t e r m s  of t h e  counterbalanced AMs des ign  q u a n t i t i e s  shown 
i n  Figure I V - 3 8 .  These q u a n t i t i e s  are as follows: LcB 
is t h e  d i s t ance  from the  counterbalance elbow (CBE) t o  #e 
m a s s  c e n t e r  of t h e  counterbalance lower a r m  (CBLA); M 
i s  t h e  mass of C B U ,  and PIcBE i s  t h e  mass of t h e  CBE; 

i s  t h e  length of t h e  counterbalance upper a r m  (CBUA), 
k8'h i s  t h e  length of t h e  
upper a r m  @A) and Mua i s  t h e  mass oYAthe UA; 
of t h e  elbow and i s  t h e  m a s s  of t h e  lower a r m ;  LU is  
t h e  length of t h e k e r  arm and % i s  t h e  mass of t h e  w r i s t  
(assumed t o  be concentrated a t  t h e  w r i s t  j o i n t ) ,  
of t h i s  no ta t ion ,  Eqs. (IV-11)  and ( I V - 1 3 )  can be w r i t t e n  

CBLA 

is  t h e  mass of t h e  CBUA; L GBUA i s  t h e  m a s s  

I n  terms 

(IV- 14) 
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Equations (IV- 14) and (IV- 15) are t h e  so -ca l l ed  counter- 
balance equat ions t h a t  must be s a t i s f i e d  f o r  c a n c e l l a t i o n  of 
t h e  g r a v i t y  torques  a t  t h e  shoulder a t  elbow j o i n t s .  It i s  

MCBLA' noted t h a t  t hese  two equat ions con ta in  t h r e e  unknowns: 

LCBuJand t h e  remaining t e r m s  $!%%e obtained from prel iminary 
design da ta ,  Thus, Eqs. (IV-14) and (IV-15) can be used t o  

CBu and LcBuA once M h a s  been se l ec t ed ,  bu t  determine L 
these  equat ions o f f e r  no c l u e  as to t h e  proper s e l e c t i o n  of 

MCBLA: pinpoint  t h e  s e l e c t i o n  of MCBMe 

2. Se l ec t ion  C r i t e r i o n  f o r  t h e  Counterbalance Mass 

The necessary t h i r d  equat ion  t o  supplement Eqs, (IV-14) 
and (IV-15) is obtained i n  what follows by minimizing an ex- 
press ion  f o r  t h e  inc rease  i n  shoulder p i t c h  moment of inertia 
caused by t h e  a d d i t i o n  of t h e  counterbalance mechanism. Toward 
t h i s  end, t h e  counterbalanced AMs i n  Figure IV-38 i s  i d e a l i z e d  
as shown i n  Figure IV-39. 

The mass, M , can be determined from 
CBUA' and L 

L~~~~ 

C L A .  

What i s  needed then  i s  a t h i r d  r e l a t i o n s h i p  t h a t  w i l l  

The lower a r m  i s  taken t o  be a thin-wal led tube of diameter 
The w r i s t  LA. th ickness  t length L and d e n s i t y  P LA' i s  modelled as a concent ra tepmass  % and moment of i n e r t i a  

$ loca ted  a t  t h e  end of t h e  lower a rm.  

The upper a r m  i s  a l s o  a thin-wal led tube  of diameter D 
th ickness  tUA, length  ?A and dens i ty  P 
gear  t r a i n ,  etc. are a1 lumped toge ther  i n  a concentrated 
m a s s  M .and moment of iner t ia  I loca ted  a t  t h e  end of t h e  
upper arm. 
C of Chapter IV), s e v e r a l  rods pass through t h e  hollow upper 
a r m  connecting t h e  lower arm t o  t h e  CBLA. These rods are 
modelled as a s i n g l e  s o l i d  cy l inde r  of diameter D dens i ty  

cR' can be PcE and length LuA. Later, i f  rods are not  used 
t a  en as zero. 

UAY The elbow motor, UA: 

e I n  one of t h e  count&balance schemes (see Sec t ion  

' 'CR 

The counterbalance upper a r m  (CBUA) i s  simply an ex tens ion  
of t h e  upper a r m  model Over a length L CBUA' connecting t h e  CBUA t o  t h e  CBLA. i s  accounted f o r  by a con- 
cen t r a t ed  m a s s  %BE and moment of i n e r t i a  I 

r he igh t  hCBU, and dens i ty  P The d i s t a n c e  from 
t@%E t o  t h e  m a s s  cen te r  of t h e  @E (the a x i s  of t he  two 
cy l inde r s )  i s  c a l l e d  LcBue 

The hardware 

CBE' 

The CBLA i s  modelled as two s o l i d  cy l inde r s  of r ad ius  
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K 

Figure IV- 39 Counterbalanced AMs Components 
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Fina l ly ,  t h r e e  rec tangular  plates are used t o  represent  
t h e  shoulder yoke. Two of t h e  plates are of length Ly, width 
Wy, and th ickness  t . The back p l a t e  i s  of he ight  H and of 
th ickness  t A l l  8f t h e  p l a t e s  have a dens i ty  p 

The maximum inc rease  i n  shoulder p i t c h  moment of i n e r t i a  
Y. Yo 

due t o  t h e  counterbalance mechanism occurs when t h e  AMs i s  
f u l l y  extended. Only t h e  con t r ibu t ion  of t h e  CBLA, CBUA, 
and t h e  yoke t o  t h e  inc rease  i n  moment of i n e r t i a  need be 
considered. 
an increase  i n  moment of inertia, but t h e i r  con t r ibu t ion  does 
not  depend on t h e  mass, qBLA: and hence need not  be considered 
when minimizing t h e  increase  i n  shoulder moment of i n e r t i a .  
The func t iona l  dependence of t he  o the r  cont r ibu t ions  (on McBu) 
w i l l  become c l e a r  i n  what follows. 

The connecting rods i n  t h e  upper a r m  represent  

The moment of i n e r t i a  of t h e  CBLA about t h e  shoulder p i t c h  
axis, ICBLA, i s  computed as follows 

(IV- 16) 

CBLA as i s  determined from M CBLA CBLA' hCBLA and where r 
fol laws 

CBLA r (IV- 17)  

The moment of i n e r t i a  of t h e  CBUA about t he  shoulder p i t c h  
ax i s ,  ICBUA, can be w r i t t e n  

2 
( \%A1 % A 2 ) - h  L~~~~ 2 

+ %BE + M~~~ L~~~~ (IV- 18) 
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where Iv$,A1 i s  t h e  m a s s  of t h e  hollow tube: 

%A1 E= . I rD UA LCSUA 'UA 

and MVA2 i s  t h e  mass of t h e  connecting rods 

2 
CR LCSUA 'CR X D  - 

%A2 - 4 

(IV- 19) 

(IV- 20) 

I n  computing the  moment of i n e r t i a  of t he  yoke, t h e  shoulder 
p i t c h  a x i s  i s  assumed t o  pass  through the  cen te r  of t he  back 
plate,  p a r a l l e l  t o  t h e  edge of length Ly. 
of i n e r t i a  of t h e  yoke about t h e  shoulder p i t c h  a x i s  i s  then  

The p i t c h  moment 

I = 2M W + M  (2 +W2) 
Y Y l  Y Y2 Y Y 

where M i s  t h e  m a s s  of one of t h e  h o r i z o n t a l  plates: 
Y l  

M = P W L t  
Y l  Y Y Y Y  

(IV- 21) 

(IV- 22) 

and M i s  t h e  m a s s  of t h e  back plate: 
Y2 

(IV- 2 3) 
M = P  W H  t 

Y2 Y Y Y Y  

Now t h e  minimum allowable dimensions of t h e  yoke, Hy and Ly, 
depend on t h e  s i z e  of t h e  CBLA and CBUA, 
t h e  shoulder yaw angle and elbow yaw angle  are both go", t h e  
he igh t ,  Hy, of t h e  yoke must be l a rge  enough t o  avoid any 
contac t  between t h e  CBLA and t h e  yoke when t h e  shoulder r o l l  
angle  t u r n s  through 360O. This  s i t u a t i o n  i s  shown i n  Figure 
IV-40(a). From t h e  f i g u r e ,  i t  can be seen t h a t  

I n  p a r t i c u l a r ,  when 
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Simi lar ly ,  t h e  length Ly of t h e  yoke must be long enough t o  
avoid any contac t  with t h e  CBLA when t h e  AMs i s  f u l l y  extended 
and t h e  shoulder yaw angle  t u r n s  through - + 90'. 
i s  depicted i n  Figure IV-40(b). I n  t h i s  case, one can write 

This condi t ion  

By means of Eqs, (IV-24) and (IV-25) one i s  ab le  t o  express  
the  yoke moment of i n e r t i a  (See Eq. ( I V - 2 1 ) )  i n  t e r m s  of t h e  
counterbalance dimensions (when W , t , and p are assigned 
reasonable  values) .  
increase  i n  shoulder p i t c h  moment of i n e r t i a ,  
t h e  counterbalance mechanism as 

It i s  now pogsibxe t o  w r x t e  t he  t o t a l  
due t o  'TOTAL, 

- 
TOTAL .- ICBM + ICBUA + IY 
I (IV- 26) 

where I TOTAL i s  a func t ion  of M 
2 L ~ ~ ~ ,  h ~ ~ ~ '  L ~ ~ ~ ~ *  BY 

so lv ing  Eqs. (IV- 14) and (IV- 15yBi$r LCBM and L ~ ~ ~ ~ ,  r e spec t ive  ly  , 
and s u b s t i t u t i n g  i n t o  (IV-26), w e  are l e f t  with an expression 

as  a func t ion  of M only. I n  p r inc ipa l ,  CBLA and hCB@ 
set t h e  appropr ia te  pa r t i a l  d e r i v a t i v e s  equal  t o  zero 

3 OTAL' t h a t  minimize I 

CBLA an 

I n  p r a c t i c e ,  

For t h i s  reason, a d i g i t a l  

C LA. and MCBLA and ob ta in  two equat ions f o r  h 
Because Eqs. (IV-14) and (IV-157 have been used f o r  L 

of t h e  two equat ions w i l l  
L ~ ~ ~ ~ p  C B U '  
be cons i s t en t  wi th  t h e  counterbalance requirements. 
however , t h e  r e s u l t i n g  equat ions are h ighly  nonl inear  and hence 
not  amenable t o  c losed  form so lu t ion .  
computer program has  been developed t o  f i n d  those  values  of 

TOTAL' MCBLA and hCBT.,A 

t h e  so lu t ion ,  hCBLA and M 

t h a t  minimize I 
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3. Counterbalance Optimization Computer Program 

The d i g i t a l  computer program mentioned above is  programmed 
with Eqs, (IV-14) - (IV-26). The input  da t a  c o n s i s t s  of a l l  
of t h e  q u a n t i t i e s  def ined i n  Figure IV-39 except M C B U ’  LCBLA9 and L . The latter quan t i  ies repre- r 
sen t  t he  primary outpue of theycomputer program. I n  t h i s  way, 
it i s  a s i m p l e  m a t t e r  t o  incorpora te  any design changes of 
t h e  APE and determine t h e  new counterbalance and yoke s p e c i f i -  

CBLA’ h ~ ~ ~ *  L ~ ~ ~ ~ s  9 

The inc rease  i n  shoulder moment of i n e r t i a  i s  minimized by 
incrementing M from some s m a l l  value,  and, f o r  each value CBLA of McBu, Einding the  value of h 
This process  i s  continued u n t i l  M 
minimizes I 

TOTILL’ t h a t  minimizes I CBLA 

ansiBP 
exceeds t h a t  value which 

CBLA’ i n  both M TOTAL CBLA 

CBLA, L ~ ~ ~ ,  L ~ ~ ~ ~ s  
By using t h i s  technique, p l o t s  of hCBLA, r 
and L as func t ions  of M f o r  t h e  optimum h CBu value HY3 Y CBLA 

are obtained. I n  add i t ion ,  p l o t s  are obtained of t he  percentage 
increase  i n  shoulder (PISI) and elbow (PIEI)  p i t ch  moment of 
i n e r t i a  def ined by 

x 100 ITOTAL PIS1 = 
ILAS i- %AS 

PIEI = - ICBM x 100 
I* 

(IV- 2 7) 

(IV- 28) 

where Ius and I are the  p i t c h  moments of i n e r t i a  of t he  
lower a r m  (including t h e  wris t )  and upper a r m  (including t h e  
elbow), r e spec t ive ly ,  about t h e  shoulder j o i n t ,  and ILAE is 
t h e  p i t c h  moment of i n e r t i a  of t h e  lower a r m  and w r i s t  about 
t h e  elbow j o i n t .  

UAS 

I n  examining t h e  t o t a l  i nc rease  i n  shoulder moment of 
i t  i s  h e l p f u l  t o  express  t h i s  quant i ty  as i n e r t i a ,  

an equiva len t  i nc rease  i n  payload weight, WEQ, def ined by 
‘TOTAL’ 

t 

x 32.174 &TOTAL WEQ = 

%A -I- LLA.) 

(IV- 2 9) 
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This  quan t i ty  i s  a l s o  p l o t t e d  as a func t ion  of M CBLA. f o r  t h e  
optimum h CBLA' 

F i n a l l y ,  a quan t i ty  c a l l e d  CLEARANCE i s  p lo t t ed  as a 
func t ion  of MCBu, 
t h e  ex t remi ty  of t h e  counterbalance and the  cen te r  of t h e  
shoulder j o i n t  when t h e  elbow yaw angle  i s  180'. 
tance is  i l l u s t r a t e d  by Figure I V - 4 1 .  It fol lows t h a t  any 
counterbalance s o l u t i o n s  involving a negat ive  o r  zero  CLEARANCE 
are not  p r a c t i c a l .  

This length measure i s  t h e  d i s t ance  between 

This  d i s -  

Yaw = 180' 
Shoulder J o i n t  

Figure I V - 4 1  Counterbalance - Shoulder Clearance 

I n  t h e  next  s ec t ion ,  t h e  input  da t a  f o r  t h e  counterbalance 
computer program is  descr ibed along wi th  t h e  r e s u l t s  generated 
by t h i s  data ,  

4. Input  Data and Resul t s  

With t h e  except ion of t h e  yoke length and he igh t  and the  
geometry of t h e  counterbalance lower arm, t h e  q u a n t i t i e s  de- 
p ic ted  i n  Figure I V - 3 9  c o n s t i t u t e  t h e  input  da t a  f o r  t h e  counter- 
balance opt imiza t ion  program. To generate  t h e  r e s u l t s  t h a t  
follow, va lues  f o r  t hese  q u a n t i t i e s  were computed from pre-  
l iminary design d a t a ,  and these  va lues  are l i s t e d  i n  Table I V - 5 .  
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Table I V - 5  Input Data for Counterbalance Optimization Computer Program 

Lower Arm and Wrist 

= .08 in, L = 222 in. 

slug/in , % = 1.55 slugs, 5 = 1 x 10 

LA DLA = 12 in., 

p = 3.11  x 3 4 2 
slug-in LA 

Upper Arm and Elbow 

DUA = 12 in, t 

p = 3.11 x 10 sluglin , 

= 0.18 in, L = 222 in. UA UA 

3 = 2.25 in, P ' = 8 . 4  x lom3 slug/in - 3  3 
'CR CR UA 

2 = 2.5 slugs, IE = 40.5 slug-in 

Counterbalance Upper Arm and Elbow 

= 1.55 slugs, 2 = 22.3 slug-in ICBE M~~~ 

Counterbalance Lower Arm 

= 1.27 x 10 -2 sluglin 3 
'CBLA 

Shoulder Yoke 

W = 18 in, t = 0.75 in, P c 3.11 x loe3 slug/in 3 Y Y Y 
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The input  d a t a  r e f l e c t  aluminum a r m s  and yoke, s teel  connect- 
ing rods,  and a lead counterbalance weight. The w r i s t  w a s  
assumed t o  weigh 50 l b s  and t h e  elbow j o i n t ,  80 lbs.  

The r e s u l t s  of t h e  computer program are shown i n  Figures  
I V - 4 2  - I V - 4 4 .  I n  each case, t h e  dependent v a r i a b l e s  are 

'CBLA' p l o t t e d  as func t ions  of t h e  counterbalance weight, 

Figure I V - 4 2  i l l u s t r a t e s  t h e  v a r i a t i o n  i n  counterbalance 
geometry wi th  counterbalance weight. 
and LfBuA, are determined from Eqs, ( IV-14)  and I V - 1 5 f  and 

CBLA the re  ore  represent  those values  f o r  which W 
balance t h e  upper and lower arm segments of t he  W .  

i n  Figure I V - 4 2  are those t h a t  r e s u l t  i n  t h e  va lues  of h 
minimum increase  i n  shoulder p i t c h  moment of i n e r t i a  f o r  t h e  

CBLA corresponding value of WcBM. F ina l ly ,  t h e  r 
presents  t h e  r ad ius  of t he  counterbalance lower arm (lead 
cy l inders )  which are determined from Eq. ( IV-17) .  

The lengths ,  Lc LA. 

w i l l  counter- 
The 

C B U  

curve re- 

The p l o t s  of WEQ, PISI ,  and PIE1  i n  Figure I V - 4 3  repre- 
sen t  t h e  increase  i n  moment of i n e r t i a  corresponding t o  the  
va lues  of hCBu, r 
I V - 4 2 ,  These q u a n t i t i e s  are def ined by Eqs. ( IV-27)  - 
( IV-29) .  
Figure I V - 4 3  i s  i l l u s t r a t e d  i n  Figure I V - 4 1 .  

shown i n  Figure 

The meaning of t h e  quan t i ty  CLEARANCE shown i n  

CBLA' L ~ ~ ~ s  and L~~~~ 

F i n a l l y ,  Figure I V - 4 4  dep ic t s  t he  length ,  L and width, 
H , of t h e  yoke corresponding t o  t h e  counterbalance geometry 
down  i n  Figure I V - 4 2 .  

Y' 

The optimum counterbalance design i s  a r r i v e d  a t  from 
Figures  I V - 4 3  and I V - 4 4  i n  t he  following manner, 
f i r s t  a t  Figure I V - 4 3 ,  it can be seen t h a t  t h e  inc rease  i n  
shoulder i n e r t i a ,  P I S I ,  h a s  a minimum value near W CBu= 9000 Lbs, 

CBLA I n  a d d i t i o n  t o  being unacceptably la rge ,  t h i s  value of W 
r e s u l t s  i n  a negat ive value of CLEARANCE (for convenience i n  
p l o t t i n g  t h e  d a t a  i n  Figure I V - 4 3 ,  negat ive values  of CLEARANCE 

A negat ive value of CLEARANCE were p l o t t e d  on t h e  W 
i m p l i e s  t h a t  i n t e r f e rence  between t h e  CBLA and the  shoulder 
gimbal w i l l  occur when t h e  elbow yaw angle  approaches 180" 
(see Figure I V - 4 1 ) .  
f l a t  f o r  values  of W 
reason one can s e l e c t  a counterbalance weight,  less than  t h e  
optimum, without s e r ious ly  changing t h e  inc rease  i n  shoulder 

Looking 

axis). CBLA 

Fortunately,  t h e  PISI curve i s  r e l a t i v e l y  
g r e a t e r  than 2000 Lbs. For t h i s  CBLA. 
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moment of i n e r t i a ,  Thus, t h e  quest ion remains as t o  what value 

Of 'CBU one should choose. 

I n  Figure IV-44 it can be seen that t h e  yoke dimensions 
increase  r ap id ly  t o  the  l e f t  of %&ere t h e  two curves i n t e r -  
s ec t .  For this reason, it w a s  decided t o  choose t h a t  va lue  

Wrist weight) , t h i s  r e s u l e s  i n  a counterbalance s e l e c t i o n  as 
shown i n  Figure IV-45. 
i n  Figure IV-45, t h e  t o t a l  increase  i n  shoulder p i t c h  moment 
of i n e r t i a  due t o  t h e  2900 Lb counterbalance weight, t h e  50 
i n  yoke, t h e  connecting rods,  e t c .  i s  equiva len t  t o  a 42 Lb 
weight a t  t h e  end of t h e  w r i s t .  
payloads, t h i s  increase  can be considered neg l ig ib l e .  

f o r  which H = L . For the  case a t  hand (50 l b  
of 'CBLA Y 

It i s  noted t h a t ,  f o r  t h e  design Shawn 

When compared t o  t h e  l a r g e r  

Throughout t h e  foregoing inves t iga t ion ,  it was f e l t  t h a t  
t h e  counterbalance s e l e c t i o n  would be f a i r l y  s e n s i t i v e  t o  t h e  
w r i s t  weight. For t h i s  reason, t h e  procedure descr ibed above 
was repeated f o r  w r i s t  weights of 60, 70, 80, 90 and 100 Lbs, 
The r e s u l t i n g  va lues  €or t h e  yoke dimensions (H 

Y Y  t h e  corresponding counterbalance weights are shown i n  Figure 
IV-46. From the  f i g u r e ,  it can be seen t h a t  ne i the r  t h e  
counterbalance weight nor  t h e  yoke s i z e  are se r ious ly  a f f e c t e d  
by increases  i n  w r i s t  weight wi th in  the  range shown. 

= L ) and 

In  conclusion, it should be noted t h a t  t h e  r e s u l t s  presented 
above are der ived from preliminary design d a t a  and should 
pe r iod ica l ly  be updated as t h e  AMs design progresses.  
t h e  computer program descr ibed i n  Sec t ion  4, t h i s  merely e n t a i l s  
changing t h e  appropr ia te  input  data.  

With 
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C.  COUNTERBALANCE LINKAGE 

1. In t roduct ion  

It was pointed out  i n  t h e  preceding s e c t i o n  t h a t ,  i n  o rde r  
t o  counterbalance both the  upper and lower arms s imultaneously,  
t h e  counterweight must p ivot  r e l a t i v e  t o  t h e  upper arm i n  con- 
c e r t  wi th  t h e  r o t a t i o n  of t h e  lower arm a t  t h e  elbow (See Figure 
IV-36). What i s  needed, t he re fo re ,  i s  some r e l a t i v e l y  r i g i d  l i nk -  
age (passing through the  hollow upper arm) connect ing t h e  lower 
arm t o  the  counterweight.  In  making such a connect ion,  t he  grav- 
i t y  torque (of t h e  lower arm and wris t )  about t he  elbow w i l l  be 
t ransmi t ted  t o  the counterweight j o i n t  where it can be n u l l i f i e d  
by proper des ign  of  t h e  counterweight.  In  what fol lows,  s e v e r a l  
techniques t o  accomplish the  torque t ransmission a r e  i n v e s t i -  
gated.  

Pr imar i ly  because of  s t i f f n e s s  cons ide ra t ions ,  a mult i -bar  
l inkage was se l ec t ed  as t h e  most s a t i s f a c t o r y .  A prototype of 
such a l inkage was then cons t ruc ted  and a number of t e s t s  were 
conducted. Both a d e s c r i p t i o n  of t he  hardware and the  t e s t  re- 
s u l t s  a r e  descr ibed  i n  the  sequel.  

F ina l ly ,  drawing upon t h e  r e s u l t s  of t he  ana lyses  and t e s t s  
descr ibed  above, a t h r e e  ba r  system was s e l e c t e d  a s  t h e  recom- 
mended design.  Severa l  a spec t s  of t h i s  des ign  a r e  included i n  
t h e  following d iscuss ion .  

2. A l t e rna t ive  Linkage Methods 

The genera l  requirements f o r  t he  counterbalance l inkage  a r e  
a s  follows: 

Within t h e  12 inch diameter tube,  

Ant ic ipa ted  counterbalancing maximum torque of  2000 
f t  - l b s . ,  

High e f f i c i e n c y  (low f r i c t i o n )  , e s p e c i a l l y  breakaway, 

Low i n e r t i a  compared t o  t h e  t o t a l  a r m ,  

High s t i f f n e s s  compared t o  tubes ,  

I V - 8 3  



(6) Mate r i a l s  should comply with s tandard machining and 
to l e rance  c apab il i t  ies . 

The a l t e r n a t i v e s  considered a r e  l i s t e d  i n  Table IV-6, which 
g ives  a comparison of the  important c h a r a c t e r i s t i c s .  Figure 
Figure IV-47 shows t h e  concept of each. 

S ing le  Cable - For s i m p l i c i t y  t h i s  would be the i d e a l  des ign ,  
however, t he  r e s t r i c t i o n  o f  pul ley s i z e  by the AMS envelope and 
the  c a b l e  manufacturer 's  r e s t r i c t i o n  of c a b l e  s i z e  f o r  an 8 in .  
d i a .  With a torque of 2000 f t - l b s ,  t h i s  c a b l e  w i l l  have a ten-  
s ion  of 6000 lbs .  I f  the  c a b l e ' s  diameter i s  increased t o  ac- 
commodate l a r g e r  c a p a c i t i e s ,  the  bending s t r e s s  w i l l  i nc rease  
r a p d i l y  and w i l l  make the  design less  r e l i a b l e  and s u b j e c t  t o  
f l ex ing  (bending) f a t i q u e  i n  fewer cyc le s .  

Multi-Cable - This  i s  a compromise design where the  load 
w i l l  be d i s t r i b u t e d  t o  s e v e r a l  5/32 in .  o r  3/16 i n .  d i a .  cab le s  
which can be operated a t  cab le  manufacturer's suggested load l e v e l .  
This  design i s  one of t he  more promising of t h e  counterbalancing 
systems. A s i m p l e  t e s t  s e tup  of t h i s  system was b u i l t  and d a t a  
was taken a t  var ious loads.  Figure IV-49 shows the se tup  which 
consis ted of two s t a i n l e s s  s t ee l  7/32 i n .  d i a .  ( 7 x 19)  s t r and-  
ed cab le s  wi th  pul leys .  The pul leys  had 9 i n .  p i t c h  diameters.  
The goal was t o  obtain s t a r t i n g  f r i c t i o n  d a t a  including bear ing 
f r i c t i o n  and cable  f r i c t i o n .  The cab le  preloads were va r i ed  as 
w e l l  a s  the  torque of t he  system the d a t a  below shows general  
c h a r a c t e r i s t i c s  of t h i s  se tup .  

The da ta  ind ica t ed  t h a t  t he  preload on the  cab le s  has  m i n i -  
mum e f f e c t  on the s t a r t i n g  f r i c t i o n .  The curves (Figure IV-48) 
a l s o  show t h e  bear ing s t a r t i n g  f r i c t i o n  c h a r a c t e r i s t i c s .  The 
s t r a i n  measurements taken from t h i s  se tup  were not  c o n s i s t e n t  
w i th  each run bu t  the  magnitude of s t r a i n  was measured. 
r a t e d  170 f t - l b s  torque t h e  elongat ion was i n  the  order  of  .18 
in.  t o  .20 i n .  The pu l l eys  were 9 i n .  d i a .  The r e s u l t a n t  s t r a i n  
was .003 i n . / i n .  The exac t  r e l a t i o n s h i p  between torque l o s s e s  
due t o  cab le  bending and bear ing f r i c t i o n  were no t  determined. 

A t  

One disadvantage o f  t h i s  system i s  t h a t  t he  l a rge  wide pul- 
l e y  wi th  many cab le s  would occupy most of t he  elbow j o i n t  space. 
Also, the  establ ishment  o f  uniform s t r a i n  i n  each c a b l e  without 
i nd iv idua l  t u r n  buckles may be a problem. However, t h e  cab le  
manufacturer recommends the  use of mul t ip l e  cab le s  on a swaged 
f i t t i n g  end with a common tu rn  buckle. This  would need f u r t h e r  
i nves t iga t ion ,  
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Torsion Bar wi th  Bevel Gears - This  system would r e q u i r e  a 
large-s ized to r s ion  tube t o  achieve a comparative t o r s i o n a l  s t r a in  
t o  o the r  systems. Even w i t h  t h e  most e f f i c i e n t  type of hollow 
t o r s i o n  bar  t he  diameter of  t h e  bar would occupy the  g r e a t e r  
por t ion  of  t he  c e n t e r  of  1 2  in .  d i a .  tube which would g ive  no 
o the r  access  f o r  e l e c t r i c a l  c a b l e s ,  e tc .  In  add i t ion ,  t h e  e x t r a  
l o s s  of e f f i c i e n c y  and backlash of  the  two bevel-gear p a i r s  would 
add t o  t h e  f r i c t i o n  level  i n  t h i s  system. 

Chain Drive - The chain-dr ive systems a r e  f requent ly  used 
f o r  t r ansmi t t i ng  torque and where t h e  s t r a i n  changes and back- 
l a s h  a r e  not important f a c t o r s  of the  design. Tight  chain sys- 
t e m s  are known t o  cog and t o  have lower e f f i c i e n c i e s  than loose 
chain systems gene ra l ly  used i n  chain d r ives .  

S ingle  Tape wi th  Spur Gear Reduction - A s  i n  t h e  case  of t he  
to r s ion  b a r ,  an e x t r a  gear  reduct ion  w i l l  cause backlash and low 
e f f i c i ency .  The spiked pu l l eys  may a l s o  cog a s  i n  the c a s e  of 
t he  chain d r ive .  S t r a i n  i s  minimized a s  we l l  a s  load i n  the  tape 
by the  l a rge  gear  reduct ion .  One can use a ,010 i n .  t o  .015 i n .  
t h i c k  by 4 in .  wide tape  f o r  low bending stress operat ion.  

Mul t ip le  Tape - This  i s  a d i r e c t  d r i v e  system with mult i -  
l a y e r  tapes.  It provides a good combination of bending and ten- 
s i l e  stresses. Each tape ,  however, must be cont inuous,  w i th  
turnbuckle adjustment mandatory. To accommodate the  l a r g e  number 
of turnbuckles ,  t h e  1 2  in.  d i a  tube envelope i s  no t  adequate. 
furthermore,  t he  e x t r a  f r i c t i o n  between tapes  may cause e f f i c -  
iency problems f o r  t h e  system. 

Quadruple Bar wi th  Spur Gear Reduction - This  four  ba r  system 
w i l l  e l imina te  bending stresses found i n  tapes  o r  cables .  The 
ba r s  a r e  mounted 90 a p a r t  on p l a t e s  on a common s h a f t  w i th  a 
d r i v e  pinion. The a c t i v e  ba r s  a r e  under pure tension.  However, 
t he  gear reduct ion  has  a d d i t i o n a l  backlash and complexity and 
w i l l  decrease t h e  e f f i c i e n c y  of  the system. 

0 

Mult iple  Bar, D i rec t  Drive - This system has a11 the  good 
f ea tu res  of  those  d iscussed  above and was s e l e c t e d  f o r  bread- 
boarding. Four o r  t h r e e  ba r s  can be implemented. The d isad-  
vantage i n  t h i s  system is t he  e x t r a  weight of  t h e  ba r s ,  and some 
i n e r t i a l  i nc rease  of  t he  system can be an t i c ipa t ed .  The bread- 
board design and tes t  r e s u l t s  are  presented below. A s impl i f i ed  
vers ion  of  t h i s  i s  t h e  recommended method f o r  t h e  AMs and i s  
discussed i n  Sect ion 4 .  
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3. Breadboard 

Ana ly t i ca l  eva lua t ion  o f  these  s e v e r a l  systems led t o  the  
dec i s ion  t o  bu i ld  a prototype of t he  mul t ip l e  bar  counterbalance 
l inkage system us ing  four b a r s ,  thereby proving t h e  f e a s i b i l i t y  
of t he  des ign .  I t s  bas i c  p r i n c i p l e  r e l i e s  on t h e  kinematics o f  
t he  four  ba r  l inkage. Figure IV-50 d e p i c t s  t h e  concept w i th  only 
one bar  shown. The lower arm o f  t he  AMS now can be at tached t o  
one s i d e  o f  t h e  crank (R) and t o  the  o t h e r  s i d e  a counterbalance 
weight i s  added t o  e s t a b l i s h  a mechanical equi l ibr ium f o r  t h e  
system. A torque i s  t r a n s f e r r e d  v i a  a t ens ion  bar  t o  a po in t  
about 20 f t  away. A s  t he  moment v a r i e s  w i t h  t h e  angular change 
(e) of t h e  lower arm, the  t ens ion  i n  t he  bar  a l s o  v a r i e s  s i m i l a r -  
l y ,  c a r r y i n g  t h e  load t o  t h e  counterweight up t o  90 r o t a t i o n a l  
displacement.  Because o f  the  dead c e n t e r  cond i t ion  (R cos  8 = 0) 
the  arm i s  unable t o  t r a n s f e r  any more moment t o  t h e  counterweight 
and another connecting ba r  and crank must be introduced t o  the  
system. This b a r  must be o u t  o f  phase from the  f i r s t  one. So 
the  a r m  now once again i s  capable  o f  t r a n s f e r r i n g  moment t o  the  
counterweight over t he  90 l i m i t .  Then i f  t h e  g r a v i t a t i o n a l  
fo rces  a r e  inve r t ed ,  a mirror  image of t he  above ba r  and crank 
must be accommodated in  the  design. This fou r  ba r  system was 
designed and f ab r i ca t ed  as shown i n  Figure IV-47 (Multiple Bars,  
D i r e c t  Drive).  It i s  s i m i l a r  t o  the  f i n a l  t e s t  a r t i c l e  drawings 
no. RES3156050 and RES3150054 which are discussed i n  Sec t ion  4.  

0 

0 

The mul t ip l e  ba r s  (each 112 i n .  x 2 in .  x 16 f t )  a r e  a t t a c h -  
ed t o  a s e p a r a t e  d i s c  p l a t e  so as t o  be non- in t e r f e r ing .  Turn- 
buckles were provided t o  take  up s l a c k  and pretension.  Figures 
IV-51, IV-52, and I V - 5 3  show t h e  four bar  system. It was mount- 
ed on a channel between two ver t ical .columns.  Figure IV-54 shows 

-4 
I 

- - -- 
Lower Arm I 

Figure IV-50 Counterbalance Bar Linkage Concept 
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t he  four  bar  system enclosed i n  12  in .  d i a  tubing t o  r e p r e s e n t  
an  approximate arm s i z e .  

Severa l  th ings  were learned from the  four  bar  breadboard 
assembly : 

(1) Turnbuckles were d i f f i c u l t  t o  a d j u s t  and a l i g n ,  

(2) Three rods could do the required job (and take less 
space and be l i g h t e r ) ,  

(3) S ing le  rods without  turnbuckles would a id  i n  alignment 
and be easier t o  i n s t a l l .  

These th ings  prompte'd t h e  modif icat ions a s  shown i n  drawings 
RES3156050 and RES3156054 t h a t  represent  t h e  f i n a l  t es t  bread- 
board. Figures  IV-55 and IV-56 show the  t e s t  apparatus  i n  i t s  
f i n a l  conf igura t ion .  

Torques t o  s imulate  a c t u a l  AMS arm loaded condi t ions  were 
obtained by simply suspending lead shot  i n  bags i n  a manner so 
the l eve r  arm was cons tan t  f o r  each end (except f o r  angular pos- 
i t i o n  t h a t  was e a s i l y  ca lcu la ted) .  

For each load condi t ion ,  and a t  s eve ra l  angles ,  breakaway 
f r i c t i o n  torque values  were obtained by adding shot  u n t i l  break- 
away. 

Var ia t ion  of F r i c t i o n  Torque with A r m  Pos i t ion  

The curves i n  Figure IV-57 show the  v a r i a t i o n  of bear ing 
f r i c t i o n  wi th  load. 
l a r  pos i t i on  of t he  arm (weight or torque a t  0 
t h e  d a t a  should r e f l e c t  t h i s .  The ba r s  had s l i g h t  deformation 
i n  them, thereby causing some e f f e c t  on the  bear ing  load and the  
da t a  obtained. Average e f f i c i e n c y  i s  about 97.5%. 

The load on bear ings v a r i g s  wi th  the  angu- 
times cos 9)and 

S t a r t i n g  Torque (S t i c t ion )  - One of the most important con- 
s i d e r a t i o n s  of  t h e  counterbalancing system i s  the  inf luence of 
bear ing f r i c t i o n  on s t a r t i n g  torque. The bear ings w i l l  s e e  both 
a x i a l  and r a d i a l .  The breadboard tes t  system u t i l i z e d  the  "type 
x" bear ing  by Kaydon Corporation f o r  t h e  l a r g e  diameter support-  
i ng  the  d r i v e  d i s k s  and the  ca t a log  ( ana lys t i ca l )  f r i c t i o n a l  char-  
a c t e r i s t i c s  shown i n  Figure IV-58 apply. 
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For comparison of experimental  and a n a l y t i c a l  r e s u l t s  assume 
a typ ica l  load of 1200 f t - l b s .  Thrust  loads a r e  neglected f o r  

- t h i s  comparison. The load on bear ing (P) w i l l  be: - 
3600 l b s  (Read s t a r t i n g  Torque front Graph). This  load w i l l  apply 
t o  l a r g e  bear ings  a t  t he  arm end and the  l a rge  bear ings  a t  the  
counterweight. Therefore ,  t he  t o t a l  s t a r t i n g  torque should be: 

= 18.3 f t - l b s .  Comparing t h i s  t o  the  measured 192 
21.5 f t - l h s  torque (Figure IV-59) it can be concluded t h a t  high 
percentage of the  s t a r t i n g  f r i c t i o n  o r i g i n a t e s  i n  the  l a r g e  d i -  
ameter bearings.  A l i n e a r  ex t r apo la t ion  t o  1600-2000 f t - l b s  
would appear conserva t ive  and reasonable  assuming the  i n i t i a l  
bear ing capac i ty  was not  exceeded. 

Load Torque Pt-Lbs 

F igure  IV-59 Breakaway Torque Losses 
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The f i n a l  design o f  t h e  ’recommended AMS counterbalance l.ink- 
age system i s  presented here.  It i s  a t h r e e  ba r  system, each 
loca ted  120 a p a r t ,  This  i s  t he  r e s u l t  of comparing the  va r ious  
a l t e r n a t i v e s ,  and t h e  breadboard f a b r i c a t i o n  and t e s t  program 
r e s u l t s  presented above. 

0 

7 

The t o t a l  counterbalance l i nkage  system i s  shown sc’hematically ‘ 
I ,  i n  Figure IV-60. 

F igu re  IV-60 Selected Three B a r  Counterbafance Linkage Sys t e m  

In  o rde r  t o  avoid i n t e r f e r e n c e  of one bar  by the  o t h e r  each:of 
t he  t h r e e  b a r s  i s  mounted on a sepa ra t e  power o r  crank p l a t e .  
Their  assemblies form a c ranksha f t -p i s ton  rod combination s i m i -  
l a r  i n  concept t o  an automobile engine. The p in  l o c a t i o n s  i n  the  
p l a t e s  are  120 ou t  of  phase from each o t h e r  (evenly divided on 
the  diameter) .  The same arrangement o f  d r i v e  d i s k s ,  e t c . ,  a s  
shown i n  drawings RES3156050 and RES3156054 w i l l  be used. 
has  been allowed i n  t he  elbow j o i n t  f o r  t h i s  mechanism. (See 
drawing RES3156339). 

. .  
I\ , 

0 

Space 

IV-100 



The t h r e e  b a r s  w i l l  form a symmetrical assembly. The sym- 
metry i s  important from t h e  po in t  o f  view o f  s e n s i t i v i t y .  An 
ou t  o f  phase ba r  w i l l  i n f luence  the s t a b i l i t y  o f  t h e  counterbal-  
anced equi l ibr ium of t h e  system. This  can have a very consider-  
a b l e  in f luence  e s p e c i a l l y  a t  no load condi t ion.  A s h o r t  proof 
i s  presented here t h a t  i f  t h e  ba r s  a r e  loca ted  120' ou t  o f  phase 
from each o t h e r  then t h e  moments about t h e  c e n t e r  of r o t a t i o n  (c) 
caused by t h e i r  weights w i l l  be i n  equi l ibr ium under any angular  
p o s i t i o n .  This  geometry i s  shown i n  Figure IV-61. 

Figure  I V - 6 1  Three Bar Counterbalance Geometry and Loads 

One can d i s p l a c e  t h e  angular  p o s i t i o n  of  t h e  c rank  by an angle  
8 then t o  have equi l ibr ium, t h e  sum of t h e  moments around c must 
vanish.  (Mc = 0) .  

W - RcosQ - W - Rsin (30' + 0)- W - Rsin (30' - e)= 
2 2 2 
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0 0 0 - - -  W R(cos0 - s i n  30 cos  0 - cos  30 s i n / 0  - s i n  30 cos@ + 
2 

cos 30 / s i n )  = 
0 

0 0 0 - -  - W R(cos0 - s i n  30 cos0 - cos  30 s in10 - s i n  30 cos0 + 
0 

2 
cos 30 / s i n )  = 

0 - - -  W R (cos 0 - 2 s i n  30 cos0) = 0 
2 

Therefore the  t ens ion  ba r s  w i l l  not i n f luence  t h e  equil.ibrium 
condi t ion o r  s e n s i t i v i t y  of t he  system under any angular  pos i t i on .  

The upper arm tube diameter w i l l  be t h e  only l i m i t a t i o n  of 
s i z e  o f  the  system. The recommended system uses 8 i n .  d r i v e  
diameter and an 11 in .  o v e r a l l  diameter,  which i s  a convenient 
s i z e  t o  work wi th  i n s i d e  t h e  1 2  i n .  s t r u c t u r a l  tube o f  t h e  AMs.  
The working volume o f  t h e  t h r e e  ba r s  i s  2 . 5  i n .  x 10 i n .  

The same 2 i n .  by 112 i n .  c r o s s  s e c t i o n  cold r o l l e d  s t e e l  
used f o r  t he  breadboard ba r  was se l ec t ed  f o r  each connecting bar .  
This can l a t e r  be increased o r  decreased i n  s i z e  t o  vary s t i f f -  
ness.  The magnitude of t he  t e n s i l e  s t r e s s  and s t r a i n  i n  the  bar  
i s  ca l cu la t ed  t o  be 7000 p s i  and 0.00275 i n . / i n . y  r e spec t ive ly .  

From dynamics and buckling s t ress  po in t  of view t h e  maximum 
compressive load should be ca l cu la t ed .  The c r i t i c a l  load f o r  the  
above bar  wi th  hinged ends can be found from t h e  Euler c r i t i c a l  
load formula : 

2 
- - E I Z  

'CR -- 
L2 

Where: I = Moment of i n e r t i a  o f  c r o s s  s e c t i o n  wi th  r e s p e c t  t o  

t h e  n e u t r a l  a x i s  f o r  r ec t ang le  Iz = 1 b h3 I = 1 i n  

Then : 

4 Z 

z -  12 48  6 
= 30 lo = 108 Ibs. PCR 

(240>2 48  
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This  means, the ba r  has  p r a c t i c a l l y  no load c a r r y i n g  capac i ty  as  
a column, However, before  the  bar  buckles the  opposi te  tension 
ba r  w i l l  assume t h e  torque load i n  tension. One might say  t h a t  
a l l  o f  t h e  counterbalance torque t r a n s m i t t a l  loads  a r e  c a r r i e d  i n  
t he  ba r s  i n  tens ion ,  w i th  the  compressive f o r c e s  neg l ig ib l e .  

In  designing t h e  crank p i n s ,  the  fo rces  shown i n  Figure IV-62 
are taken i n t o  account. 

P -  

P I  

Bear i 
I \ Crank 

2 

' 2  

.ng Support 

Figure IV-62 Typical Double Shear P i n  Connection 

Using SAE4340 s t ee l  t h e  minimum pin s i z e  i s  c a l c u l a t e d  t o  be 
0.382 in .  diameter.  

The d r i v e  d i s k s  a t  t h e  elbow and a t  the oppos i t e  end w i l l  be 
i d e n t i c a l ,  even t h e  method o f  a t t a c h i n g  the  output  torque tube 
from the  d r i v e  d i s k s  t o  the  yoke. 

The bear ings used i n  the  breadboard t e s t  apparatus  f o r  ou t -  
s i d e  diameter d r i v e  d i s k  support  should be e n t i r e l y  adequate f o r  
t h e  f i n a l  design and are shown i n  t h e  elbow j o i n t  design dashed 
i n  t h e  drawing RES3156339. Small needle  bear ings were used a s  
t h e  connecting rod bear ings.  More accu ra t e  bear ings o f  t he  same 
type should be used i n  the  f i n a l  assembly. 

The e n t i r e  counterbalance system should ope ra t e  a s  e f f i c -  
i e n t l y  (97.5%) as the t e s t  apparatus.  



D OVERALL MANIPULATOR DESIGN 

Figure IV-63 i s  the  design layout  o f  t he  AMS manipulator. 
The base and pos t  a r e  designed t o  allow mounting the  yoke i n  
t h e  v e r t i c a l  o r  h o r i z o n t a l  o r i e n t a t i o n s .  The counterbalancing 
l inkage  design i s  based on the 3-bar breadboard r e s u l t s .  The 
design of  t h e  shoulder and elbow j o i n t s  has  been discussed 
i n  Sect ion A. (The w r i s t  and terminal  device designs a r e  not  
a requirement of t h i s  c o n t r a c t )  Tube connections a re  shown i n  
drawing RES3156301. 

A model of the  AMS manipulator was designed and f a b r i c a t e d .  
Figures  IV-64 through IV-69 a r e  photographs of var ious views. 
The model i s  sca led  t o  approximately 15%. Thi  
t o  be used e a s i l y  on a desk top and f o r  t r a n s p  
luggage, y e t  i t  i s  l a r g e  enough t o  demonstrate concepts.  The 
arm l eng th  from shoulder t o  t i p  i s  6 f t .  The base supports  
the  arm wi th  s t a b i l i t y  r ega rd le s s  of arm p o s i t i o n  o r  wi th  the  
yoke mounted e i t h e r  v e r t i c a l l y  o r  h o r i z o n t a l l y .  

A braking device was i n s t a l l e d  a t  each j o i n t  t o  enable  
p a r t i a l  f r i c t i o n  t o  be appl ied t o  hold f ixed  i n  s p e c i f i c  
pos i t i ons .  These were clamping o r  pressure type arravgements 
fo r  model purposes only. The counterbalance torque t t a n s m i t t a l  
f o r  the  model u t i l i z e d  1/16 i n .  diameter c a b l e ,  ra th@ than 
the  connecting b a r s  recommended f o r  the  f u l l  s c a l e  mbnipulator. 
This  was s u f f i c i e n t  f o r  t h e  15%model. There was n o l s a c r i f i c e  
i n  elbow t o  wr i s t  a r t i c u l a t i o u  due t o  t h i s  v a r i a t i d n .  This 
model proves t h e  a r t i c u l a t e d  counterbalancing congept. 
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Figure IV-66 AMs Manipulator Model With Yoke Mounted in Horizontal Position 
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Figure IV-67 AMS Manipulator Model Counterbalance 
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Figure IV-68 AMs Manipulator Model Showing Counterbalance Linkage Cabling a t  Elbow 
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Figure IV-69 AMs Manipulator Model Terminal Device 
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V. CONTROL DEVICES 

In t roduct ion  : 

The primary i n t e n t  of  t h i s  series of developmental evalua- 
t i o n s  and s imula t ions  i s  t o  e s t a b l i s h  design c r i t e r i a  and 
develop a prel iminary conf igura t ion  of  a pos i t i on ,  b i l a t e r a l  
( force  feedback),  master c o n t r o l l e r  f o r  a spacec ra f t  cargo 
handling manipulator sys t em.  The ana lys i s  completed, t o  d a t e ,  
r ep resen t s  a good d e f i n i t i o n  of  the  problem and some prefer red  
des igns ,  but  many a reas  need f u r t h e r  work. 

The design of any c o n t r o l l e r  can never evolve adequately 
without a f u l l  understanding a n d  i n t e g r a t i o n  of the  t o t a l  system 
ob jec t ives  and requirements.  I n  t h i s  ca se ,  the  c o n t r o l l e r ,  t h e  
manipulator and the  c o n t r o l  e l e c t r o n i c s  must evolve toge ther  
i n  complete harmony. Associated with t h i s  i s  the  problem of 
how much c o n t r o l  a u t h o r i t y  i s  assigned t o  the  opera tor  (manual) 
and how much i s  automatic o r  computer con t ro l l ed .  This  problem 
i s  a t tacked  only on the  b a s i s  t h a t ,  f o r  the  manipulator t a sks  
eva lua ted ,  the  opera tor  was given f u l l  manual c o n t r o l .  

The f i r s t  ques t ion  one must ask a t  t he  beginning of con- 
t r o l l e r  design eva lua t ion  i s  what must t h e  c o n t r o l l e r  make the  
manipulator do? Our approach t o  the problem (as  ou t l ined  i n  
Figure V-1)  i s  t o  develop "Operational Requirements" by f i r s t  
examining the  l a t e s t  NASA S h u t t l e  T r a f f i c  Model, which provides 
a gross  ca t egor i za t ion  of  S h u t t l e  payloads, t h e i r  masses 
s i z e s  and genera l  ope ra t iona l  c h a r a c t e r i s t i c s .  This c r i t e r i a  
served fo r  the  b a s i s  of  t he  next  phase, "Manipulator Trajec-  
t o ry  Def in i t ion" ,  (Section 11, B&C) which der ived manipulator 
t r a j e c t o r i e s  and reach c a p a b i l i t i e s  a s  r e l a t e d  t o  an ac tua l  
s h u t t l e  and manipulator c on f igu ra t ion .  

Ex i s t ing  Human Engineering d a t a  was surveyed as r e l a t e d  
t o  p o s i t i o n  c o n t r o l l e r s .  Basic da t a  i s  r e a d i l y  a v a i l a b l e ,  
and i s  shown i n  Sec t ion  V,A. However, s p e c i f i c  design c r i t e r i a  
f o r  a b i l a t e r a l ,  pos i t i on  c o n t r o l l e r  wi th  indexing and s e l e c -  
t a b l e  movement r a t i o s  must be der ived from a n a l y s i s  and simula- 
t i ons .  

"Design Evaluat ions"  cons is ted  of a combination of an 
a n a l y t i c a l  d e r i v a t i o n  of opt imizing c o n t r o l l e r  j o i n t  o rder ing  
and a hardware eva lua t ion  u t i l i z i n g  a v a r i e t y  of f u l l  s c a l e  
c o n t r o l l e r  mockups, semi-operat ional  breadboards and a f u l l y  
opera t iona l  pos i t i on  c o n t r o l l e r .  These c o n t r o l l e r s  
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Were used i n  dynamic s imulat ions using a video p resen ta t ion  
which simulated t r ack ing  t a s k s  (Appendix C)  and our  Space 
Operations Simulator which provided f u l l  6-DOF dynamic tasks .  
Tracking, pre-capture and cargo handling t a s k s  were simulated. 
Both rate and p o s i t i o n  c o n t r o l l e r s  were u t i l i z e d  f o r  manipu- 
l a t o r  c o n t r o l  and t h e i r  ope ra t iona l  c h a r a c t e r i s t i c s  were 
var ied for  s u b j e c t  evaluat ions.  

I 

A s  a r e s u l t  o f  t h e  a n a l y s i s  and s imulat ions,  Recommenda- 
t i o n s  and Conclusions are made f o r  t h e  cont ro l le r /manipula tor  
system ope ra t iona l  c h a r a c t e r i s t i c s .  A recommended 6-DOF 
p o s i t i o n  c o n t r o l l e r  i s  presented along wi th  a f u l l  s c a l e  
mockup. 
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A. EXISTING HUMAN FACTORS CONTROLLER DATA 

Concurrent w i th  t h e  Tra j ec to ry  Def in i t i on  s tudy,  app l i cab le  
e x i s t i n g  d a t a  on c o n t r o l l e r  design and human c h a r a c t e r i s t i c s  was 
evaluated.  Applicable  d a t a  was assembled i n  two ca t egor i e s .  
These are: 

Human C h a r a c t e r i s t i c s  

a.  Anthropometric 
b. S t rength  
c . Endurance 
d. Force Sensing 
e. A r m  J i t t e r  
f .  K ines the t i c  Sensing 

Control  Optimization 

a. Cross Coupling 
b. F r i c t i o n  
c.  S t i c t i o n  
d. Backlash 
e. Deadspace 
f .  Feedback Levels 

1. Anthropometric Reference* 
Anthropometric d a t a  f o r  var ious  app l i cab le  populat ions 

( f ly ing  personnel  and a s t r o n a u t s ,  i n  p a r t i c u l a r )  a r e  w e l l  docu- 
mented and r e a d i l y  a v a i l a b l e  fo r  des ign  use.  This  d a t a  inc ludes  
body segment s i z e s  a s  r e l a t e d  t o  the  populat ion p e r c e n t i l e  a s  shown 
i n  Figure V-2,  j o i n t  and limb movement l imi t sa re shown  i n  Figure 
Vr3. For our prel iminary c o n t r o l l e r  conf igura t ion  a n a l y s i s ,  opera tor  
s i z e s  between 5 and 95 p e r c e n t i l e  were used. A i r  Force f l y i n g  
personnel  d a t a  was used f o r  t h e  prel iminary design because i t ' s  
r e a d i l y  ava i l ab le .  However, a s  t he  p o s i t i o n  c o n t r o l l e r  des ign  i s  
r e f i n e d ,  a c t u a l  c u r r e n t  a s t ronau t  populat ions should be used. 

* Data - The data and text  i n  th i s  section was extracted from 
"Anthropometry of Fly ing  Personnel", WADC TR52-321. 
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STATURE 

Anthropometry of Flying Personnel 

Percent i le  Values 

CM 
161.3 
163.0 
164.0 
165.5 
167.6 
169.1 
170.4 
171.4 
172.4 
173.3 
174.1 
174.9 
175.6 
176.4 

- % 
1 
2 
3 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 179. 7 70.7 
80 180.7 71.1 

90 183.5 72.2 
95 185.8 73.1 

- 

85 181.9 71.6 

177.1 
177.9 
178.8 

- IN.  
63.5 
64.2 
64.6 
65.2 
66.0 
66.6 
67.1 
67.5 
67.9 
68.2 
68.5 
68.9 
69.1 
69.4 
69.7 
70.1 
70.4 

97 187.3 73.7 
Subject stands erect looking 98 188.5 74.2 

in the  Frankfort plane). With 
the anthropometer arm firmly 
touching the scalp,  measure the  v e r t i c a l  distance f r m  the  f l o o r  
t o  the top of the head. 

Mean: 175.54 (.lo) cm;  69.11 (.04) in. 
Standard Deviation: 6.19 (.07) cm; 2.44 (.03) in.  
Range: 151-197 c m ;  59.45 - 77.56 in. 
v = 3.53 (.04f% N = 4062 

d i r e c t l y  forward (head oriented 99 190.3 74.9 

Figure V-2a 

85 86.4 34.0 
90 87.4 34.4 

FUNCTIONAL REACH 95 88.9 35.0 
97 90.3 35.6 

ner of the  room, h i s  shoulders 99 92.5 36.4 
pressed against  the  r e a r  wall ,  
h i5  r i g h t  arm and hand extended 
horizontally along the s ide  wall ,  except t h a t  the  t i p s  of h i s  
thumb and forefinger are pressed together. 
on the s ide  w a l l ,  measure the distance from the  r e a r  w a l l  t o  
the  t i p  of the thumb. 

Mean: 82.12 C.07) cm; 32.33 (.03) in .  
Standard Deviation: 4.14 (.05) cm; 1.63 (.02) in .  
Range: 68-103 cm; 26.77-40.55 in.  
V = 5.04 (.Ob)% N = 4053 

Figure v-2c 

Subject stands e r e c t  i n  a cor- 98 91.2 35.9 

Using the sca le  

Percentile Values 

I N .  - % %  - . 1 73.1 28.8 
2 74.0 29.1 
3 74.6 29.4 
5 75.5 29.1 

10 76.9 30.3 
15 77.9 30.7 
20 78.7 31.0 
25 79.4 31.3 
30 80.0 31.5 
35 80.5 31. 7 
40 81.0 31.9 
45 81.6 32.1 
50 82.1 32.3 
55 82.6 32.5 
60 83.1 32.7 
65 83. 7 32.9 
70 84.3 33.2 
75 84.9 33.4 
80 85.6 33.7 

Percent i le  Values 

- % C m L  
1 86.7 34.1 
2 88.0 34.6 
3 88.9 35.0 
5 90.0 35.4 

10 92.1 36.2 
15 93.1 36.7 
20 94.1 37.1 
25 94.8 37.3 
30 95.6 37.6 
35 96.2 37.9 
40 96.9 38.1 
45 97.5 38.4 
50 98.1 38.6 
55 98.7 38.9 
60 99.3 39.1 
65 100.0 39.4 
70 100.6 39.6 
75 101.3 39.9 
80 102.0 40.2 
85 102.9 40.5 
90 104.1 41.0 

MAXIMUM REACH FROM WALL 95 105.9 41.7 
97 107.3 42.2 

Subject stands e r e c t  i n  a cor- 98 108.3 42.6 
ner of the  room, h i s  back 99 109.8 43.2 
pressed against  the  rear  wall  
and h i s  r i g h t  shoulder th rus t  as 
f a r  forward a s  possible,  h i s  r i g h t  a r m  and hand extended hor- 
izonta l ly  along the s ide  wall. Using the sca le  on the s ide  
wall ,  measure the distance from the rear wall  t o  the t i p  of 
the longest f inger.  

Mean: 98.03 C.08) em; 38.59 f.03) in.  
Standard Deviation: 4.82 (.06); 1.90 (.02) in. 
Range: 79-117 cm; 31.10-46.06 in.  
V = 4.92 (.OS)% N = 4055 

Figure V-2b 

SHOULDER-ELBCW LENGTH 

Subject sits e r e c t ,  h i s  r i g h t  
upper a r m  hanging at  h i s  s ide  
and h i s  forearm extended hori-  
zontally.  Using the  anthrono- 

Percentile Values 

% 
1 
2 
3 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
97 
98 
99 

- CM 
32.4 
32.9 
33.2 
33.6 
34.1 
34.5 
35.0 
35.2 
35.5 
35.7 
36.0 
36.2 
36.4 
36.6 
36.9 
37.1 
37.4 
37.6 
37.9 
38. 3 
38.7 
39.2 
39.6 
39.8 
40.3 

- 
12.8 
13.0 
13. 1 
13.2 
13.4 
13.6 
13.8 
13.9 
14.0 
14.1 
14.2 
14.3 
14.3 
14.4 
14.5 
14.6 
14.7 
14.8 
14.9 
15.1 
15.2 
15.4 
15.6 
15.7 
15.9 

meter, measure the vertica1,distance from r i g h t  acromion as marked 
t o  the bottom of the elbow. 

Mean: 36.37 (.03) cm; 14.32 (.OL) in .  
Standard Deviation: 1.75 (.02) cm; .69 ( . O l )  in.  
Range: 29-46 cm;  11.42-18.11 in .  
V = 4.81 (.OS)% N = 4059 

Figure V-2d 
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Anthropometry of Flying Personnel 

Percent i le  Values Percent i le  Values 

FOREARM-HAND BNGTH 

Subject sits e r e c t ,  h i s  r i g h t  
upper arm hanging at h i s  side,  
h i s  forearm and hand extended 

% 
1 
2 
3 
5 

10  
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
97 
98 
99 

- - E L  GM 
43.2 17.0 
43.7 17.2 
44.1 17.4 
44.6 17.6 
45.3 17.8 
45.8 18.0 
46.2 18.2 
46.6 18.3 
46.9 18.5 
47.2 18.6 
47.4 18.7 
47.7 18.8 
48.0 18.9 
48.2 19.0 
48.5 19.1 
48.8 19.2 
49.0 19.3 
49.4 19.4 
49. 7 19.6 
50.1 19. 7 
50.6 19.9 
51.2 20.2 
51.8 20.4 
52. 1 20.5 
52.6 20.7 

horizontally.  Using the anthropo- 
meter, measure the  distance from the t i p  of the r i g h t  elbow 
t o  the t i p  of the  longest f inger.  

Mean: 47.91 (.03) an; 18.86 (.01) in .  
Standard Deviation: 2.07 (.02) cm; ,81 (.01) in. 
Range: 39-56 cm; 15.35-22.05 in. 
V = 4.41 (.05)% N = 4059 

Figure V-2e 

Percentile Values 

I N .  _. % CM 
1 18.8 7.4 
2 19.4 7.6 

- -  

*v 

Figure v-2g 

3 19.7 7.8 
5 20.1 7.9 

10 21.0 8.3 
15 21.4 8. 4 
20 21.9 8.6 
25 22.2 8.7 
30 22.5 8. 9 
35 22.8 9.0 
40 23.1 9.1 
45 23.3 9.2 
50 23.6 9.3 
55 23.8 9.4 
60 24.1 9.5 
65 24.3 9.6 
70 24.6 9.7 
75 24.8 9.8 
80 25.2 9.9 
85 25.5 10.1 
90 25.9 10.2 

WAIST HEIGHT, SITTING 95 26.5 10.4 
97 26.8 10.6 

Subject sits e r e c t ,  h i s  f e e t  r e s t -  98 27.1 10.7 
ing on a surface so t h a t  h i s  knees 99 27.6 10.9 
are bent a t  about r i g h t  angles. 
Using the  anthropometer, measure 
the  v e r t i c a l  distance from the s i t t i n g  surface t o  the w a i s t  
point marked on the righa side. 

Mean: 23.46 (,03) cm; 9.24 (.01) in.  
Standard Deviation: 1.94 C.02) cm; .76 C.01) in.  
Range: 16-33 cm;  6.30-12.99 in .  
V = 8.27 (.09)% N = 4062 

- -  % CN IN. 
1 52.2 20.6 
2 53.0 20.9 
3 53.5 21.1 
5 54.2 21.3 

10 55.3 21.8 
15 56.1 22.1 
20 56.7 22.3 
25 57.2 22.5 
30 57.6 22.7 
35 58.0 22.8 
40 58.4 23.0 
45 58.8 23.1 
50 59.2 23.3 
55 59.5 23.4 
60 59.9 23.6 
65 60.3 23.7 
70 60.6 23.9 
75 61.0 24.0 
8 0  61.5 24.2 
85 62.0 24.4 
90 62.8 24.7 

(AGRCMIAL HEIGKP, SITTING) 95 63 8 25 1 
SHOULDER HEIGHT, SITTING 

97 64.4 2514 
Subject s i ts  e r e c t ,  h i s  f e e t  98 64.9 25.6 
res t ing  on a surface so t h a t  the 99 65.6 25.8 
knees a r e  bent a t  about r i g h t  
angles. Using the anthropometer, 
measure the  v e r t i c a l  distance from the s i t t i n g  surface t o  
r i g h t  acromion a5 marked. 

Mean: 59.07 (.05) cm; 23.26 (.02) in.  
Standard Deviation: 2.89 (.04) cm; 1.14 c.02) in.  
Range: 48-69 cm; 18.90-27.17 in. 
V = 4.89 (.05)% N = 4057 

Figure V-2f 

Percentile Values 

I N .  - 7" CM - 
1 83.5 32.9 
2 84.6 33.3 
3 85.1 33.5 
5 85.8 33.8 

10 87.2 34.3 
15 87.9 34.6 
20 88.6 34.9 
25 89.1 35.1 
30 89.6 35.3 
35 90.1 35.5 
40 90.5 35.6 
45 90.9 35.8 
50 91.4 36.0 
55 91.8 36.1 
60 92.2 36.3 
65 92.6 36.5 
70 93.1 36.6 
75 93.6 36.8 
80 94.1 37.0 
85 94. 7 37.3 
90 95.5 37.6 

SITTING HEIGHT 95 96.6 38.0 
97 97.4 38.3 

Subject s i ts  erec t ,  looking 98 98.0 38.6 
d i r e c t l y  forward (head oriented 99 98.9 38.9 
i n  the  Frankfort plane), and 
h i s  f e e t  res t ing  on a surface 
so t h a t  h i s  knees a r e  bent a t  about r i g h t  angles. 
thropometer arm firmly touching the scalp, measure v e r t i c a l l y  
from the s i t t i n g  surface t o  the  top of the  head. 

With the an- 

Mean: 91.28 (.05) cm; 35.94 ( . 0 2 )  in.  
Standard Deviation: 3.27 (. 04) cm; 1.29 (. 02) in .  
Range: 76-102 an; 29.92-40.16 in.  
V = 3.58 (.a)% N = 4061 

Figure V-2h 
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Percent%le Values 

4 . L -  IN. 
1 72.4 28.5 
2 73.3 28.9 
3 73.8 29.1 
5 74.7 29.4 

10  76.0 29.9 
15 76. 7 30.2 
20 77.3 30.4 
25 77.8 30.6 
30 78.3 30.8 
35 78.8 31.0 
40 79.2 31.2 
45 79.6 31.4 
50 80.0 31.5 
55 80.4 31.7 
60 80.8 31.8 
65 81.3 32.0 
70 81. 7 32.2 
75 82.2 32. 3 
80 82. 7 32.6 
85 83.3 32.8 

(INTERNAL CANTHUS HEIGHT, 95 85.2 33.5 
SITTING) 97 85.9 33.8 

EYE HEIGHT, SITTING 90 84.1 33.1 

98 86.4 34.0 
Subject sits e r e c t ,  looking 99 87.3 34.4 
d i r e c t l y  forward (head oriented 
i n  the Frankfort plane), h i s  
feet res t ing  on a surface so t h a t  t h e  knees a r e  bent a t  about 
r i g h t  angles. Using the anthropometer, measure the v e r t i c a l  
distance from the s i t t i n g  surface t o  the inner corner of the 
eye. 

Wan: 79.94 (.05) cm; 31.47 (.02) in.  
Standard Deviation: 3.22 C.04) cm; 1.27 (.02) in.  
Range: 67-93 cm; 26.38-36.61 in .  
V = 4.03 (, 04)% N = 4061 

Figure V-2i 

Percentile Values 

I N .  - % E  - 
1 79.3 3.12 
2 80.2 3.16 
3 80.8 3.18 
5 81.7 3.22 

10 83.3 3.28 
15 84.1 3.31 
20 84. 7 3. 34 
25 85.4 3.36 
30 86.0 3.39 
35 86.6 3.41 
40 87.2 3.43 
45 87.8 3.46 
50 88.5 3.49 
55 88.9 3.50 
60 89.2 3.51 
65 89. 7 3.53 
70 90.4 3.56 
75 91.1 3.59 
80 91.8 3.61 
85 92.6 3.65 
90 93.8 3.69 

HAND BREADTH AT ETACARPALE 95 95.1 3.74 
97 96.1 3.78 

Subject 's  r i g h t  hand is  extend- 98 96.9 3.82 
ed, palm up. With the bar of 99 98.1 3.86 
the  s l i d i n g  ca l iper  lying across 
h i s  palm, measure t h e  maximum breadth across the  d i s t a l  ends 
of the metacarpal bones (knuckles). 

Mean: 88.33 (.Ob) 5; 3.48 (.OO) in.  
Standard Deviation: 4.11 (.a) mm; .16 L O O )  in.  
Range: 76-104 5; 2.99-4.09 in.  
V = 4.65 (. 05)% N = 4058 

r 

Percentile Values 

- % L -  IN. 
1 170.9 6.7 
2 172.9 6.8 
3 174.2 6.9 
5 175.9 6.9 

10 179.3 7.1 
15 181.4 7.1 
20 183.1 7.2 
25 184.4 7.3 
30 181.6 7.3 
35 186.9 7.4 
40 188.1 7.4 
45 189.0 7.4 
50 189.8 7.5 
55 190.9 7.5 
60 192.1 7.6 
65 193.3 7.6 
70 194.5 7.7 
75 196.1 7. 7 
80 197.8 7.8 
85 199.3 7.9 
90 201.4 7.9 

HAND LENGTH 95 204.4 8.0 
97 206.5 8.1 

Subject's r i g h t  hand is extended, 98 208.1 8.2 
palm up. With the bar of the 99 210.5 8.3 
s l id ing  ca l iper  lying along h i s  
palm, measure the distance from the proximal edge of the 
navicular bone a t  t h e  w r i s t  t o  the  t i p  of t h e  middle finger.  

Mean: 190.23 (.13) 5; 7.49 (.01) in. 
Standard Deviation: 8.60 (.09) m; .34 (.OO) in.  
Range: 149-222 m; 5.87-8.74 in.  
V = 4.52 (.05)% N = 4063 

HAND BREADTH AT THUMB 

Figure V-2j 

Percentile Values 

% 
1 
2 
3 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
97 

- 

Subject 's  r i g h t  hand is  extend- 98 
ed, palm up, with the thumb 99 
lying along s ide  and i n  the 
plane of the  palm. 
ing on the  palm and the ca l iper ' s  f ixed arm at the knuckle 
(the j o i n t  of the metacarpal bone and the f i r s t  phalanx) of 
the  thumb, measure the  breadth at r i g h t  angles t o  the long 
axis of the  hand. 

With t h e  bar of the  s l id ing  ca l iper  rest- 

tm - 
91.2 
92.5 
93.4 
94.7 
96.6 
98.3 
99.1 
99.8 

100.5 
101.3 
102.0 
102.8 
103.7 
104.1 
104.7 
105.4 
106.1 
107.0 
108.0 
109.1 
110.4 
112.2 
113.6 
114.6 
116.1 

L!L 
3.59 
3.54 
3.68 
3. 73 
3. 80 
3.87 
3.90 
3.93 
3.96 
3.99 
4.02 
4.05 
4.08 
4.10 
4.12 
4.15 
4.18 
4.21 
4.25 
4.30 
4.35 
4.42 
4.47 
4.51 
4.57 

Mean: 103.49 (. 08) 5; 4.07 (. 00) in. 
Standard Deviation: 5.31 (.06) 5; .21 (.OO) in.  
Range: 82-121 5; 3.23-4.76 in.  
V = 5.16 (. 06)% N = 4062 

Figure V-2k Figure v - 2 ~  



ARM REACH ENVELOPES 

Useful l i m i t s  f o r  arm reach should be based on those of the  
small man. I n  the  accompartying graphs selected data for  a 
man with a 5th percentile arm reach a r e  shown. 
p l o t  the  subject w a s  i n  sh i r t s leeves  and not r e s t r i c t e d  by 
shoulder harness. 
harness. 

I n  the  f i r s t  

I n  the second, he w a s  r e s t r i c t e d  by shoulder 

Anthropometry of Flying Personnel 

Percentil& Values 

% 
1 
- 

2 
3 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 

THICKNESS AT METACARPALE I11 95 
97 

Subject 's  r i g h t  hand is  held 98 
with the  f ingers  extended. 99 
Using the  s l id ing  ca l iper ,  
measure the  thickness of the  knuckle (the j o i n t  of the  meta- 
carpa l  bone and the f i r s t  phalanx) of the  middle finger.  

- MM IN. 
25.4 1.00 
25.9 1.02 
26.3 1.03 
26.7 1.05 
27.4 1.08 
27.9 1.10 
28. 3 1.11 
28.6 1.13 
28.9 1.14 
29.1 1.14 
29.3 1.15 
29.5 1.16 
29. 7 1.17 
29. 9 1.18 
30.1 1.18 
30.3 1.19 
30.5 1.20 
30.7 1.21 
31.0 1.22 
31.4 1.24 
31.8 1.25 

33.1 1, 30 
33.5 1. 32 
34.2 1.35 

32.5 1.28 

Mean: 29.67 (.03) m; 1 . 1 7  (.OO) in.  
Standard Deviation: 1.80 (.02) m; .07 c.00) in.  
Range: 19-39 m; .75-1.54 in.  
V = 6.07 (.07)% N = 4061 

L1 - -  
35 30 25 20 16 IO 5 0 -6 

DISIANCE FORWARD - INCHES 

n 

__ .. - _ _  - 
25 20 7s' IO 6 0 -5 -IC 

DISTANCE FORW4RO - lNCHf5 

Figure v7zm Figure v-3 
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I n  the  design of a pos i t i on  c o n t r o l l e r  t h a t  has fo rce  feed- 
back, t he  ope ra to r  w i l l  be required t o  e x e r t  forces  on the  
manipulator f o r  extended periods of time and a t  var ious angles.  
To d e r i v e  t h i s  force l e v e l  design c r i t e r i a  f o r  a c o n t r o l l e r ,  
one must f i r s t  look a t  man's c a p a b i l i t i e s .  
i n  t h i s  s e c t i o n  was ex t r ac t ed  from "Human Engineering" 
E. J. McCormick. 

The d a t a  and t e x t  

The s t r e n g t h  t h a t  can be exerted v a r i e s  w i th  the pos i t i on  
of the a r m  and with the  d i r e c t i o n  of the movement. Because of 
t h i s ,  the  maximum forces  t o  be overcome i n  making arm movements 
should depend upon t h e  pos i t i on  of t he  arm and d i r e c t i o n  of the 
movement . 

Information r e l a t i n g  t o  s t r e n g t h  of such movements f o r  
seated ope ra to r s  comes from a study by Hunsicker. In t h i s  
study, 55 male sub jec t s  made movements i n  each of var ious d i -  
r e c t i o n s ,  with the  upper p a r t  of the arm i n  each of s eve ra l  
pos i t i ons .  The arm pos i t i ons  and d i r e c t i o n s  of movement a r e  
i l l u s t r a t e d  i n  Figures V-4a and V-4b . Figure V-4a shows 
a s i d e  view with the  arm i n  Each oof theofive p o s i t i o n s ,  namely 

1800 60 (back a t  an angle) .  In each such p o s i t i o n  of the upper 
arm, movements were made a s  follows: push, p u l l ,  up, down 
(as  shown i n  Figure V-4a), and i n  (adduction) and out  (abduction) 
( a s  shown i n  Figure V-4b). 
each movement was recorded and some of t h e  r e s u l t s  a r e  given i n  
Table V - 1  &is t a b l e  shows, f o r  each mavement, t h e  maximum 
s t r e n g t h  of the 5th p e r c e n t i l e ,  and the mean maximum strength. 
The d a t a  f o r  the 5th p e r c e n t i l e  are shown, since they repre-  
sent values  that most of t h e  s u b j e c t s  (95 percent)  exceeded. 
Forces g r e a t e r  t han  these normally should not  have t o  be 
overcome i n  work s i t u a t i o n s ,  u n l e s s  t h e  ope ra to r s  are t o  be 
s p e c i a l l y  s e l e c t e d  on the b a s i s  of strength. Even these 
fo rces  should no t  be r equ i r ed  i f  it i s  poss ib l e  t o  avoid them, 
because of t h e  poss ib l e  f a t i g u e  which some opera to r s  would 
experience i n  overcoming them. 

( s t r a i g h t  forward), 150 , 120 , 90 ( s t r a i g h t  down), and 

The s t r e n g t h  of  each sub jec t  f o r  
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Figure V - 4 a  A r m  P o s i t i o n s  and Direc t ions  of Movement, 
Side V i e w  

c-- 
In 

Figure  V-4b Arm Pos i t i ons  and Di rec t ions  of Movement, 
Top V i e w  
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Table V - 1  A r m  S t rength  i n  Pounds 

P e r c e n t i l e  
L e f t  I Right 

Angle 
of arm, 
degrees  

180 
150 
120 

90 
60 

180 
150 
120 

90 
60 

Mean 
Lef t lRight  

180 
150 
120 

90 
60 

5 t h  I 

50 
42 
34 
32 
26 

Pul l  

~ 

In  

20 
16 
1 7  20 

49 53 
46  51 

o u t  l 

These r e s u l t s  show t h e  maximums f o r  t h e  5 t h  p e r c e n t i l e s  
a r e  no t i ceab ly  lower than f o r  t h e  means. For any given move- 
ment (such a s  a p u l l ,  o r  a push),  the  r e l a t i v e  s t r e n g t h s  of t he  
5 t h  p e r c e n t i l e s  f o r  the  var ious  arm angles  f a l l  i n  approximately 
the  same rank order  a s  the  r e l a t i v e  s t r e n g t h s  of  t he  means f o r  
t h e  corresponding angles .  The l e f t  hand va lues  a r e  c o n s i s t e n t l y  
below those  f o r  t h e  r i g h t  hand, the  d i f f e r e n c e  being approxi- 
mately LO percent .  

Considering t h e  ind iv idua l  movements i n  r e l a t i o n s h i p  t o  
the  arm angle ,  i t  can be seen t h a t  both pushes and p u l l s  a r e  
somewhat s t ronge r  when t h e  arm i s  extended forward ( a t  180° 
o r  150°) than when i t  i s  more down t o  t h e  s i d e .  With up 
and down movements, however, g r e a t e r  s t r e n g t h  can be exerted 
wi th  the  arm more t o  t h e  s i d e  (around 120' o r  90') than ex- 
tended forward. For inward and outward movements, t he  arm 
pos i t i on  seems t o  have l i t t l e  in f luence ,  except  t h a t  t he re  
seems t o  be a s l i g h t  advantage f o r  outward movements i n  a 
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s i d e  p o s i t i o n  (90' o r  60°). 

Comparing the  va r ious  movements wi th  each o t h e r ,  i t  can 
be seen t h a t  g r e a t e r  fo rce  can be exerted by p u l l i n g  or pushing 
a c t i o n s  than by up, down, i n ,  o r  ou t  movements. There i s  a 
s l i g h t  advantage f o r  pushing movements over pu l l ing .  Otherwise, 
t h e  r e l a t i v e  s t r e n g t h s  o f  t h e  var ious movements, i n  descending 
o rde r ,  a r e  up, down, i n  (adduction),  and o u t  (abduction). The 
out  movement was, on the  average, less  than a t h i r d  a s  s t rong  
a s  t h e  s t r o n g e s t  movement, t h e  push. 

The p u l l i n g  and pushing movements i n  t h i s  s tudy were made 
i n  a h o r i z o n t a l  plane. For p o s i t i o n  c o n t r o l l e r  a c t i v i t i e s ,  
p u l l i n g  o r  pushing movements a r e  made a t  an ang le ,  e i t h e r  
obl ique wi th  the f l o o r ,  o r  o f f  t o  the  l e f t  o r  r i g h t .  Informa- 
t i o n  based on small  samples i m p l i e s  t h a t ,  wi th  upward p u l l i n g  
ac t ion  a t  an obl ique angle  wi th  the  f l o o r ,  t h e  s t r e n g t h  t h a t  
can be exe r t ed  i s  r e l a t e d  t o  t h e  he igh t  of the  hand g r i p .  With 
the  hand g r i p  6 i n  below the  sea t  l e v e l ,  t h e  s t r e n g t h  exerted 
was g r e a t e r  than wi th  t h e  hand g r i p  13 i n  above s e a t  l e v e l .  
A higher  hand g r i p  (+ 19  i n )  made the  a c t i o n  e s p e c i a l l y  d i f f i -  
c u l t .  I n  a h o r i z o n t a l  pushing a c t i o n ,  it was found t h a t  
g r e a t e r  s t r e n g t h  could be exerted i f  t h e  d i r e c t i o n  o f  t h e  move- 
ment was s t r a i g h t  ahead, r a t h e r  than a t  r i g h t  o r  l e f t  angles  
from the  shoulder.  The r i g h t  angle ,  i n  p a r t i c u l a r ,  l o ses  i n  
mechanic a 1  advantage. 

In  connection wi th  a pushing a c t i o n ,  i t  has  been found t h a t  
g r e a t e r  fo rce  can be  exerted i f  t h e  f e e t  a re  placed forward 
wi th  t h e  l e g s  a t  an  obl ique ang le ,  r a t h e r  than being placed 
f l a t  on t h e  f l o o r  r i g h t  i n  f r o n t  of t h e  sea t .  For example, 
men wi th  t h e i r  f e e t  a g a i n s t  a pedal nea r ly  s t r a i g h t  ahead from 
t h e  sea t  could e x e r t  a s  much a s  135 l b ,  whereas when sea ted  
normally, they could e x e r t  only about 75 lb .  

Push and P u l l  by Hand from Standing Posi t ion 

Since some pushing and p u l l i n g  i s  done i n  a s tanding pos i -  
t i o n ,  t he  r e l a t i o n s h i p  between the pos i t i on  of t h e  c o n t r o l  
dev ice ,  d i r e c t i o n  o f  movement, and t h e  fo rce  t h a t  can be exerted 
was examined. A study by Garry u t i l i z e d  equipment 
c o n s i s t i n g  of a 30-in lever  t h a t  r o t a t e d  i n  a v e r t i c a l  plane.  
It was so  devised t h a t  i t  was poss ib l e  t o  pos i t i on  the l eve r  
a t  any given angle  and t o  determine the  amount o f  fo rce  
appl ied t o  the  l e v e r  a t  each angular  p o s i t i o n .  A s  t he  handle 
of t he  l e v e r  was posi t ioned a t  any given ang le  from the  c e n t e r ,  
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t he  c e n t e r  i t s e l f  moved up o r  down s o  t h a t  t h e  handle of  t h e  
lever  could be se t  a t  any given d i s t a n c e  above o r  below 
shoulder  he ight .  The l e v e l  was var ied  from 30 i n  below shoulder  
he ight  t o  24 in,above shoulder  he ight .  Depending on t h e  he igh t  
of  t h e  handle ,  t h e  angle  from t h e  c e n t e r ,  and whether t h e  handle  
was being pushed o r  pu l l ed ,  t he  s u b j e c t  then would assume what- 
ever pos ture  o r  s t ance  was appropr i a t e  fo r  t he  ac t ion .  

'98 
164 

?IO 50 

66 30 

2 2 - A  f0 
0 24" 53" 90" f27" 156" t80" 

d I \ \ "  
Center - # 
Crib 1 

180" 204" 223" 270" 307" 336" 0" 
Cen'e> P P ? 9\ 9 --9 

Grip Lever ang/e and posifion 

Figure  v-5 Maximum Push and P u l l  Force 
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The r e s u l t i n g  d a t a  a r e  given i n  Figure V-5 These d a t a  
a r e  f o r  s e l e c t e d  g r i p  l e v e l s  (-I- 18 i n ,  0. - 18 i n ,  and - 30 i n  
from shoulder l e v e l  . The angular  p o s i t i o n s  a r e  represented 
a s  follows: O o ,  90 , 18O0, and 270°, o r ,  r e s p e c t i v e l y ,  3, 12, 
9,  and 6 o ' c l o c k  pos i t i ons .  For above shoulder l e v e l s  of 4- 18 
i n  the  maximum fo rces  could be exerted wi th  t h e  l e v e r  angle  
approaching h o r i z o n t a l  (0 and 180'). In  such p o s i t i o n s  a 
pulling-down a c t i o n  was s t ronge r  than a pushing-up ac t ion .  A t  
shoulder he igh t  t h e  127' and corresponding 3 0 7 O  p o s i t i o n s  were 
weakest. Generally speaking, t he  - 30-in l e v e l  r e s u l t e d  i n  
g r e a t e r  p u l l i n g  and pushing fo rce  than the - 18-in l e v e l ;  t h e  
except ion was f o r  pushing a c t i o n s  i n  approximately v e r t i c a l  
pos i t i ons  (90' and 270 ), where apparent ly  pushing was more 
f o r c e f u l  i f  t he  g r i p  l e v e l  was about wa i s t  he igh t  (- 18 in ) .  
A t  h o r i z o n t a l  pos i t i ons  below shoulder h e i g h t ,  pushing was 
gene ra l ly  s t ronge r  than p u l l i n g ,  p a r t i c u l a r l y  a t  the - 30-in 
l e v e l ,  where the ope ra to r  presumably could r e a l l y  bear  down 
on the  l eve r .  

b 

0 

0 

Average maximum s t r e n g t h  ( l b )  
Average s t r e n g t h  endurance 

index 

G r i p  S t r eng th  and Endurance 

Right hand L e f t  Hand 

Av. SD Av. SD 

108 2 1  95 18 

62 12  55 10 

Control devices which a r e  t o  be manipulated, m u s t  be grasped 
wi th  the hand, and the  hand must be con t r ac t ed  i n  a gr ipping 
ac t ion .  The s t r e n g t h  required f o r  such ac t ion  should be wi th in  
the l i m i t s  of g r i p  s t r e n g t h  of people who a r e  t o  use t h e  equip- 
ment i n  quest ion.  Hand s t r e n g t h s  vary from a f o r c e  of about 75 l b  
t o  about 170 Lb, with an average of about 125 tb .  
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3.  Side Stick Controller Forces and Travel 

The data and text in this section was extracted from the 
"Bioastronautics Data Book", NASA SP-3006 and "Human Engineering" 
by E. J. McCormick. 
using a side stick mockup, to determine the unconstrained an- 
gular deflections they could achieve in roll and pitch. Data 
was taken with the arm straight or flexed as shown. The pre- 
fgrred neutral position for the controller was found to be 
8 The pre- 
ferred arm position was a slight extension forward from 90'. 

Measurements were made of pilots arms, 

to the right and 15' forward of the vertical. 

. Average pilot data is shown in FigureV-6 . 

D i s t a n c e  A 
i n .  Average 

P i l o t  

I A r m  rest 

Dis tance  B Maximum c o n t r o l l e r  ang le  ( u n c o n s t r a i n e d ) ,  deg 
i n .  Forward Rearward 

R igh t  R o l l  L e f t  R o l l  P i t c h  P i t c h  

Average 
P i l o t  

- 
90' 130' 180' 90' 130' 90' 130' 90' 130' 90' 130' 90' 130' 

13.35 18.30 26.30 13.15 12.63 91.8 96 91.4 97.3 61.8 60.4 34.5 35.0 

Figure V-6  Pilots Average Arm Movements 
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Force Leve 

~ 

10 35 30 67 65 

21 25 11 21 17 29 33 34 38 37 35 34 

50 48 27 25 95 82 112 95 75 75 26 32 
83 75 80 80 53 58 73 81 130 106 120 120 

Table V - 3  Angular Torques (in,-lbs.) 

Elbow and Shoulder S t r enk ih  

There a re  many v a r i e t i e s  of elbow and shoulder a c t i o n s ,  
but two a s p e c t s  of t hese  a c t i o n s  may be of  p a r t i c u l a r  conse- 
quence i n  movements involving s t r eng th .  

Flexion versus  extension of elbow. Can f l e x i o n  (bending) 
o r  extension ( s t r a igh ten ing )  of t he  elbow r e s u l t  i n  g r e a t e r  
fo rce?  This quest ion was inves t iga t ed  wi th  force appl ied t o  
a handle connected t o  a s t r a i n  gauge. Since t h e  handle moved 
under f o r c e ,  i t  was p o s s i b l e  t o  measure force exerted a t  each 
of va r ious  pos i t i ons .  With the  upper arm*adducted ( i n  a t  t he  
s i d g )  and t h e  elbow j o i n t  a t  one of t h r e e  degrees of f l ex ion  
(45 , 90°, and 135'), 1 2  s u b j e c t s  attempted elbow-flexion 
(bending) and extension ( s t r e igh ten ing ) .  

Three r e s u l t s  i n  p a r t i c u l a r  a r e  p e r t i n e n t :  In the f i r s t  
place,  f l e x i o n  (bending) turned out  t o  be about h a l f  again a s  
s t rong  as extension ( s t r a igh ten ing ) .  I n  the  second place,  
t he  fo rce  was g r e a t e r  when the  elbow was a t  about a 90' bend 
than when the bend was g r e a t e r  o r  less than t h i s  angle.  In 
the t h i r d  p l ace ,  t h e  f o r c e  was g r e a t e r  with t h e  forearm i n  a 
medial p o s i t i o n  (palm turned toward c e n t e r )  than i n  a prone 
o r  supine pos i t i on .  

Elbow versus shoulder forces .  I n  another s tudy,  a com- 
par ison was made of t h e  r e l a t i v e  fo rce  t h a t  can be generated 
by t h e  elbow as opposed t o  the  shoulder.  For t h i s  purpose a 
17-inahandwheel was used. This had a handle t h a t  could be 
grasped i n  e i t h e r  of two ways, namely, a t  r i g h t  angles  t o  t h e  
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Type of hand grasp 

S t r e e t c a r  conductor 
Fishing pole 

Wtthout giving the  d e t a i l s  of t h e  r e s u l t s ,  w e  may s ta te  
the  p r i n c i p a l  conclusion t o  be drawn from them. A r o t a t i o n  
a c t i o n  of the shoulder has approximately 1-112 t i m e s  t h e  force 
of a r o t a t i o n  a c t i o n  of the elbow, and i t  has nea r ly  3 times 
a s  much s t ay ing  power ( t h e  a b i l i t y  t o  maintain a fo rce ) .  Posi- 
t i o n  and d i r e c t i o n  of r o t a t i o n  were no t  of major consequence. 

Upper-arm pos i t i on  

A t  s i d e  forward forwagd 
Flexed Flexed 

a t  45' a t  90 

Action 

Elbow 1 2 3 
Shoulder 4 5 6 

Another r e l a t e d  s tudy ind ica t ed  t h a t  shoulder  extension 
(an upward push) i s  more f o r c e f u l  than f l ex ion  (a downward 
a c t i o n )  from a sea t ed  pos i t i on .  

Force i n  Controls and Reaction T i m e  

The need t o  overcome the  fo rce  of a c o n t r o l  may have 
accompanying c o s t s ,  e s p e c i a l l y  i n  speed of  response. Hence, 
fo rce  i s  i n t e r r e l a t e d  with r e a c t i o n  t i m e .  Reaction t i m e  t o  
s i m p l e  s t i m u l i  seldom i s  less thaa 0.12 s e c ,  and perhaps more 
t y p i c a l l y  i s  as much a s  0.25 sec.  To complex s t i m u l i ,  such a s  
a r e  encountered i n  automobile t r a f f i c ,  t h e  t y p i c a l  time may be 
a s  high a s  0.60 sec.  Excessive r e s i s t a n c e  i n  a c o n t r o l  device 
a l s o  can inc rease  the r e a c t i o n  t i m e .  

A B r i t i s h  s tudy y i e l d i n g  d a t a  on t h i s  po in t  was c a r r i e d  
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ou t  with a cockpi t  mockup, i n  which the c o n t r o l  s t i c k  was 
moving f r ee ly .  The r eac t ion  t i m e  t o  a simple s t imulus was 
about 0.20 see ,  bu t  with a loaded s t i c k  t h e  r eac t ion  t i m e  
sho t  up t o  0.60 sec. Further  evidence on t h i s  point comes from 
a f l i g h t  s i t u a t i o n  i n  which i t  was reported t h a t  r eac t ion  t i m e  
i n  moving a c o n t r o l  s t i c k  increased from 0.16 t o  0.75 sec a s  
the load on the  s tock was increased from 37 t o  97 lb .  

Feedback from Forces i n  Control Devices 

In  case a c o n t r o l  device such a s  a l e v e r ,  s t e e r i n g  wheel, 
o r  p e d a l  i s  being operated by "feel"  without v i s u a l  cues ,  t h e r e  
a r e  two types of feedback t h a t  can provide cues t o  guide the  
operat ion of t he  con t ro l :  One of t hese  i s  the  pressure t h a t  i s  
experienced i n  overcoming t h e  fo rce  inhe ren t  i n  the system; t h i s  
i s  sensed l a r g e l y  through t h e  t a c t u a l ,  o r  touch, sensat ion.  A 
moderate amount of i n e r t i a  i n  cranks can improve t r ack ing  p e r -  
formance. The o t h e r  cue i s  d i s t a n c e ,  o r  length of movement, 
which i s  experienced through the k i n e s t h e t i c  sense (from the  
proprioceptors  i n  the muscles and j o i n t s ) ,  which keeps us in-  
formed of the pos i t i on  of p a r t s  of t h e  body (arms, l e g s ,  e t c ) .  

Where pressure i s  used as a cue,  the operator  may apply 
what he consideres t o  be the  "r ight"  amount of  p r e s s u r e .  But 
how i s  he t o  know what i s  the  "r ight"  amount? The answer t o  
t h i s  i s ,  of course,  experience.  But how accura t e  a r e  human 
judgements regarding amount of pressure? Can people reproduce 
a previously experienced pressure? And do t h e s e  judgements 
depend somewhat on the  amount of fo rce  t o  be overcome? 

In a s tudy designed t o  answer some of these ques t ions ,  t he  
sub jec t s  operated a s t i c k  type con t ro l .  This c o n t r o l  was so  
arranged t h a t  varying degrees o f  pressure could be exerted 
with very l i t t l e  movement of the c o n t r o l  device i t s e l f .  After  
some t r a i n i n g  and p r a c t i c e  in"reproducing" var ious fo rces ,  
a s e r i e s  of t r i a l s  was attempted by each sub jec t .  Measures 
of  a c t u a l  pressure exerted were then compared with t h e  pressures  
t h a t  t h e  s u b j e c t s  attempted t o  reproduce. The "difference limens'' 
by pounds of pressure fo r  t he  var ious types of c o n t r o l s  a r e  
shown i n  Figure V - 7  . Since t h e  d i f f e r e n c e  limen i s  the average 
d i f f e r e n c e  t h a t  can j u s t  ba re ly  be de t ec t ed ,  two pressures  have 
t o  d i f f e r  by an amount g r e a t e r  than the  limen i n  order  t o  be 
detected as being d i f f e r e n t .  In the c a s e  i n  quest ion,  i t  i s  
shown as  a r a t i o ,  s p e c i f i c a l l y  the  proport ion of the standard 
pressure ( the one t o  be reproduced) t h a t  can j u s t  ba re ly  be 
detected.  
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Pressure, pounds 
20 30 40 

Figure V-7 "Difference limens" f o r  var ious c o n t r o l  types 

It can be seen t h a t  the limen drops o f f  markedly between 
6 and 10 l b ,  and t h a t  i t  becomes r e l a t i v e l y  cons t an t  beyond t h a t .  
In  more p r a c t i c a l  terms, the r e s u l t s  mean t h a t  i n  attempting t o  
reproduce pressures  under about 5 l b  o r  poss ib ly  10, the 
e r r o r s  are proport ionately g r e a t e r  than they a r e  f o r  heavier  
pressures .  I f  d i f f e rences  i n  pressures  a r e  t o  be used a s  a 
b a s i s  f o r  judging t h e  operat ion o f  c o n t r o l  devices ,  the pressures  
used p re fe rab ly  should be above 5 o r  10 l b  i n  order t h a t  more 
accu ra t e  d i sc r imina t ions  can be made. 

Pressure versus  d i s t a n c e  i n  feedback. I n  the operat ion of 
c o n t r o l s  that: involve a reasonable amount of  displacement o r  
movement of  the c o n t r o l  devices ,  the k i n e s t h e t i c  sense comes 
i n t o  play. There i s  some r a t h e r  persuasive evidence t h a t  d i s -  

ance of movement (based on k ines thes i s )  i s  a b e t t e r  feedback 
source than pressure (based on t a c t u a l  sense). Without going 
i n t o  t h i s  s tudy i n  any d e t a i l ,  it may be s a i d  t h a t  t he  s u b j e c t s  
operated a l e v e r  i n  a b l ind  pos i t i on ing  t a s k ,  with varying 
pressures  t o  be overcome and with varying d i s t a n c e s  of movement, 
I n  gene ra l ,  i t  was found t h a t  t he  d i s t a n c e  the l e v e r  t r ave led  
(detected through the k i n e s t h e t i c  sense) was a much b e t t e r  cue 
f o r  pos i t i on ing  the  l e v e r  accu ra t e ly  than was the  amount of  
pressure t o  be overcome. Posi t ioning e r r o r s  were g r e a t e r  
for  s h o r t  movements, however, than f o r  long movements. 
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In designing c o n t r o l s  t h a t  a r e  t o  be operated by "feel", 
it then seems d e s i r a b l e  t o  provide as much d i s t a n c e  f o r  movement 
as can be convenient ly  exe rc i sed .  N o  p a r t i c u l a r  pressure then 
needs t o  be provided. I f  a c o n t r o l  i s  t o  be moved over a 
reasonably s h o r t  range, however, p re s su re  cues may be very 
use fu l .  

r 
A t  beginning A t  terminal  

0 0, 50, 100, 200 
25 0, 50 
50 50, 100 

100 5 0 ,  100 
200 200 

The conclusions t h a t  pressure cues may be more u s e f u l  f o r  
s h o r t  movements than f o r  long movements i s  confirmed by another 
s tudy  i n  which an " a r m  c o n t r o l "  was used. 
of a lever  type of device on which t h e  forearm could r e s t  i n  
a h o r i z o n t a l  p o s i t i o n  beside the  sub jec t .  The c o n t r o l  was 
pivoted under t h e  elbow, and had a knob t o  grasp a t  the hand 
end. The c o n t r o l  could then be r o t a t e d  t o  the  s ide.  The sub- 
j e c t s  were i n s t r u c t e d  t o  make r ap id  pos i t i on ing  movements 
t o  t h r e e  angular  p o s i t i o n s ,  namely, 17,5O, 35O, and 70 , and 
r e t u r n .  

This c o n t r o l  cons i s t ed  

0 

4 

Various torque r e l a t i o n s h i p s  were introduced i n t o  t h e  
system. In some cases  t h e  torque was cons t an t  from beginning 
t o  end, and i n  o t h e r  c a s e s  i t  increased throughout t h e  movement. 
The combinations of torques used ( in  inch-pounds) are given 
i n  Table V-5 . 

Table V-5 Torque Re la t ionsh ips  

The r e s u l t s ,  summarized i n  Figure V-8 i n d i c a t e  t h a t  changes 
i n  torque ( inc reases  i n  torque a s  t he  movement cont inues)  aided 
i n  accu ra t e  pos i t i on ing  f o r  t h e  s h o r t  movements ( the  angular  
excursions of 17.5 
(70'). 

0 and 35') b u t  not  f o r  t h e  longer movements 
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2.1 I------- 

. 

111111(1 
0 1 2 3 4 5 6  

Relo,+ive torque chocge for 7" 
of error, per cenf 

Figure  V - 8  Average Er ro r  in  Degrees 

Summary 

1. When an ope ra to r  i s  sea t ed ,  t h e  r e l a t i v e  s t r e n g t h s  of 
arm movements i n  va r ious  d i r e c t i o n s ,  i n  descending order ,  a r e  
push (ho r i zon ta l ) ,  p u l l  (ho r i zon ta l ) ,  up, down, i n ,  and out .  
The s t r e n g t h  o f  arm movements i s  r e l a t e d  t o  t h e  pos i t i on  of 
the  upper arm as follows: (a)  Push and p u l l  movements are some- 
what s t ronge r  when t h e  upper arm i s  extended forward ( a t  an 
obl ique  angle  or s t r a i g h t  ahead) than when i t  is  down t o  t h e  
s i d e ;  (b) up and down movements a r e  somewhat s t ronge r  when t h e  
upper arm i s  a t  the  s i d e ;  and ( c )  t h e  s t r e n g t h s  of  i n  and ou t  
movements a r e  not  markedly r e l a t e d  t o  arm pos i t ion .  

2. Grea ter  s t r e n g t h  can be exer ted  i n  a p u l l i n g  a c t i o n  
from a sea t ed  pos i t i on  i f  t h e  d i r e c t i o n  of  p u l l  i s  upward from 
an obl ique  angle  of  about 45 than i f  t h e  d i r e c t i o n  o f  p u l l  
i s  ho r i zon ta l .  S t r eng th  of  upward p u l l s ,  however, i s  r e l a t e d  
t o  he igh t  o f  t h e  lever g r i p ,  a low l e v e l  ( 6  i n  below sea t  l e v e l )  
being b e t t e r  than h ighe r  l eve l s .  

0 

3 .  Greater  s t r e n g t h  can be exer ted  i n  a pushing a c t i o n  
from a sea ted  pos i t i on  i f  t h e  f e e t  are placed forward wi th  t h e  
l e g s  a t  an obl ique  angle  than i f  t h e  l e g s  a r e  a t  r i g h t  angles  
t o  t h e  f loo r .  
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4 .  I n  a h o r i z o n t a l  pushing movement, g r e a t e r  s t r e n g t h  can 
be exer ted  s t r a i g h t  ahead than a t  an angle  t o  t h e  s ide .  

5. The s t r e n g t h  t h a t  can be exer ted  i n  a s tanding  p o s i t i o n  
depends upon t h e  p o s i t i o n  of  t h e  hand and t h e  d i r e c t i o n  o f  move- 
ment (see Figure V-5 ). For above-shoulder l e v e l s ,  maximum 
force  can be exer ted  wi th  a downward p u l l i n g  ac t ion .  
hand pos i t i ons  and movement d i r e c t i o n s  below shoulder  l eve ls ,  
fo rce  i s  g r e a t e r  a t  about 30 i n  below shoulder  l e v e l  than  a t  
about 18 i n  below. 

For most 

6. Hand-grip s t r e n g t h  and endurance a r e  c o r r e l a t e d  t o  a 
cons iderable  degree. (Corre la t ions  f o r  one sample were .67 
and .66 f o r  r i g h t  and l e f t  hands, r e spec t ive ly . )  

7. In  hand-turning a c t i o n ,  e x e r t i b l e  force  i s  r e l a t e d  
t o  hand pos i t i on  and d i r e c t i o n  of  turn.  For a pronat ion 
( turn ing- in)  d i r e c t i o n  of t u r n ,  force  i s  g r e a t e s t  when t h e  

d i r e c t i o n  o f  t u r n ,  force  i s  g r e a t e s t  when t h e  hand is  a t  a 
turned-in pos i t i on .  

hand i s  a t  a turned-out pos i t i on ;  f o r  a supina t ion  ( turning-out)  

8. In  elbow movements, a f l ex ion  a c t i o n  (bending) i s  con- 
s ide rab ly  s t ronge r  than an extension a c t i o n  ( s t ra ighten ing) .  
The f l ex ion  force  i s  maximum wi th  the  elbow bent  a t  about a 
r i g h t  angle.  

9. A shoulder  a c t i o n  is  gene ra l ly  s t ronge r  than an elbow 
ac t ion .  In  a sea ted  p o s i t i o n ,  shoulder e s t ens ion  (an upward 
push) i s  more f o r c e f u l  than f l ex ion  (a downward pu l l ) .  

10. I n  a c t i v a t i n g  lever - type  c o n t r o l  devices  , r e a c t i o n  
t i m e  i nc reases  when the  r e s i s t a n c e  i n  t h e  c o n t r o l  device i s  
increased.  

11. I n  t h e  opera t ion  of c o n t r o l  devices  such a s  l e v e r s ,  
wheels,  and pedals ,  d i f f e r e n c e s  i n  p ressure  can b e s t  be d i s -  
cr iminated when the  pressures  a r e  between about 5 o r  10 l b  
and 30 o r  40 lb .  Discr iminat ions o f  pressure  d i f f e rences  
less  than 5 o r  10 lb .  

12. When c o n t r o l  devices  such as l e v e r s  a r e  t o  be moved 
some d i s t ance ,  d i s t a n c e  o f  movement g e n e r a l l y  serves  a s  a b e t t e r  
cue fo r  accu ra t e  opera t ion  than changes i n  pressure.  With 
s h o r t  movements, however, changes i n  pressure  improve accuracy 
o f  opera t ion .  

6- 22 



4 .  Cont ro l l e r  Deadspace and Backlash 

The d a t a  and t e x t  i n  t h i s  s e c t i o n  was ex t r ac t ed  from t h e  
Bioas t ronaut ics  Data Book" NASA SP-3006 and "Human Engineering" 11 

by E. J. McCormick. 

a. BACKLASH - degrees 

Figure  V-9 Con t ro l l e r  Non l inea r i t i e s  

In  most phys ica l  systems, t he  intended r e l a t i o n s h i p  between input  
and output  i s  o f t e n  complicated by  t h e  presence of n o n l i n e a r i t i e s  
such a s  f r i c t i o n ,  s t i c t i o n ,  backlash,  and deadspace. In a con- 
t r o l  system wi th  a human ope ra to r ,  t hese  n o n l i n e a r i t i e s  a c t  
t o  degrade performance, The curves above show the  ex ten t  of  
degradat ion a s  a func t ion  of  amplitude of two n o n l i n e a r i t i e s ,  
deadspace and backlash.  Deadspace i s  a range of input .  In  
genera l  i t  e x i s t s  a t  only one p o s i t i o n  i n  t h e  input  range, 
o r d i n a r i l y  t h e  cen te r .  Backlash i s  a deadspace t h a t  moves wi th  
t h e  input ,  being encountered wi th  each r e v e r s a l  o f  d i r e c t i o n ,  
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Figure V-9a shows the i n t e g r a t e d  abso lu te  t r ack ing  e r r o r  
r e l a t i v e  t o  t h a t  with zero backlash f o r  va r ious  values  of gain 
i n  the c o n t r o l l e d  system ( long i tud ina l  s h o r t  period dynamics 
of the Northrup F-89 i n t e r c e p t o r ) .  

Figure V-9b shows the inc rease  i n  time o f f  t a r g e t  r e l a t i v e  
t o  t h a t  fo r  zero deadspace. The c o n t r o l l e d  system was an ex- 
ponent ia l  l a g  with 0.125 second t i m e  cons t an t .  The curves a r e  
labeled wi th  the  values of ga in  i n  the c o n t r o l l e d  system. 

I n  both cases ,  the c o n t r o l l e d  system and the v a r i a b l e  dead- 
space or backlash were generated on an analog comauter. The 
a c t u a l  c o n t r o l  s t i c k s  used were sp r ing  loaded t o  reduce back- 
l a s h  and deadspace t o  n e g l i g i b l e  l e v e l s .  

5. Motor A c t i v i t i e s  

In t h e  performance of human motor a c t i v i t i e s ,  c e r t a i n  po- 
s i t i o n s ,  ang le s ,  d i r e c t i o n s ,  speeds, o r  o t h e r  cond i t ions  a r e  
I t  optimum" interms of human performance. Degrees o r  l e v e l s  
of such v a r i a b l e s  t h a t  a r e  g r e a t e r  than, o r  less than, t hese  
optimums t y p i c a l l y  r e s u l t  i n  poorer performance. The fol lowing 
i s  a summary of d a t a  and s t u d i e s  reviewed i n  the  a rea  of  human 
motor c h a r a c t e r i s t i c s :  

1. The var ious types of  sensory nerves serve as sources 
of information t o  the  c e n t r a l  nervous system. The motor nerves 
a r e  ' the pathways through which a c t i o n  s i g n a l s  a r e  t ransmit ted 
t o  the muscles . 

2. In some motor a c t i v i t i e s  information about t h e  progress 
of t h e  a c t i v i t y  i s  t ransmit ted back t o  the  c e n t r a l  nervous 
system by t h e  sensory nerves ,  t o  a i d  i n  cont inuing the  a c t i v i t y .  
This i s  c a l l e d  "feedback". 

3 .  Fatigue reduces o r  s tops  the transmission of s i g n a l s  
through the motor nerves.  

4. Motor a c t i v i t i e s  can be grouped i n  the  following 
c l a s s e s :  (a) pos i t i on ing  movements; (b) r e p e t i t i v e  movements; 
(c) continuous movements; (d) se r ia l  movements; and (e) s t a t i c  
r e a c t i o n s .  

5. Simple r e a c t i o n  t i m e  i s  the  t i m e  required t o  respond 
t o  a s i n g l e  s t imulus ( s i g n a l ) .  Complex r e a c t i o n  t i m e  i s  t h e  
t i m e  required t o  r e a c t  when a discr iminat ion:must  be made from 
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among var ious  s t imu l i .  

6 .  Long movements can be made i n  p ropor t iona te ly  less 
t i m e  i n  r e l a t i o n  t o  l eng th  than s h o r t  movements. 

7. Movements terminated by mechanical devices  t ake  less  
t i m e  than those which a r e  terminated exc lus ive ly  by v i s u a l  cues.  

8. Inward o r  outward v i s u a l l y  con t ro l l ed  pos i t i on ing  
movements a r e  s l i g h t l y  f a s t e r  than l a t e r a l  movements, and 
r i g h t - t o - l e f t  l a t e r a l  movements a r e  s l i g h t l y  f a s t e r  than l e f t -  
t o - r igh t .  

9 .  One-handed v i s u a l l y  con t ro l l ed  pos i t i on ing  movements 
a r e  performed b e s t  i n  terms o f  combined accuracy and speed 
when a t  about 60 angle  r i g h t  from a s t ra ight -ahead  p o s i t i o n ,  
and when they  a r e  reasonably s h o r t .  

0 

10. Two-handed pos i t i on ing  movements made s imultaneously 
0 a r e  s l i g h t l y  f a s t e r  a t  approximately 30 angles  r i g h t  and 

l e f t  from a s t ra ight -ahead  pos i t i on ,  and a r e  d i s t i n c t l y  most 
accura te  s t r a i g h t  ahead (0 angle) .  0 

11. In execut ing b l ind  pos i t i on ing  movements, people tend 
t o  overshoot long d i s t ances .  With v e r t i c a l  movements from 
top t o  bottom the re  i s  a tendency t o  overshoot bo th  s h o r t  and 
long movements. 

12. Continuous movements i n  a h o r i z o n t a l  plane a r e  most 
accura te  i n  t h e  d i r e c t i o n s  represented by t h e  1:30 and 7:30 
o ' c lock  pos i t i ons .  

13. I n  s e r i a l  movements c o n s i s t i n g  of  t r a v e l  and manipu- 
l a t i o n  a c t i o n s ,  t r a v e l  t i m e  i s  a f f ec t ed  by t h e  na tu re  of t h e  
manipulation task.  

14. Maintaining s t a t i c  pos ture  i s  gene ra l ly  more 
f a t i g u i n g  than some kind of  a d j u s t i v e  pos ture .  

15. Tremor can be reduced by (a) use  of  v i s u a l  r e fe rence ;  
(b) support  of body o r  body member, (c) having hand near  h e a t  
l e v e l ;  and (d) having moderate f r i c t i o n  i n  devices  used. 

16. In  a two-dimensional s e t t i n g  t a s k  wi th  a joy s t i c k ,  
performance i s  most rap id  when the  t i p  of t h e  joy  s t i c k  moves 
2.5 o r  3.0 times the  d i s t a n c e  o f  t h e  t a r g e t .  Length of  l e v e r  
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o r  joy s t i c k  i s  of l i t t l e  importance i f  t he  optimum r a t i o s  
a r e  maintained 

17. A moderate amount of i n e r t i a  improves the smoothness 
of t r ack ing  operat ions.  
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B. CONTROLLER DESIGN EVALUATIONS 

Four candidate  c o n t r o l l e r  conf igu ra t ions  were s tud ied  
during t h i s  program and a r e  described below. 

a. B i l a t e r a l  6-DOF P o s i t i o n  - This conf igu ra t ion  i s  gen- 
e r a l l y  thought o f  as a 6-DOF s i n g l e  c o n t r o l l e r  i n  which t h e  
c o n t r o l l e r  g r i p  p o s i t i o n ,  i n  i t s  movement volume, re la tes  t o  
the manipulator TD pos i t i on .  B i l a t e r a l  r e l a t e s  t o  a dua l  con- 
t r o l  loop between the  c o n t r o l l e r  and t h e  manipulator. A 
command s i g n a l  i s  s e n t  from t h e  c o n t r o l l e r  t o  t h e  manipulator 
and the  dynamics o f  the  manipulator are r e f l e c t e d  back t o  t h e  
c o n t r o l l e r  f o r  an e l e c t r i c a l l y  induced ope ra to r  "feel". Hence , 
the  terms "force r e f l e c t i o n "  o r  "force feedback" a r e  appl ied 
t o  a b i l a t e r a l  pos i t i on  c o n t r o l l e r .  This  conf igu ra t ion  i s  a 
non-replica c o n t r o l l e r  i n  which each c o n t r o l l e r  j o i n t  movement 
does not  n e c e s s a r i l y  r e l a t e  one-to-one with t h e  corresponding 
manipulator j o i n t  movements. This c o n t r o l l e r  "f l ies"  the  mani- 
pu la to r  terminal  device (TD) as though i t  were a f r e e  f l y e r .  
A v a r i e t y  of c o n t r o l l e r  t o  TD movement r a t i o s  can be u t i l i z e d .  
Rat ios  from 1:1 t o  30:l appear ope ra t iona l ly  f e a s i b l e .  Since 
low movement r a t i o s  w i l l  r e q u i r e  gross  c o n t r o l l e r  movements, 
i n  excess o f  c o n t r o l  s t a t i o n  volumes and the  ope ra to r ' s  a r m  
l eng th ,  indexing becomes necessary. Indexing allows t h e  con- 
t r o l l e r  t o  be e l e c t r i c a l l y  disconnected from t h e  manipulator 
system and be r epos i t i oned  t o  any po in t  t he  ope ra to r  wishes i n  
t h e  movement volume. The concept i s  s imi l a r  t o  a r a t c h e t i n g  
wench. Indexing i s  done f o r  both p o s i t i o n  and a t t i t u d e  r epos i -  
t ioning . 

B i l a t e r a l  p o s i t i o n  c o n t r o l l e r  type manipulators have been 
used f o r  y e a r s ,  f o r  handling r ad ioac t ive  ma te r i a l s .  These con- 
t r o l l e r s  are  gene ra l ly  mechanically l inked ( tape d r i v e )  t o  t h e  
manipulator which provides fo rce  r e f l e c t i o n .  E l e c t r i c a l  and 
hydraul ic  systems are  a l s o  ava i l ab le .  However, a l l  o f  t h e s e  
manipulator systems have one th ing  i n  common. The c o n t r o l l e r  
must be an e x a c t  r e p l i c a  o f  t h e  manipulator and a s i n g l e ,  f i xed ,  
movement r a t i o  between t h e  c o n t r o l l e r  and t h e  manipulator i s  
determined by t h e  c o n t r o l l e r  s i z e .  

A 6 DOF b i l a t e r a l  p o s i t i o n  c o n t r o l l e r ,  as invis ioned f o r  t h e  
S h u t t l e  manipulator system, wi th  indexing and v a r i a b l e  c o n t r o l  
r a t i o s ,  i s  a developmental i t e m .  
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b. U n i l a t e r a l  6-DOF P o s i t i o n  - U n i l a t e r a l  r e l a t e s  t o  a 
s i n g l e  d a t a  flow, from the  c o n t r o l l e r  t o  the manipulator only. 
The c o n t r o l l e r  can be an i d e n t i c a l  design t o  the  b i l a t e r a l  
type a s  f a r  as indexing and c o n t r o l  r a t i o s ,  except t h e r e  i s  
no fo rce  feedback. The c o n t r o l l e r  can be l i m p ,  completely 
f r e e  t o  move, however, t h i s  i s  a t o t a l l y  unacceptable mode from 
an o p e r a t o r ' s  s tandpoint .  This  can be demonstrated on the  
CAM 1400. The ope ra to r  can "get ahead" of t he  manipulator 
and then p red ic t ion  of where the  TD w i l l  go i s  d i f f i c u l t .  A r m  
and muscle induced g i t t e r  i s  no t i ceab le  wi th  a l i m p  c o n t r o l l e r .  

The second mode f o r  a u n i l a t e r a l  c o n t r o l l e r ,  i s  one 
wi th  a r t i f i c i a l  f e e l  induced. This t ype  w a s  used i n  our 
man-in-the-loop dynamic s imulat ions.  It was a s  c l o s e  
a s  w e  could g e t  t o  a t r u e  b i l a t e r a l  system a t  the time. 
A r t i f i c i a l  f e e l  can be induced by d r i v i n g  se rvo  motors i n  each 
of  the c o n t r o l l e r s  j o i n t s .  The force can be cons t an t  o r  pro- 
p o r t i o n a l  t o  the  commanded manipulator v e l o c i t y .  

c .  Geometrically S imi l a r  Replica - The r e p l i c a  c o n t r o l l e r  
i s  simply a miniature  of  t he  manipulator. J o i n t  f o r  j o i n t  i t  i s  
i d e n t i c a l .  For l abora to ry  work t h i s  concept i s  acceptable  
s i n c e  the  manipulators movement volume i s  gene ra l ly  small  and 
the system can be designed around a s p e c i f i c  task.  However, 
f o r  t he  S h u t t l e  manipulator system a r e p l i c a  c o n t r o l l e r  has 
some s e r i o u s  drawbacks. F i r s t ,  t he  r e p l i c a  can have only one 
movement r a t i o  which i s  d i c t a t e d  by the  s i z e  r a t i o  between the 
c o n t r o l l e r  and t h e  manipulator. For example, w i th  a 50 f t  
manipulator and an ope ra to r  w i th  an average arm length of 28", and 
r a t i o  20:l seems reasonable.  This d i c t a t e s  a c o n t r o l l e r  
approximately 32 inches long which must have f r e e  movement 
volume a t  t h e  o p e r a t o r ' s  console i n  a 64 i n  d i a  h a l f  sphere 
from i t s  mounting base,  which i s  s i g n i f i c a n t  from a C r e w  

s t a t i o n  volume s tandpoint .  Larger s i n g l e  c o n t r o l  r a t i o s ,  
such a s  30 o r  4 0 : l  which make the  c o n t r o l l e r  sma l l e r ,  make 
v e r n i e r  manipulator c o n t r o l  d i f f i c u l t .  

The l a c k  of  an "indexing" c a p a b i l i t y  g r o s s l y  a f f e c t s  
ope ra to r  performance. Our s imulat ions show indexing i s  done 
as much o r  more f o r  c o n t r o l l e r  a t t i t u d e  c o r r e c t i o n s  than f o r  
t r a n s l a t i o n a l  co r rec t ions .  Most manipulator t a s k s  r e q u i r e  long 
t r a n s l a t i o n s  w i t h  a t t i t u d e  changes along t h e  way and then ver-  
n i e r  a t t i t u d e  and t r a n s l a t i o n s  a t ,  f o r  example, a work s i t e .  
With a r e p l i c a  c o n t r o l l e r  t h i s  g e n e r a l l y  means t h e  o p e r a t o r ' s  
arm i s  extended a t  some odd angle and t h e  w r i s t  i s  bent  around 
i n  a n  uncomfortable pos i t i on .  This g ross ly  degrades ope ra to r  
p e r f o r  manc e. 
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d. 6-DOF Rate - This  c o n t r o l  conf igura t ion  u t i l i z e s  two 
3-DOF Apollo type c o n t r o l l e r s .  There i s  no force  feedback. 
The TD of  the  manipulator i s  "flown" as though i t  were a f r e e  
f l y e r  and the re  i s  no d i r e c t  i n t e r a c t i o n  between the  c o n t r o l l e r s  
and t h e  manipulator j o i n t s .  The r i g h t  hand c o n t r o l l e r  commands 
a t t i t u d e  changes of t he  manipulator w r i s t  and t h e  l e f t  hand 
c o n t r o l l e r  commands t r a n s l a t i o n a l  changes a t  t h e  TD. Both 
c o n t r o l l e r s  must be p ropor t iona l  type. This means t h e  commanded 
angular  o r  t r a n s l a t i o n a l  v e l o c i t y  of  t h e  manipulator i s  propor- 
t i o n a l  t o  t h e  displacement of  t h e  c o n t r o l l e r  g r i p ,  up t o  the  
manipulator 's  maximum ve loc i ty .  The Apollo c o n t r o l l e r  cannot 
be used fo r  manipulator c o n t r o l ,  a s - i s .  Both a r e  designed fo r  
pressure  s u i t  opera t ion  and the  "feel" c h a r a c t e r i s t i c s  should 
be changed. The a t t i t u d e  c o n t r o l l e r  i s  a propor t iona l  type,  
however, t h e  t r a n s l a t i o n  c o n t r o l l e r  i s  not .  It i s  simply an 
on-off type and would have t o  be redesigned i f  used. Rate 
c o n t r o l l e r s  do  have the  advantage of allowing the  a t t i t u d e  and 
t r a n s l a t i o n  commands t o  be s ingled  out  i n  s epa ra t e  c o n t r o l l e r s .  
No one i s  su re  the  r a t e  c o n t r o l l e r s  can c o n t r o l  t he  manipulator 
adequately f o r  t he  proposed tasks ,  e s p e c i a l l y  where rap id  non- 
uniform a t t i t u d e  changes a r e  required such a s  captur ing  a r o t a -  
t i n g ,  n u t a t i n g  s a t e l l i t e .  There i s  a l s o ,  no d i r e c t  feedback 
t o  the  opera tor  t o  i n d i c a t e  h i t t i n g  an ob jec t  o r  how much 
force  i s  being appl ied  t o  a task .  However, fo rce  information 
can be given t o  the  opera tor  v i s u a l l y ,  with meters and l i g h t s .  

V- 29 



Master Con t ro l l e r  Configurat ion Al t e rna t ives  ( Jo in t  Ordering) Analysis 

a.  In t roduct ion  - The AMs master c o n t r o l l e r  conf igura t ion  
must be commensurate wi th  a r e s t r i c t e d  c o n t r o l  s t a t i o n  volume, 
while  a t  t h e  same t i m e  maintaining t h e  customary i s o t r o p i c i t y  
and uniformity of  t h e  f r i c t i o n  i n e r t i a  and feedback forces .  

In  commercial b i l a t e r a l  force  r e f l e c t i n g  manipulators ,  both 
i n  t h e  a r t i c u l a t e d  and t h e  te lescoping  motion v a r i e t i e s ,  moment 
arms a r e  kept  s u f f i c i e n t l y  uniform by r e s t r i c t i n g  motion ranges.  
In  the  major i ty  of  devices ,  moment arms i n  any d i r e c t i o n  w i l l  
va ry  less  than  a f a c t o r  of  two from minimum t o  maximum. F r i c t i o n  
and feedback forces  a t  t h e  TD a r e  inve r se ly  propor t iona l  t o  these  
moments r a t i o s ,  while  d r i v e  t r a i n  i n e r t i a s  a r e  inve r se ly  pro- 
po r t iona l  t o  t h e  square of them. The r e s u l t  of t h i s  approach 
i s  o f t e n  a q u i t e  l a r g e  manipulator master which i s  not  s u i t a b l e  
f o r  S h u t t l e  app l i ca t ions .  Even t h e  sma l l e s t  of t he  p re sen t ly  
e x i s t i n g  b i l a t e r a l  manipulators ,  t h e  Brookhaven Nat ional  
Labora tor ies  (BNL) arm, i s  t oo  l a r g e  f o r  t h i s  app l i ca t ions .  

In  f a c t ,  a thorough and fundamental s tudy of master con- 
f i g u r a t i o n s  has  never been made a s  e x i s t i n g  devices  lean  s t rong ly  
on mechanical through the  w a l l  master s l a v e  conf igura t ions  , which 
by t h e i r  very na tu re  of app l i ca t ion  are cons t ra ined  t o  a r e l a t i v e l y  
small  s e l e c t i o n  of  poss ib l e  motions. 

b. Procedure - For ease  of a n a l y s i s  w r i s t  motions can be 
separated from t r a n s l a t i o n a l  motions. Wrist motions a r e  assumed 
t o  c o n s i s t  of t h r e e  or thogonal  r o t a t i o n s  i n  a sequence adapted 
t o  the  chosen t r a n s l a t i o n a l  motions such a s  t o  minimize motion 
s i n g u l a r i t i e s .  It i s  then s u f f i c i e n t  t o  examine t h e  p rope r t i e s  
of  t he  t r a n s l a t i o n a l  DOF. 

An at tempt  w i l l  be  made t o  formulate the  beginnings of  
s e l e c t i o n  r u l e s  that  w i l l  systemize t h e  search  and assure as much as 
poss ib le  t h a t  no p o s s i b i l i t i e s  a r e  overlooked. To ease  the  d i s -  
cuss ion  of t h e  many conf igu ra t ions  poss ib l e  a s h o r t  hand no ta t ion  
i s  used. For r o t a t i o n a l  motions t h e  f a m i l i a r  terms P (p i t ch ) ,  
Y (yaw), and R ( r o l l )  w i l l  be used s t a r t i n g  from t h e  motion f ixed  
t o  ground and proceeding toward t h e  te rmina l  device (TD). Thus the  
master shown i n  FigureV-loa and b would be  (Y-P-P) (Y-P-R) 
which would read (yaw-pitch-pitch) f o r  t r a n s l a t i o n a l  motions, 
(yaw-pitch-roll)  f o r  r o t a t i o n a l  motions. A s l i d i n g  motion i s  
designated by S , S , o r  SR, where t h e  s u b s c r i p t  des igna tes  
t h e  d i r e c t i o n  0% thk! s l i d e s  which is  taken t o  be along t h e  a x i s  
o f  r o t a t i o n  o f  t h e  s u b s c r i p t  r o t a t i o n a l  motion. Thus t h e  

R T 
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R' 
prototype would be ( S  -Y-P) (Y-P-R) 

R T 

A l l  conf igu ra t ions  w i l l  be examined f o r  t h e  following 
c r i t e r i a  : 

1. C a p a b i l i t y  of t r u e  t h r e e  dimensional motion 

2. Absence o f  motion s i n g u l a r i t i e s  o r  motion redundancies 

3 .  Force uniformity and i s o t r o p i c i t y  

4 .  Magnitude of o f f s e t  forces  

5. Coverage of required volume 

6. I n t e r f a c e  wi th  operator  conf igu ra t ion  

7 .  I n t e r f a c e  with s h u t t l e  cockpi t  con f igu ra t ion  

8. Weight and complexity f i g u r e  of m e r i t  

9. Low i n e r t i a  conf igura t ion  

F a i l u r e  t o  meet c r i t e r i a  1 and 2 w i l l  r e s u l t  i n  immediate 
r e j e c t i o n  of conf igu ra t ion  a procedure which w i l l  probably 
leave  a manageable s m a l l  number of conf igu ra t ions  t o  examine. 

Candidate Configurat ion S e l e c t  ion 

a )  Three r o t a t i o n a l  DOF. 

Of the  27 ways th ree  v a r i a b l e s  can be permutated, a g r e a t  
number can be discarded e a s i l y .  (This i n c i d e n t a l l y  l eads  t o  the 
beginnings of motion s e l e c t i o n  r u l e s ) .  

1. Use of t he  same motion t h r e e  times i n  succession i s  
excluded. Reason: A l l  t h r e e  v a r i e t i e s  lead t o  
s i n g u l a r i t i e s  and P-P-P as w e l l  as Y-Y-Y r e s u l t  i n  
planar  motion. 

2. Two success ive  R ' s  r e s u l t  i n  s i n g u l a r i t y  and a r e  ex- 
cluded. (Eliminates R-R-Y, R-R-P, Y-R-R, P-R-R) 

3 .  R-Y-R and R-P-R are  constrained t o  move on the  su r face  
of a sphere and t h e r e f o r e  have n o t  t r u e  t h r e e  d i m e n -  
s i o n a l  motion. 
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4 .  

5. 

6 .  

7. 

8. 

Each of  the s i x  double Y conf igu ra t ions  i s  equ iva len t  
t o  a double P conf igu ra t ion  r o t a t e d  by 90 . More o r  
less a r b i t r a r i l y  w e  w i l l  examine only t h e  double P 
conf igu ra t ions  f o r  c r i t e r i a  1 t o  4 and may r o t a t e  back 
t o  double Y conf igu ra t ions  i f  c r i t e r i a  5 t o  7 favor 
i t .  
Of the s i x  remaining double P conf igu ra t ions  P-P-Y 
and P-P-R seem not s u i t a b l e  a s  they lead t o  f requent  
s i n g u l a r i t i e s  with any poss ib l e  w r i s t  configurat ions.  
(It looks l i k e  t h e  motion c l o s e s t  t o  t he  w r i s t  wants 
t o  be a P). 

0 

Of the remaining four  double P conf igu ra t ions  we have 
Y-P-P, t he  conf igu ra t ion  shown i n  Figure V-loa & b 
a s  w e l l  as t h a t  of t he  BNL arm. R-P-P is  t h e  BNL 
arm conf igu ra t ion  with a l t e r n a t e  mount o r i e n t a t i o n  and 
P-R-P is  t h e  NAL E - 2 ,  E-3, E-4 conf igu ra t ion .  These 
t h r e e  should be examined f u r t h e r .  The remaining 
P-Y-P may a l s o  be a candidate  i f  t he  f i r s t  P and Y 
a x i s  a r e  made t o  i n t e r s e c t .  

Of the  s i x  conf igu ra t ions  con ta in ing  one each of P, 
Y ,  and R ,  t he  four  not having a P c l o s e s t  t o  t he  
w r i s t  should be el iminated s i n c e  they form s i n g u l a r i -  
t i e s  w i th  w r i s t  motion a s  i n  po in t  5. 

Both t h e  remaining Y ,  R ,  P and R,  Y ,  P a r e  no t  t r u e l y  
th ree  dimensional as t h e  w r i s t  p o i n t  desc r ibes  a s u r -  
face b u t  i s  incapable t o  cover t h e  i n t e r i o r  volume. 

b) Three DOF wi th  S l i d e s .  

1. A l l  s l i d e s  must be orthogonal 

2 .  The s i x  poss ib l e  t h r e e  s l i d e  conf igu ra t ions  are iden- 
t i c a l  as f a r  a s  c r i t e r i a  1 t o  4 a r e  concerned. The 
arrangement t o  be chosen w i l l  be governed by the  
remaining c r i t e r i a .  

3. S conf igu ra t ions  may not  con ta in  an R. R-S-S and S-S-R 
a r e  not  t h r e e  dimensional and S-R-S a l t e r s  t h e  s l i d e -  
s l i d e  or thogonal i ty .  

4 .  There i s  a Y-P s i m i l a r i t y  again so t h a t  only P-S-S, 
S-P-S, and S-S-P need t o  be considered. 
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5. The 18 conf igu ra t ions  which combine one s l i d e  wi th  t w o  
s i m i l a r  r o t a t i o n a l  motions a r e  e i ther  p lanar  o r  have 
s i n g u l a r i t i e s .  

6 .  The 18 conf igu ra t ions  which combine a s l i d e  wi th  two 
d i f f e r e n t  r o t a t i n g  motions conta in  10 conf igu ra t ions  
t h a t  do no t  have a S o r  P a s  a l a s t  motion before  
t h e  w r i s t .  These lead t o  s i n g u l a r i t i e s  wi th  t h e  
w r i s t  and a r e  e l imina ted .  

7.  The remaining e i g h t  s i n g l e  s l i d e  conf igu ra t ions  must 
be examined fu r the r .  

Out of  7 8  conf igu ra t ions  examined, t h e  following 16 remain: 

P-Y-P,  P - R - P ,  Y - P - P ,  R - P - P ,  

s-s-s, P - s - s ,  s - P - s ,  s-s-P, 
S - R - P ,  S -Y-P,  Y-S - P ,  R - S - P ,  Y Y Y 

Y' Y-P-SY,  Y-R-Sy, R-Y-S R-P-S  R '  

Further  examination of t h e  s i n g l e  s l i d e  conf igu ra t ion  
r evea l s  the  following: 

Y-R-S i s  r e a l l y  planar .  

R-Y-S i s  s e q u e n t i a l l y  p l ana r ,  t h a t  i s  a l l  p o i n t s  i n  i t s  volume 
can be reached b u t  i n  genera l  a l i n e a r  motion between a r b i t r a r y  
po in t s  cannot be descr ibed  by t h e  w r i s t  po in t .  

Y 

R 

R - S - P  i t  i s  seen t h a t  a d i r e c t i o n  cannot be assigned t o  t h e  s l i d e  
a s  i t  changes wi th  t h e  p o s i t i o n  of R. This conf igu ra t ion  i s  
a l s o  s e q u e n t i a l l y  planar .  

Further  reduct ion  i n  the  number of conf igu ra t ions  acceptab le  
can be made by cons ider ing  volume covered t o  volume occupied 
(V /V ) r a t i o s .  
inEro8uced t o  manipulator conf igu ra t ions  i s  because i n  genera l  
they have a much b e t t e r  V / V  
some s p e c i f i c  except ions where s l i d e s  are  acceptab le .  

The only reason r o t a t i n g  j o i n t s  have been 

r a t i o s .  There a re  however c u  

1. S l i d e s  t h a t  can be executed by use of  te lescoping  
tubes g ive  reasonable  Vc/Vu i f  they are  t h e  l a s t  motion before  
t h e  w r i s t .  (Many mechanical master s l a v e s  use t h i s ) .  
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2. For s p e c i f i c  space conf igu ra t ions  pseudo-slides can be 
a t t r a c t i v e .  These are r o t a t i n g  j o i n t s  with very long moment 
arms allowed t o  t r a v e l  through a s m a l l  angle ,  and t h e r e f o r e  have 
good l i n e a r i t y .  Pseudo-slides are gene ra l ly  only use fu l  i f  
they a r e  the f i r s t  o r  t he  f i r s t  and second motion. A pseudo- 
s l i d e  following a r o t a t i o n a l  motion l eads  t o  c o n t r o l  d i f f i c u l -  
t i e s  on t h e  Latter. This e l imina te s  Y-S -P. I n  the narrow 
c o n t r o l  volume of t h e  s h u t t l e ,  substituting a pseudo-slide f o r  
S does not  seem f e a s i b l e  nor does a t r u e  S thus e l imina t ing  
S -R-P and S -Y-P. So, of t he  one s l i d e  mechanisms only 
Y-P-S and R-P-S are l e f t .  

Y Y’ 
Y Y 

Y Y 

Looking now a t  t he  two-slide mechanisms w e  el iminate P-S-S 
s i n c e  a middle s l i d e  i s  not s u i t a b l e  f o r  a speudo-slide.  
I n  S-S-P one S must be an S , which i s  a pseudo-slide,  and 
not  a t t r a c t i v e  i n  the s h u t t l e  volume. S-P-S can only be 
accomplished i f  t he  l a s t  s l i d e  is a t r u e  S which r e q u i r e s  t h e  
f i r s t  one t o  be an S done a s  a pseudo-sliJe.  P 

The t h r e e - s l i d e  configurat ion i s  a p o s s i b i l i t y  with t h e  
f i r s t  two a s  pseudo-slides and the l a s t  a s  a t r u e  S This 
could be done a s  S -S -S o r  S -s -S . However, a s  pseudo- 
s l i d e s  S -S and SP-SR ;re i d e n t i c a l  b a l l j o i n t s .  A t  t h i s  
point  i t  m i b t  be worrhwhile t o  change no ta t ion  and desc r ibe  
pseudo-slides as long r o t a t i o n a l  motions. So t h a t  i f  the 
pseudo-slides motions w e  have l e f t  are: E$,-P -S o r  
P -R -S 
l e f t  involving s l i d e s  o r  pseudo-slides t h r e e  are  R-P-S 

Y’ 
R P  

P R 

L Y’ and \-P-Sy. We now n o t i c e  t h a t  of the four motions L L .  Y’ 
Y’ t h a t  i s  d i f f e r i n g  only by moment arm 

of moment arm which we a r e  f r e e  t o  
a d j u s t  i s  the length of t he  te lescoping arm. This moment 
arm wants t o  be as long as poss ib l e  anyway i n  order  t o  be ab le  
t o  cover v e r t i c a l  motion with a minimum of moment arm v a r i a t i o n  
i n  R and P. 
candidate.  
P i t ch  (Long Moment A r m )  - S l i d e  (Along t h e  Yaw Axis V e r t i c a l ) .  

We then a r r i v e  a t  \-P -S a s  one poss ib l e  f i n a l  
Ro l l  (Long Moment A r m  Skmu‘fating a S l i d e )  - 

While i n t u i t i v e l y  the  o the r  f i v e  remaining motions do not 
look nea r ly  as good as R -P - S  i t  i s  worthwhile t o  make t h e  
f i n a l  s e l e c t i o n  a f t e r  comparison f o r  force uniformity and 
i s o t r o p i c  i t y .  

L L Y  

Uniformity and I s o t r o p i c i t y  of Forces 

The e n t i r e  group having r o t a t i o n a l  motions only has a 
common f e a t u r e  of two P motions e i t h e r  i n  succession o r  
separated by another r o t a t i o n a l  motion. In order  f o r  t hese  
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a r t i c u l a t e d  conf igu ra t ions  t o  f i t  and be capable  of 
maneuvering i n  the  A def ined s h u t t l e  c o n t r o l  space the arms 
between the P j o i n t s  must remain q u i t e  s h o r t ,  12". 
order  t o  cover the des i r ed  c o n t r o l  volume it is  necessary t o  
l e t  t h e  included elbow angle  vary from 15 t o  150°. Without 
analyzing a l l  t he  poss ib l e  p o s i t i o n s  showing fo rce  an i so t ro -  
p i c i t y ,  t he  top hand pos i t i on  of  figureV-10 was evaluated. In 
t h i s  p o s i t i o n  t h e  moment arm f o r  up and down motion i s  approxi- 
mately 1/10 t h a t  f o r  fo re  and a f t  motion. That means t h a t  f o r  
the up and down motion f r i c t i o n  i s  about 10 times nominal f r i c t i o n  
fo rce ,  feedback forces  a r e  LO times too high (80 l b s ) ,  and 
i n e r t i a  forces  due t o  shoulder a c t u a t o r  and d r i v e  t r a i n  compo- 
nents  a r e  100 t i m e s  t he  nominal ones. Yet t hese  same components 
a r e  q u i t e  near nominal fo r  f o r e  and a f t  movements. While only 
one example has been d e t a i l e d ,  things a r e  n e a r l y  a s  bad f o r  
some o the r  TD loca t ions .  This i s  highly undesirable.  

Yet i n  

0 

A t  t h i s  po in t ,  t he  conf igu ra t ions  l e f t  f o r  considerat ion 
a r e  : 

1. A family of four  conf igu ra t ions  having r o t a t i o n a l  j o i n t s  only. 

2. A group of conf igu ra t ions  which converged t o  P 

3 .  Y - P -  

L-%% 

sY 

It i s  poss ib l e  t o  e l imina te  the  Y - P - S conf igu ra t ion  Y as i n  some pos i t i ons  i t  has  no l a t e r a l  displacement a s  w e l l  
a s  allowing ze ro  moment arms on the Y motion r i g h t  i n  t h e  
middle of t he  covered volume. 

The remaining two fami l i e s  a r e  -P  -S and Y-P-I?. A s  
can be seen the %-P -S configurat ion has much b e t t e r  force 
uniformity and i s o t r o p i c i t y  than the Y-P-P family. Furthermore, 
a l l  t h r e e  shoulder a c t u a t o r s  can be located near the cockpi t  
f l o o r  y i e l d i n g  a low i n e r t i a  conf igu ra t ion  wi th  nea r ly  
s t a t i o n a r y  a c t u a t o r  packages. I f  cockpi t  con f igu ra t ion  al lows,  
these a c t u a t o r s  might even be located below the  cockpi t  f l o o r  
even f u r t h e r  reducing force r a t i o s .  

R L L Y  
1 Y  

The p r i c e  t o  be paid f o r  t h i s  i s  s l i g h t l y  l a r g e r  weight 
due t o  the long te lescoping tube and the somewhat l a r g e r  gear 
r a t i o s  required f o r  the R and P motions, Since t h e  v e r t i c a l  
boom never i s  more than about 
l a rge  unbalance occurs on the  master. I f  necessary even t h i s  
can be f u r t h e r  improved by simple means. Also, when used f o r  

17' from the  v e r t i c a l  no 
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10 - 
Correlates with 
Terminal Device- 

Lefl A r m 1  
(Stowed) 

35.5 I 

All  dimensions in inches. 'Y 
Figure V - l o a  Elbow Type 6 DOF Position Controller 

i o  Floor 
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Figure V-lob Elbow Type 6 DOF Position Controller 
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one "G" s imulat ion,  no counterbalance i s  needed f o r  t h e  p i t c h  
and r o l l  a t  base. 

An appropr i a t e  wrist  conf igu ra t ion  f o r  t h e  \-P -S 
conf igu ra t ion  seems t o  be Y-P-R, This can be achieved i n  a 
well balanced arrangement as no v e r t i c a l  arm e x i s t s  t o  cause 
operator  elbow in t e r f e rence .  

L Y  

The conf igu ra t ion  of E$,-€' - S  

This master i s  a l s o  s u i t a b l e  f o r  r a t e  c o n t r o l  experiments. 

i s  shown i n  f i g u r e s  V-11 a and b. L Y  

By l i m i t i n g  motion t o  approximately 1 inch i n  R ,  P, and S 
and cen te r - ze ro  sp r ing  loading these  motions, what looks l i k e  
a very s u i t a b l e  r a t e  c o n t r o l  master i s  c rea t ed .  
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Correlates with 
Terminal Device- 

35.5- el 
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\Right Arm 

r i 32 
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T 

-To Floor 

Me All dimensions i n  inches. 

Figure V - l l a  6 DOF Vertical  Slider Position Controller 
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36 i 

12 TYF 

lW& All dimensions in inches. 

Figure V-llb 6 DOF Vertical Slider Position Controller 
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Man-In-The-Loop-Simulations 

Simulat ions were performed i n  Martin M a r i e t t a ' s  Space 
Operations Simulator  ( S O S )  f a c i l i t y ,  a s i x  degree-of-freedom 
(DOF), moving base,  servo con t ro l l ed  motion genera t ing  
system. The s imula t ions  were d iv ided  i n t o  two phases,  co r re s -  
ponding t o  two types of S h u t t l e  tasks :  Phase I, payload 
t r ack ing  and capture  and Phase 11, payload r e t r i e v a l  and cargo 
bay stowage. In  t h e  f i r s t  Phase the  t a s k  was pr imar i ly  one 
of  t r ack ing  t h e  t a r g e t  r ecep tac l e  wi th  t h e  te rmina l  device ,  
a l though the  TD was a c t u a l l y  in se r t ed  i n t o  t h e  r ecep tac l e  
du r ing  a run. However, phys ica l  cap ture  o r  con tac t  dynamics 
were not  simulated.  The Phase I1 t a s k  cons is ted  of f i r s t  
t r a n s l a t i n g  and r o t a t i n g  t h e  captured payload t o  a p o s i t i o n  
near ,  and a l igned  wi th ,  the  cargo bay, and then maintaining 
alignment whi le  lowering t h e  cargo i n t o  the  bay. The t a s k  
was terminated when two p ins  on the  cargo were seated i n t o  
two r e c e p t a c l e s  i n  t h e  bottom of the  cargo bay. 

The modeled manipulator arm had t h e  following c h a r a c t e r i s -  
t i c s :  two main segments of  length  25 f t  each,  w r i s t  l ength  
of  2 f t ,  and gimbal sequence of yaw, p i t c h  a t  the  shoulder ,  
p i t c h  a t  the  elbow, and p i t c h ,  yaw, r o l l  a t  t h e  w r i s t .  The 
arm shoulder  i s  assumed t o  be a t tached  t o  the  S h u t t l e  a t  t he  
forward r i g h t  corner  of t h e  Cargo Bay. For t h i s  s imula t ion ,  
t he  TD t e l e v i s i o n  camera i s  placed "outside" t h e  3 w r i s t  
gimbals; i .e . ,  s o  t h a t  t he  3 gimbals a r e  betweEn the  camera 
and the  elbow. 

The c o n t r o l  laws der ived  f o r  the  s imula t ions  have the  
following f ea tu res :  (1) coordinated t r a n s l a t i o n a l  and r o t a -  
t i o n a l  c o n t r o l ,  ( 2 )  r o t a t i o n s  about any po in t ,  ( 3 )  pos i t i ona l  
and r o t a t i o n a l  indexing,  ( 4 )  automatic t i p  a t t i t u d e  hold 
(hawk mode), and (5) mu l t ip l e  ga in  r a t i o s  f o r  t r a n s l a t i o n a l  
motion; Both r a t e  and p o s i t i o n  type 
developed so t h a t  i n  the  s imula t ions  
son between t h e  two could be made. 

The two most important r e l a t i v e  
included i n  t h i s  s imulat ion:  t a r g e t  

c o n t r o l  systems were 
a good opera t iona l  compari- 

motion e f f e c t s  were 
f lyby  v e l o c i t i e s  , and 

terminal  device  motions due .to the  commands s e n t  t o  t h e  
j o i n t  servos.  The servos were accu ra t e ly  modeled t o  include 
t h e i r  response c h a r a c t e r i s t i c s  when a c c e l e r a t i n g  and d e c e l l e r a -  
t i n g  f o r  p re sen t ly  conceived arm j o i n t  designs.  Two models 
were developed, one f o r  t h e  t r ack ing  t a sk  ( e s s e n t i a l l y  no load) ,  
and one f o r  t he  ca rgo  stowage t a sk  (65,000 l b  load) .  
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Past  s imulat ions have shown t h a t  the o t h e r  r e l a t i v e  motion 
e f f e c t s ,  due t o  S h u t t l e  l i m i t  cyc l e s  and arm f l e x i b i l i t y ,  d o  
not g r e a t l y  e f f e c t  t he  o p e r a t o r ' s  c o n t r o l  f o r  t he  j o i n t  
torques used i n  t he  simulated arm model. It i s  believed t h a t  
not including these motion e f f e c t s  i n  t h i s  s imulat ion d id  not 
change the  bas i c  conclusions drawn concerning u n i l a t e r a l  
pos i t i on  systems. 

Input commands from the  c o n t r o l l e r  a r e  s e n t  t o  the hybrid 
computer f a c i l i t y  (EA1 8900) ,  which i s  programmed with t h e  
con t ro l  laws, manipulator a r m  models, and o t h e r  equat ions o r  
logic  required by the simulation. The computer c a l c u l a t e s  t he  
commands f o r  t he  SOS servo motors which produce proper r e l a t i v e  
motion between t h e  viewing camera and the  t a s k  mock-ups i n  
a l l  6 degrees-of-freedom (DOF). Video information from the  
cameras i s  then s e n t  back t o  TV monitors on the  ope ra to r s  
console.  

Over 100 runs were made using the SOS f a c i l i t y  with 
parameter v a r i a t i o n s  covering c o n t r o l  ga ins  o r  r a t i o s ,  t a r g e t  
v e l o c i t i e s ,  c o n t r o l  modes and d i f f e r e n t  i npu t  c o n t r o l l e r s .  

V - 4 2  



Pos i t ion  C o n t r o l l e r  Design Evaluations 

The goal of t h i s  eva lua t ion  phase i s  t o  evolve a b i l a t e r a l  
pos i t i on  c o n t r o l l e r  conf igu ra t ion  which would be b u i l t  i n t o  an 
ope ra t iona l  model. Our goal  a t  the t i m e  was t o  come up with 
an acceptable  t o o l  which would have interchangeable  p a r t s  t o  
allow a wide v a r i e t y  of manipulator conf igu ra t ions  t o  be 
evaluated. 

The f i r s t  s t e p  was t o  c o n s t r u c t  s e v e r a l  wood/metal con- 
t r o l l e r  mockups FigureV-12. t o  de r ive  c r i t e r i a  on segment l eng ths ,  
j o i n t  o rde r ing ,  movement volumes and c o n t r o l l e r  a t t a c h  po in t s  
i n  r e l a t i o n  t o  t h e  operator .  
the elbow c o n t r o l l e r  was a prime contender.  Emphasis was 
placed on j o i n t  order ing,  p a r t i c u l a r l y  f o r  a t t i t u d e  c o n t r o l .  
Figure V- 13 shows movement volumes a s soc ia t ed  with t h i s  type 
of c o n t r o l l e r .  It was thought,  a t  the t i m e ,  t h a t  l a r g e  move- 
ment volumes would be d e s i r a b l e ,  which our s imulat ions proved 
i n c o r r e c t .  I f  an elbow type c o n t r o l l e r  was d e s i r a b l e  with a 
"stacked" o r  unbalanced gimbal a t t i t u d e  c o n t r o l  t h e n  the  6-DOF 
conf igu ra t ion  shown i n  Figure V-14 i s  the most d e s i r a b l e .  This 
gimbal o rde r ,  s t a r t i n g  a t  the g r i p ,  i s  p i t c h ,  yaw, r o l l ,  p i t c h  
a t  the elbow and yaw and p i t c h  a t  the shoulder.  

A t  t h i s  po in t  i n  t h e  eva lua t ion ,  

A f u n c t i o n a l  m o d e l  of t h i s  conf igu ra t ion  w a s  cons t ruc t ed  
of aluminum and steel wi th  po t s  on each j o i n t  (E'igureV-14) 
t o  f u r t h e r  eva lua te  t h i s  concept. The segment lengths  are 
v a r i a b l e  and each j o i n t  i s  interchangeable.  Th i s  model i s  
descr ibed i n  d e t a i l  i n  Appendix B, Various conf igu ra t ions  
of t h e  ope ra t iona l  elbow c o n t r o l l e r  were evaluated a g a i n s t  a 
simulated manipulator t r ack ing  and alignment t a s k  presented on 
a s t e r e o  c o l o r  TV system. The s t e r e o  system i s  descr ibed i n  
Appendix C ,  however, it i s  e s s e n t i a l l y  a 5 DOF d o t  and cross-  
h a i r  t r a c k i n g  task which d i d  provide a dynamic evaluating tech- 
nique t o  test  c o n t r o l l e r  c h a r a c t e r i s t i c s  aga ins t .  It w a s  d e t e r -  
mined that gimbal "stacking" f o r  a t t i t u d e  c o n t r o l  w a s  a poor 
des ign  s i n c e  it produced cross-coupl ing between t h e  a t t i t u d e  
gimbals themselves and a l s o  between t h e  t r a n s l a t i o n  gimbals. 
Because t h e  gimbals are stacked and t h e  d r i v e  motors are l a r g e ,  
several inch  long lever a r m s  exist between upper and lower 
gimbals. Gross hand/arm movements were a l s o  r equ i r ed  f o r  
a t t i t u d e  con t ro l .  It became obvious a b e t t e r  manipulator 
des ign  w a s  required.  A second, s i g n i f i c a n t  problem exists 
wi th  a n  "elbow" type c o n t r o l l e r .  This  relates t o  t h e  "toggle" 
e f f e c t .  As t h e  elbow angle changes, t h e  f o r c e  r equ i r ed  t o  
backdrive t h e  j o i n t s  changes s i g n i f i c a n t l y .  Figure V-15 
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shows t h i s  fo rce  r e l a t i o n s h i p  f o r  a t y p i c a l  replica. It can 
be seen t h a t  f o r  a f o r c e  r a t i o  of say 4 or  less, t h e  Q must 
remain between 45" and 75", an undes i rab le  r e s t r i c t i o n .  I f  
l a r g e r  angles  are used t h e  backdriving fo rce  v a r i a t i o n s  can be 
mis in t e rp re t ed  as real manipulator t i p  fo rces  by t h e  operator  
i n  a fo rce  r e f l e c t i n g  system. 

The next  major p o s i t i o n  c o n t r o l l e r  conf igu ra t ion  concept 
t o  evolve i s  c a l l e d  t h e  " s l i d i n g  base" and i s  shown i n  Figure 
v-16. The p i t c h  and yaw a t t i t u d e  gimbals are balanced a t  t h e  
ope ra to r ' s  w r i s t ,  
Y and Z t r a n s l a t i o n  i s  c o n t r o l l e d  by two gimbals a t tached  t o  
a s l i d i n g  mechanism which con t ro l s  X t r a n s l a t i o n .  This con- 
t r o l l e r  w a s  configured i n t o  a f u l l y  ope ra t iona l ,  fo rce  re- 
f l e c t i n g  system which was used as t h e  primary p o s i t i o n  con- 
t r o l l e r  during our dynamic s imula t ions  OR t h e  Space Operations 
Simulator. The c o n t r o l l e r  i s  counterbalanced s o  t h e  operator  
does not  have t o  hold  t h e  weight of t h e  mechanism aga ins t  
g rav i ty .  

Ro l l  i s  balanced on t h e  cen te r  of t h e  gr ip .  

Extensive use of t h i s  c o n t r o l l e r  conf igura t ion  r e s u l t e d  
i n  s e v e r a l  s i g n i f i c a n t  conclusions: 

1, The f o r c e  feedback levels could be va r i ed  between 0 
and approximately 16 lbs .  The f u l l  gammit of maximum fo rce  
l e v e l s  was t r i e d  from very l i m p  t o  levels i n  t h e  10 t o  16 l b  
range. It was found t h a t  f o r  t y p i c a l  t r ack ing  t a s k s ,  levels 
up t o  2 l b s  were t o o  l i g h t .  Since t h e  ope ra to r ' s  a r m  i s  not  
supported,  muscle t r e m o r  and j i t t e r  were pronounced a t  t h e  
low leve ls .  Vernier movements were d i f f i c u l t .  It w a s  found 
t h a t  t h e  opera tor  needed a f o r c e  feedback i n  t h e  3-5 l b  
range, depending on t h e  p o s i t i o n  of t h e  ope ra to r ' s  a r m  i n  
r e l a t i o n  t o  h i s  body and t h e  d i r e c t i o n  t h e  f o r c e  i s  applied.  
Higher f o r c e s  8-12 lb s  quick ly  f a t igued  t h e  a r m  and some 
ope ra to r s  r e s o r t e d  t o  us ing  two hands t o  accomplish t h e  t r a c k -  
ing t a s k s  a t  these  high fo rce  levels. 

2. This  gimbaling concept,  allowed cross-coupl ing be- 
tween t h e  pitch/yaw gimbals and X/Y t r a n s l a t i o n s .  The e x t e n t  
of t h e  cross-coupling v a r i e d  with t h e  f o r c e  l e v e l s  s e l e c t e d  
a t  t h e  various j o i n t s ,  however, i t  w a s  always present  t o  some 
ex ten t .  This i s  caused by t h e  moment a r m  r e s u l t i n g  from con- 
t r o l l e r  g r i p  being o f f s e t  from t h e  p ivot  po in t  by approximately 
4 in .  The coupling went both ways, between a t t i t u d e  and 
t r a n s l a t i o n ,  and t r a n s l a t i o n  and a t t i t u d e .  For example, if 
a s t r a i g h t  Y t r a n s l a t i o n  was commanded by pushing t h e  c o n t r o l l e r  
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Figure V-16 6-DOF Sliding Base Position Controller 
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t o  t he  l e f t  or r i g h t ,  some por t ion  (depending on t h e  o 
awareness and a b i l i t y  t o  compensate) of 
r e s u l t  i n  a r o t a t i o n  about t h e  yaw gimba 
th ing  happened f o r  p i t c h  and Z t r a n s l a t i  
s o l u t i o n  t o  t h i s  problem i s  a g r i p  balanced a t t i t  
as shown i n  Figuresv-17aand V-17b. This configura 
a l l  3 of t h e  a t t i t u d e  p ivot  p o i n t s  through t h e  cen te r  of t h e  
g r i p ,  thereby,  e l imina t ing  a t t i t u d e  c o n t r o l  induced moments 
on t h e  t r a n s l a t i o n a l  gimbals, 

3, The s l i d i n g  base concept, f o r  X d i r e c t i o n  commands, 
was poor, For s t r a i g h t  X commands, t he  mechanism worked w e l l .  
The problem arose,  when a l a rge  t r a n s l a t i o n a l  o f f s e t  w a s  
c r ea t ed  by cammanding a l a rge  Y or Z t r a n s l a t i o n .  This  
r o t a t e d  the  forward a r m  of t h e  c o n t r o l l e r  off at some s i g -  
n i f i c a n t  angle i n  r e l a t i o n  t o  the  s l i d i n g  mechanism, 45 t o  
60'. X t r a n s l a t i o n  became d i f f i c u l t  t o  c o n t r o l  a t  or near 
t hese  angles. As can be seen from Figure V - 1 8  t h e  c o n t r o l  
g r i p  has  s h i f t e d  s i g n i f i c a n t l y  off i t s  plane of t r a v e l  which, 
not  only c rea t e s  coupling between X and Y bu t  t h e  fo rce  
r equ i r ed  t o  pos i t i on  t h e  s l i d e r  v a r i e s  wi th  t h e  angle of t he  
upper a r m  segment. 
creases, combined X and Y/Z t r a n s l a t i o n s  become more d i f f i c u l t  
t o  command. I 

As  t h e  angle  of t h e  upper a r m  segment in -  

Figure V-18 S l i d i n g  Base Con t ro l l e r ,  Top V i e w  
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4, A t  t h e  onse t  of our c o n t r o l l e r  eva lua t ions  w e  
assumed indexing t h e  c o n t r o l l e r ,  dur ing a dynamic t a sk ,  would 
be d i f f i c u l t  and d i s t r a c t i n g ,  This  assumption w a s  i nco r rec t .  
Even wi th  t h e  i n e r t i a  c r ea t ed  from t h e  counterbalance weights,  
indexing t h e  c o n t r o l l e r  became an automatic r e f l e x ,  s i m i l a r  
t o  s h i f t i n g  a car. Indexing w a s  accomplished by press ing  a 
s m a l l  bu t ton  on t h e  c o n t r o l l e r  g r i p  which e l e c t r i c a l l y  d i s -  
connected t h e  c o n t r o l l e r  from t h e  manipulator c o n t r o l  e l e c -  
t ron ic s .  While t h e  but ton  was depressed, t h e  c o n t r o l l e r  
could be quickly repos i t ioned  t o  any point  i n  i t s  movement 
volume t h a t  t h e  operator  s e l ec t ed .  

The manipulator was engaged t o  t h e  c o n t r o l  e l e c t r o n i c s  
Indexing t i m e s  ranged from 1 t o  2 by r e l e a s i n g  t h e  but ton.  

sec  depending on t h e  movement involved. Indexing was requi red  
as much, o r  more f o r  a t t i t u d e  co r rec t ion  as t r a n s l a t i o n .  
Most opera tors  indexed t h e  c o n t r o l l e r  a t  a convenient t i m e  
during t h e  t a s k ,  r a t h e r  than  wai t ing  u n t i l  t h e  c o n t r o l l e r  a t  
a convenient t i m e  during t h e  t a sk ,  r a t h e r  t han  wai t ing  u n t i l  
t h e  c o n t r o l l e r  w a s  f u l l y  extended. The opera tors  a l s o  p r e -  
f e r r e d  t o  keep t h e  c o n t r o l  g r i p  c lose  t o  t h e  body which kept 
t h e  ope ra to r ' s  a r m  i n  a mcjre comfortable pos i t ion .  This  
allowed f o r  more precise movements and less a r m  f a t igue .  

5. The combination of indexing c a p a b i l i t y  and a v a r i e t y  
of con t ro l  r a t i o s  allows t h e  operator  t o  work the  pos i t i on  
c o n t r o l l e r  i n  a r a t h e r  s m a l l  volume (approx, 4 cu f t ) .  The 
c o n t r o l  r a t i o  i s  t h e  displacement r a t i o  between t h e  manipulator 
t i p  movement and t h e  p o s i t i o n  c o n t r o l l e r  movement. Rat ios  
from 30:l down t o  .5:1 were evaluated f o r  t r ack ing  and cargo 
handling tasks .  For t r ack ing  t a sks ,  where t h e  t a r g e t  v e l o c i t y  
was .25 f t /sec,  a h igh  and low r a t i o  was found necessary.  The 
opera tors  were allowed t o  s e l e c t  t h e  r a t i o s  they wanted and 
most found 20 or  25:l d e s i r a b l e  f o r  t h e  h igh  or gross  movement 
t a s k s  and 6 or  8 : l  f o r  v e r n i e r ,  c lo se  i n ,  cap tu re  t a sks ,  A 
medium range of 10 t o  15:l w a s  used u n t i l  t h e  opera tors  be- 
came p r o f i c i e n t  a t  t h e  t a s k  and then  it was dropped i n  favor  
of a s i n g l e  high/low r a t i o  combination. During a dynamic t r ack -  
ing  t a sk ,  a 30:l con t ro l  r a t i o  tended t o  produce very quick, 
erratic responses at t h e  manipulator t i p .  
a r m  or  muscle tremor was unnecessar i ly  amplified.  
s p e c i f i c a l l y  requested,  none of t h e  opera tors  used or wanted 
a r a t i o  above 25:l. Vernier movement, while  t r ack ing  a t  t h e  
same t i m e ,  i s  r e a d i l y  con t ro l l ed  i n  the  6 t o  8: l  range. 
Lower r a t i o s  r equ i r e  t o o  many indexes and d i s r u p t s  t h e  t r ack -  
ing cont inui ty .  

Any extraneous 
Unless 
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6. The primary mode of operat ion,  during t h e  s imulat ions,  

Since t h e  indexing sequence took place very quickly,  
w a s  t o  s top  t h e  manipulator t i p  travel during a c o n t r o l l e r  
index. 
t h i s  d i d  not  present  a problem. 
eva lua te  t h e  same t r ack ing  t a s k s  and allow t h e  manipulator 
t i p  t o  continue on a t  t h e  v e l o c i t y  commanded j u s t  before  
indexing. For c l o s e - i n  t a s k s ,  t h i s  mode i s  d i sa s t e rous .  Dur- 
i ng  several runs,  t h e  t a r g e t  was inadve r t en t ly  h i t  before  con- 
t r o l  was regained,  which never happened when the  t i p  was stopped 
during indexing. 
may be d e s i r a b l e  while moving l a r g e  payloads or f o r  gross ,  un- 
loaded, maneuvers where t h e  t i p  i s  not  near an obs tac le .  
may be d e s i r a b l e  to give  t h e  opera tor  t h e  opt ion  t o  s e l e c t  
whether t i p  v e l o c i t y  i s  maintained or not  during indexing. 
Fur ther  s imula t ions  are required.  

However, it was decided t o  

Allowing t h e  manipulator t o  main ta in  a v e l o c i t y  

It 

7. The c o n t r o l l e r  i n t e r a c t i o n  with t h e  v i s u a l  system i s  
c r i t i c a l .  The v i s u a l  scene used f o r  c o n t r o l  of t h e  t a s k  must 
be a l igned  wi th  t h e  c o n t r o l l e r s  movement ax i s .  For example, 
t h e  X movement of t h e  c o n t r o l l e r ,  f o r e  and a f t ,  mus t  move t h e  
TD i n  and out  of t h e  p ic ture .  S l i g h t ,  c o n s i s t a n t ,  o f f - ax i s  
s i t u a t i o n s  can be learned and compensated f o r ,  by t h e  opera tor ,  
with a corresponding s m a l l  degradat ion i n  t a s k  performance. 
However, any gross  a x i s  misalignment or e s p e c i a l l y  an incon- 
s i s t a n t  misalignment, makes many t a s k s  near ly  impossible. 
opera tor  r e s o r t s  t o  a f r u s t r a t i n g ,  guessing game where sme- 
times he i s  success fu l  and many times not. 
experienced, however. 

The 

No consis tancy i s  

8 ,  I n  a p o s i t i o n  system, t h e  opera tor  de r ives  tact i le  
and k e n i s e t i c  feedback relative t o  t h e  commanded manipulator 
t i p  ve loc i ty .  The o p e r a t o r ' s  sensory c a p a b i l i t y  i s  not keen 
enough i n  t h e  low fo rce  levels 1-2 lbs .  t o  accu ra t e ly  determine 
t h e  s p e c i f i c  v e l o c i t y  he i s  commanding, Pr imar i ly ,  t h e  opera- 
t o r  needs t o  know when he  i s  commanding near  or  at maximum t i p  
v e l o c i t i e s ,  
having a s t e p  func t ion  fo rce  inc rease  when an  command exceeded 
t h e  manipulators  c a p a b i l i t y .  However, t h i s  method would i n -  
crease t h e  c o n t r o l l e r s  motor s i z e s  s i g n i f i c a n t l y  s i n c e  a 
r a t h e r  s i z a b l e  fo rce  i s  needed. 
employed success fu l ly ,  w a s  t o  p lace  two warning l i g h t s  above 
t h e  ope ra to r ' s  TV monitor. A yellow l i g h t  comes on when 75% 
of t h e  maximum t i p  v e l o c i t y  was commanded, The r e d  l i g h t  came 
on when 100% i s  commanded, Information feedback t o  t h e  opera- 
t o r  a t  t h e s e  two d a t a  po in t s  proved adequate during our s i m -  
u l a t ions .  

Th i s  could be done through t h e  c o n t r o l l e r  by 

Another approach, which w e  
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c. RECWNDATIONS AND CONCLUSIONS 

The primary purpose of t h i s  s e c t i o n  i s  t o  descr ibe  
r a t i o n a l  f o r  and recommend a b i l a t e r a l  master c o n t r o l l e r  
configurat ion.  However, the c o n t r o l l e r  is  in t iment ly  t i e d  
t o  t h e  t o t a l  manipulator system c h a r a c t e r i s t i c s .  
t h e  conclusions and recommendations w i l l  relate t o  not  only 
t h e  c o n t r o l l e r  design but  a l s o  t o  t h e  a s soc ia t ed  d e s i r a b l e  
system c h a r a c t e r i s t i c s .  

Recommended Cont ro l le r  Configurat ion 

Therefore,  

The recommended c o n t r o l l e r  conf igu ra t ion  is  shown i n  
Figures  V-17 t h r u  V-19. The conf igura t ion  has  t h e  following 
advantages and f ea tu res :  

1. The a t t i t u d e  gimbals are balanced a t  t h e  cen te r  of 
t h e  opera tor ' s  gr ip .  
a v e r t i c a l  s l i d i n g  base,  e l imina te s  unwanted cross-coupling 
between t h e  a t t i t u d e  and t r a n s l a t i o n  c o n t r o l  inputs .  
t r o l l e r  r o t a t i o n s  r a r e l y  exceeded f 45" i n  any a x i s ,  before  
indexing. However, design l i m i t s  should be f 90" i n  each 
a t t i t u d e  ax is .  

This  technique, when a s soc ia t ed  wi th  

Con- 

2, Trans la t ion  con t ro l  c o n s i s t s  of a v e r t i c a l  tele- 
scoping member a t tached  t o  p i t c h  and yaw gimbals a t  t h e  base. 
This  design i s  unique, when compared wi th  t h e  o ther  concepts 
evaluated,  i n  t h a t  t h e  c o n t r o l l e r  can be pos i t ioned  through 
i t s  movement volume and not  b u i l d  up unwanted f o r c e s  unique 
t o  i t s  pos i t ion .  
t h e  c o n t r o l l e r  s t r a i g h t  up o r  down. 
r i g h t / l e f t )  t r a n s l a t i o n s  c o n s i s t s  of a combination of t h e  
p i t ch  and/or yaw gimbal, and t h e  v e r t i c a l  t e lescoping  member. 
The m a s s  of t h e  v e r t i c a l  t e lescoping  member can be kept low, 
s ince  a l l  t h r e e  t r a n s l a t i o n  d r i v e s  can be mounted on t h e  
base, There a r e  no lever  arms i n  t h e  a t t i t u d e  gimbals and 
these  d r i v e  motors can be s m a l l .  Cont ro l le r  m a s s  i s  espec- 
i a l l y  important during indexing, when t h e  unpowered c o n t r o l l e r  
i s  r ap id ly  reposi t ioned.  A d e s i r a b l e  movement envelope i s  
c rea t ed  when t h e  ver t ical  s l i d e r  has  an upward movement of 
12 inches and downward of 6 in.  This  i s  measured from t h e  
operator 's  hand (forward) wi th  t h e  elbow bent  90" (about 
waist level). - + 45" measured from v e r t i c a l .  

Pure Z t r a n s l a t i o n s  are made by pos i t ion ing  
X and Y ( f o r e / a f t  and 

Th$ PsBl base gimbal t r a v e l  need not  exceed 
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Figure V-17a 6-DOF Ver t i ca l  S l i d e r  Pos i t ion  Con t ro l l e r  Front  Mounted 
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3. Mounting p o s i t i o n  of t h i s  c o n t r o l l e r  concept i s  not  
critical. It can be f l o o r  mounted, from a bracke t  off  t h e  
opera tor ' s  console o r  from t h e  ope ra to r ' s  r e s t r a i n t .  
be used i n  any p o s i t i o n  i n  r e l a t i o n  t o  t h e  opera tor ,  i.e., 
r i g h t  o r  l e f t  handed o r  i n  t h e  center .  From a n  ope ra to r ' s  
s tandpoint  and consider ing t h e  present  S h u t t l e  design, a 
mounting p o s i t i o n  d i r e c t l y  i n  f r o n t  of t h e  opera tor  appears  
best .  

It can 

4. The con t ro l  g r i p  movement volume need not exceed a 
2 x 2 x 2 f t  volume i n  f r o n t  of t h e  operator.  The Y t r a n s -  
l a t i o n  dimensions need not  exceed t h e  ope ra to r ' s  shoulder 
width. 

5. The operator  should be i n  e i t h e r  a s tanding o r  
semi-standing (knee's bent )  pos i t ion .  A sea t ed  p o s i t i o n  
i n t e r f e r e s  with t h e  c o n t r o l l e r  movement volume. 

6. The c o n t r o l l e r  g r i p ,  Figure V-20, should be a f u l l  
s ized  p i s t o l  g r i p  type,  similar t o  those used i n  a i r c r a f t .  
Minimum s i z e  should be approximately 4-1/2 in .  long wi th  an 
ova l  c ros s - sec t ion  measuring at least 1 x 1-1/2 in .  The g r i p  
should con ta in  several switches f o r  system cont ro l .  

Those r equ i r ed  are: 

a. A rocker  switch f o r  te rmina l  device opening and c los ing .  

b, Indexing push button. 

c, 2 or  3 pos i t i on  s e l e c t o r  switch f o r  control ler /mani-  
pu la tor  r a t i o  s e l e c t .  

Addit ional  con t ro l  may include: 

a. Camera pan / t i l t  

b. Camera lens  zoom 

c, Camera select 

d, Light ing 
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Recommended 'Mani pu lat or  System C h a r a c t e r i s t i c s  

A, A s  d i scussed  earlier a range of man ipu la to r / con t ro l l e r  
movement r a t i o s  of 25:l t o  4:l were found t o  be t h e  most 
d e s i r a b l e  from an ope ra to r ' s  s tandpoint ,  and r e l a t e d  t o  t h e  
t a s k s  evaluated. Since t h e s e  t a sks  were extremes, worst  
case,  i t  i s  f e l t  t h a t  t h e s e  end poin ts  are accurate  f o r  t h e  
f u l l  gamut of manipulator tasks ,  

B. The system must allow t h e  c o n t r o l l e r  t o  be indexed 
r a p i d l y ,  t o  any p o s i t i o n  i n  t h e  movement volume. 

C, Manipulator c o n t r o l l e r  a x i s  alignment with the  v i s u a l  
system i s  mandatory. 

D. Two TV monitors are r equ i r ed  f o r  t h e  operator ,  One f o r  
a d e t a i l e d  view and one f o r  an o v e r a l l  scene. 
cameras on a monitor during a s p e c i f i c  t a s k  i s  d i s t r a c t i n g  
and undesirable .  

Switching 

E. 
v i s u a l  a i d s  are requ i r ed  t o  a i d  t h e  operator  during alignment 
t a s k s  and h e l p  determine p o s i t i o n s  i n  the  X d i r e c t i o n .  
s imulat ions showed t h a t  a s tandoff  c ross  w a s  r equ i r ed  t o  
accu ra t e ly  p o s i t i o n  t h e  TD i n  a receptacle. 
such as m i r r o r s ,  perpendicular  l i n e s  and v e r t i c a l  f e e l e r s  were 
eva lua ted  wi th  some success.  

Unless s t e r e o  TV i s  used or a s i d e  view i s  provided, 

Our 

Various methods 
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VI, DYNMICS 

There are two primary ob jec t ives  f o r  conducting a dynami- 
c a l  a n a l y s i s  of an Attached Manipulator System. The f i r s t  i s  
t o  ga ther  bas i c  design d a t a  such as t h e  torque and load re- 
quirements a s soc ia t ed  wi th  t h e  va r ious  manipulator t a s k s ,  and 
the  second i s  t o  ob ta in  a mathematical d e s c r i p t i o n  of t h e  per-  
t i n e n t  dynamical ( f l ex ib l e  body) phenomena of t he  AMs. The 
second ob jec t ive  i s  necessary f o r  t h e  con t ro l  system des ign  
and any s imulat ions o r  demonstrations of AMS dynamical be- 
havior.  

The AMs dynamics e f f o r t  i s  d iv ided  i n t o  th ree  paral le l  
programs: (1) a genera l ized  r i g i d  body dynamics model t o  
o b t a i n  t h e  prel iminary design d a t a  (torques and loads)  f o r  
t he  AMs,  (2) a v ib ra t ions  ana lys i s  t o  study t h e  mode shapes 
and frequencies  of t he  ANS as it v i b r a t e s  about a p a r t i c u l a r  
equi l ibr ium pos i t i on ,  and (3) a modif icat ion of a genera l ized  
n-body d i g i t a l  computer program previously developed by Martin 
Marietta. The t h i r d  program i s  capable of s imula t ing  t h e  
f l e x i b l e  behavior of t h e  AMs as t h e  j o i n t s  undergo l a rge  non- 
l i n e a r  excursions and i s  being used t o  examine t h e  i n t e r a c t i o n  
between t h e  c o n t r o l  system and the  f l e x i b l e  a r m .  

Sect ion A of t h i s  chapter  i s  devoted t o  t h e  r i g i d  body 
analyses  including t h e  development of t h e  mathematical model 
and corresponding computer program. Resul t s  f o r  a number of 
payload deployment t a s k s  are presented, and these  are used t o  
arrive a t  t h e  j o i n t  torque requirements f o r  t h e  AMs. 

Sect ion  B conta ins  a d i scuss ion  of two v i b r a t i o n  analyses  
of t h e  AMS a long with r e s u l t s  based on prel iminary des ign  da ta .  

Sec t ion  C i s  devoted t o  t h e  genera l ized  n - f l ex ib l e  body 
computer program, and a s impl i f i ed  payload handl ing t a s k  i s  
used t o  compare t h e  r i g i d  and f l e x i b l e  behavior of t h e  AMs. 

F i n a l l y ,  t h e  f ind ings  of t h i s  work are summarized i n  
Sect ion D along wi th  some recommendations f o r  f u t u r e  work. 
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A, R I G I D  BODY ANALYSIS Jc 

For purposes of ob ta in ing  load requirements and s imula t ion  
f a c i l i t y  des ign  requirements,  t h e  AMS w a s  modelled as s i x  
interconnected r i g i d  bodies. Throughout t h e  ana lys i s ,  s u f f i -  
c i e n t  g e n e r a l i t y  was maintained t o  a r r i v e  at a s ing le  set of 
equat ions desc r ib ing  both t h e  S h u t t l e  Attached Manipulator 
System (SAMS) and t h e  ear th-based Attached Manipulator System. 
To maintain con t inu i ty ,  t h e  desc r ip t ion  of t h e  genera l ized  AMS model 
and a d e t a i l e d  d e r i v a t i o n  of t h e  equat ions of motion are contain-  
ed i n  Appendix A. 

1. Computer Propram 

The equat ions developed i n  Appendix A c o n s t i t u t e  t h e  main body of 
a d i g i t a l  computer s imula t ion  which i s  programmed t o  c a l c u l a t e  
pe r t inen t  des ign  d a t a  assoc ia ted  with var ious  AMS t asks ,  
u t i l i t y  of t h i s  program i s  b e s t  descr ibed i n  terms of i t s  input  
and output. 

The 

F i r s t ,  one s e l e c t s  t h e  appropr ia te  geometry and i n e r t i a  

Next, a p a r t i c u l a r  t a s k  i s  chosen and included i n  t h e  

F ina l ly ,  t h e  use r  can spec i fy  any set of ex- 

p rope r t i e s  desc r ib ing  a payload and e i t h e r  t h e  SAMs or  t h e  
AMs, 
program by means of t i m e  dependent func t ions  f o r  t h e  var ious  
j o i n t  angles ,  
t e r n a l  f o r c e s  and torques a c t i n g  on any or  a l l  the  bodies i n -  
volved ( g r a v i t a t i o n a l  fo rces  are automatical ly  included simply 
by spec i fy ing  t h e  components of t he  g r a v i t y  vec to r  i n  i n e r t i a l  
space 1. 

When t h e  computer program i s  used t o  s imula te  the  SAMS, 
t h e  primary output c o n s i s t s  of ;  
a c t i n g  on t h e  SAMS, Shu t t l e ,  and payload; j o i n t  motor torques 
requi red  t o  execute  t h e  SAMS t a s k ;  and f i n a l l y ,  t he  S h u t t l e  
motion which i s  induced by t h e  SAMS task ,  By exe rc i s ing  t h e  
opt ion  t o  inc lude  e x t e r n a l  fo rces  and torques ( in  p a r t i c u l a r ,  
t h e  ACS t h r u s t e r s  on t h e  S h u t t l e )  t h i s  program can e a s i l y  be 
used t o  s tudy t h e  i n t e r a c t i o n s  between t h e  S h u t t l e  ACS and t h e  
motion of t h e  SAMS, 

i n t e r a c t i o n  fo rces  and torques 

When t h e  program i s  appl ied  t o  t h e  AMs, t h e  output i s  t h e  
same as f o r  t h e  space vers ion ,  wi th  one exception: 
of t h e  S h u t t l e  i s  replaced by t h e  fo rces  and torques a c t i n g  
on t h e  ground-based support  s t r u c t u r e  of t h e  AMS. I n  t h i s  
case, s e l e c t i o n  of appropr ia te  e x t e r n a l  fo rces  and torques 
(or simply by misal igning t h e  g rav i ty  vec to r  from t h e  v e r t i -  
cal), t h e  computer program can be used t o  s tudy the  e f f e c t s  

Jc The work presented i n  t h i s  Sect ion was performed u n d e r  I n -  
dependent Research and Development Task No. D - 0 5 R  e n t i t l e d  
"Teleoperator Manned Concroi ana Ivilse ion Simulation". 

t h e  motion 
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of pe r tu rba t ions  f o r c e s  due t o  imperfect ions i n  t h e  s imulat ion 
f a c i l i t y ,  such as f l o o r  s lope  o r  air  bear ing drag forces .  

2, Check Cases 

Before applying t h e  r i g i d  body program t o  AMs behavior ,  it 
was v a l i d a t e d  by means of s e v e r a l  check cases. It was decided 
t o  d iv ide  t h e  check cases  i n t o  two groups: 
t he  presence of e x t e r n a l  fo rces  and torques  and those  t h a t  do, 
For t h e  f i r s t  group of check cases ,  a11 but  one of t h e  gimbal 
angles  of t h e  AMs a r e  he ld  f ixed  and the  remaining one i s  pre- 
s c r ibed  as a func t ion  of t i m e .  
choice of i n e r t i a  p rope r t i e s )  t h e  p lanar  motion of two i n t e r -  
connected r i g i d  bodies ;  t h e  motion of one body relative t o  t h e  
o ther  being prescr ibed.  
w i l l  induce a motion of t h e  second body relative t o  i n e r t i a l  
space. 
and wi th  i t ,  one can e a s i l y  determine t h e  j o i n t  f o r c e s  and 
torques  which are developed between t h e  two bodies.  Now i t  is  
p r e c i s e l y  t h e  computation of t h e  motion induced i n  t h e  S h u t t l e  
by the  AMs prescr ibed  motion and, wi th  i t ,  t h e  computation of 
j o i n t  fo rces  and torques t h a t  i s  t h e  primary func t ion  of t h e  
r i g i d  body AMs computer program. Thus, by p resc r ib ing  t h e  
motion of one gimbal a t  a t i m e  and repea t ing  t h i s  f o r  a11 of 
t h e  AMs j o i n t s ,  one can check out t h e  accuracy of t h e  computer 
program f o r  a l l  poss ib l e  AMs motions. 

those  not  involving 

This  r e s u l t s  i n  (by proper 

This  r e l a t i v e  motion of t h e  two bodies 

The s o l u t i o n  f o r  t h i s  motion i s  known (see Reference 3 ) ,  

For motion involving e x t e r n a l  fo rces  and torques,  two check 
cases were used. 
and ass igning  e s s e n t i a l l y  i n f i n i t e  i n e r t i a  p r o p e r t i e s  t o  t h e  
s i x t h  body. The j o i n t  angles  were a l l  f ixed  thereby r e s u l t i n g  
i n  a s i m p l e  statics problem of t h e  AMs f i x e d  t o  t h e  ground, It 
w a s  then  an easy m a t t e r  t o  compute the  j o i n t  fo rces  and torques 
t o  compare wi th  those pred ic ted  by t h e  computer program, 

The f i r s t  involved spec i fy ing  a g r a v i t y  vec tor  

To check the  accuracy of t he  program t o  p r e d i c t  t h e  motion 
of t h e  S h u t t l e  caused by e x t e r n a l  f o r c e s  and torques a c t i n g  on 
both t h e  AMs and t h e  Shu t t l e ,  a l l  s i x  of t h e  bodies were model- 
l ed  as spheres  of equa l  diameter and m a s s ,  ac ted  upon by ex- 
t e r n a l  f o r c e s  and torques. The j o i n t  angles  were f ixed  a t  
va lues  such t h a t  t h e  s i x  spheres occupied a c m o n  c e n t e r  re- 
s u l t i n g  i n  t h e  problem of a s i n g l e  r i g i d  body ac ted  upon by 
e x t e r n a l  f o r c e s  and torques.  Because of t h e  s p h e r i c a l  symmetry 
it i s  a s t ra ight - forward  matter t o  determine t h e  body components 
of t h e  angular  ve loc i ty .  
s o l u t i o n  of t he  k inemat ica l  equat ions (the a t t i t u d e  angles)  i t  

Rather than  appea l  t o  t h e  c l a s s i c a l  
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was easier t o  so lve  them by numerical  i n t e g r a t i o n  and compare 
these  r e s u l t s  w i th  those  of t h e  r i g i d  body program. 

It i s  noted he re  t h a t  exac t  agreement between a l l  of t h e  
check cases and t h e  corresponding computer s o l u t i o n s  w a s  ob- 
ta ined .  

3.  I n e r t i a  P rope r t i e s  

I n  a r r i v i n g  a t  t h e  i n e r t i a  p rope r t i e s  f o r  t h e  AMS, a sep-  
arate computer program w a s  developed t o  optimize t h e  APE 
counterbalance design. 
a n a l y s i s  are descr ibed i n  d e t a i l  i n  Chapter I V .  The AMs model 
shown i n  Figure IV-39 served as t h e  b a s i s  f o r  computing t h e  
i n e r t i a  p r o p e r t i e s  f o r  use  i n  t h e  r i g i d  body dynamics program. 
Once aga in ,  a computer programwas developed f o r  t h i s  purpose. 
The inpu t s  t o  t h i s  program are t h e  q u a n t i t i e s  def ined i n  
Figure IV-39 and t h e  output  c o n s i s t s  of t h e  masses, p r i n c i p a l  
moments of i n e r t i a  and t h e  hinge vec to r s  def ined  i n  Appendix 
A. Using t h e  des ign  d a t a  contained i n  Chapter I V ,  t h e  input  
da t a  f o r  t h e  r i g i d  body dynamics program are shown i n  Table 
V I - 1 .  Note t h a t  t h e  da t a  f o r  t h e  SAMS r e f l e c t  t h e  absence 
of t h e  counterbalance and t h e  presence of t h e  S h u t t l e  (bodies 
1 and 6 ,  r e spec t ive ly ) .  On t h e  o the r  hand, t h e  AMS da ta  
inc ludes  the  2900 l b  counterbalance and t h e  steel connecting 
rods (see Chapter I V ) .  
pert ies of body 6 i n  t h i s  case, are used t o  e f f e c t i v e l y  f i x  
t h e  AMS t o  an  i n e r t i a l  platform. 
body 5 r ep resen t s  a 15 f t  diameter,  60 f t  long, 65,000 l b  
cy l i n d r  i ca 1 pay 1 oad. 

This  program and t h e  corresponding 

The l a rge  va lues  f o r  t h e  i n e r t i a  pro- 

I n  both cases, t h e  d a t a  f o r  

V I - 4  
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0 

0 

0 

0 

x 2 3 4 5 6 
4 

6 
7 
7 

1 x 10 
2.3 x 10 
1.51 x 10 
1.51 x 10 

3 
4 
5 
5 

13. 74 3.33 1.55 2.02 x 10 
4.01 . 781 0,109 5.67 x 10 

644. 127 1.22 6.35 x 10 
644. 127 1.22 6.35 x 10 

M A  

I x  1 

11 

0 

I X 2  

5 3  

21 22 23 33 34 44 45 55 62 

-4.84 -4.84 13.6 -5.78 12.7 -1.5 1.5 0 -32,8 

0 0  0 0 0 0 0 0 0 10.0 

0 0  0 0 0 0 0 0 -7.50 -17.8 

x 1 2 3 

90.9 29.6 3.33 MA 
116 6.73 2.53 
116 1.24 x 10 1.29 x lo2 
28.7 1.24 x 10 1.29 x lo2 

5 1  3 

IX2 3 
IA3 

(a) SAMS DATA 

#..I 

4 5 6 
10 

10 
10 

10 

1 x 10 
1 x 10 
1 x 10 
1.x 10 

3 
4 
5 
5 

1.55 2.02 x 10 
0,109 5.67 x 10 

6.35 x 10 1.22 
6.35 x 10 1.22 

2 
Mass M (Slugs) and P r i n c i p a l  Moments of I n e r t i a  IPli (Slug-Ft ) 

c 

X j  11 21 22 23 33 34 44 

1 .527 -6.86 -4.42 14.1 -5.78 12.7 -1.50 
K 2  0 0 0 0 0 0 0 

3 0  0 0 0 0 0 0 

1 

45 55 62 

1-50 0 -32.8 
0 0 10.0 
0 -7-50 -17.8 

(b) AMs DATA 
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4. Resul t s  of Rigid Body Dynamics Analysis 

I n  order  t o  determine t h e  dynamic torque requirements f o r  
t h e  AMS it w a s  decided t o  i n v e s t i g a t e  s e v e r a l  90' deployment 
t a s k s  of t h e  65,000 l b  payload. These t a s k s  are i l l u s t r a t e d  
i n  Figure V I - 1 .  

The i n e r t i a  p rope r t i e s  of t h e  payload and s h u t t l e  are those 
f o r  bodies  5 and 6 i n  Table V I - l ( a ) ,  For s impl i c i ty ,  it w a s  
assumed t h a t  t he  payload and s h u t t l e  mass cen te r  are i n i t i a l l y  
coincident ,  and t h e  long i tud ina l  a x i s  of t he  payload i s  i n i -  
t i a l l y  parallel  t o  t h e  r o l l  ax i s  of t he  s h u t t l e .  The loca t ion  
of t h e  shoulder j o i n t  r e l a t i v e  to t he  s h u t t l e  mass cen te r  i s  
given by i n  Table V I - l ( a ) .  F i n a l l y ,  it i s  presumed t h a t  62 t h e  w r i s t  extension i s  perpendicular t o  t h e  long i tud ina l  a x i s  
of t h e  payload and t h e  a t t a c h  point  is  d i r e c t l y  above t h e  
payload m a s s  cen te r ,  

Under t h e  foregoing assumptions, t h e  i n i t i a l  con f igu ra t ion  
of t he  AMS is  def ined by the  following j o i n t  angles  (see 
Appendix A f o r  d e f i n i t i o n  of j o i n t  angles ) :  

Q21 = Q23 = 0, Q22 = -12. 1' 

- Q13 - 'J33 = -32.8' 

841 = 0, Q42 = -77.4", Q43 = 32.8' 

A11 of t h e  j o i n t  angles  wi th  the  except ion of t h e  shoulder 
p i t ch  angle  (0 ) are maintained a t  t h e i r  i n i t i a l  values .  The 
shoulder p i t ch  angle  i s  increased by 90' during t h e  payload 
deployment. The ne t  r e s u l t  i s  t h a t  t h e  payload m a s s  cen te r  
moves on a c i r cu la?  arc in-the s h u t t l e  p i t c h  plane.  

and 8 are prescr ibed  such t h a t  t h e  h i s t o r i e s  of 8 
t a n g e n t i a l  v e l o c i t y  of t h e  payload mass cen te r  assumes t h e  
p r o f i l e  i l l u s t r a t e d  i n  Figure V I - 1 .  I n  each case, t h e  payload 
moves through t h e  same 90' arc. What d i s t i n g u i s h e s  one t a s k  
from another is  the  t a s k  t i m e ,  TT, during which t h e  maneuver 
must t ake  place; and t h e  d i s t ance  t r a v e l e d  while  braking t h e  
payload t o  a stop. (It i s  assumed t h a t  t h e  acce le ra t ions  
during t h e  i n i t i a l  and f i n a l  s t ages  of motion are equal  i n  
magnitude and opposi te  i n  d i r ec t ion ) .  Task t i m e s  of 3,  5 

22 

The t i m e  
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and 7 min. were inves t iga t ed ,  and f o r  each of t hese ,  s topping 
d i s t a n c e s  of 1.0, 1.5, 2.0, and 3.75 f t  were assumed. 

The payload and shoulder p i t c h  motion f o r  t he  3 min. t a s k  
t i m e  and t h e  2 f t  s topping d i s t ance  are shown i n  Figures  V I - 2  
and V I - 3 .  The motion induced i n  t h e  s h u t t l e  during t h i s  t a s k  
i s  shown i n  Figure V I - 4 ,  
approximately 7' dur ing t h e  payload deployment. 

It is  noted t h a t  t h e  s h u t t l e  p i t ches  

The t a s k  descr ibed above was repea ted  once wi th  t h e  s h u t t l e  
assumed f ixed  i n  i n e r t i a l  space and again f o r  t h e  counterbalanced 
AMs a t t ached  t o  an  i n e r t i a l  platform wi th  t h e  d i r e c t i o n  of 
g r a v i t y  perpendicular  t o  t h e  p i t c h  plane. The requi red  p i t c h  
j o i n t  torques a t  t h e  shoulder ,  elbow, and w r i s t  f o r  t h e  f i r s t  
two cases are shown i n  Figure V I - 5 .  The j o i n t  torques f o r  t h e  
counterbalanced AMS a r e  i l l u s t r a t e d  i n  Figure V I - 6 .  Comparison 
of t h e  j o i n t  torques shows t h a t  t h e  torques requi red  t o  execute  
t h e  t a s k  us ing  t h e  counterbalanced AMs i s  almost i d e n t i c a l  t o  
those  r equ i r ed  when t h e  SAMs i s  a t t ached  t o  an i n e r t i a l l y  f ixed  
s h u t t l e .  However, both of  t hese  cases requ i r e  approximately 
2 5 %  more torque over those  requi red  t o  execute  t h e  same t a s k  
when t h e  manipulator i s  a t tached  t o  a f r e e  s h u t t l e .  The con- 
c lus ion  t o  be drawn i s  t h a t  more torque w i l l  be r equ i r ed  t o  
execute  a t a s k  on t h e  ground (using t h e  counterbalanced AMS) 
than  w i l l  be r equ i r ed  t o  execute t h e  same t a s k  i n  space (using 
t h e  SAMs a t t ached  t o  a f r e e  s h u t t l e ) .  The amount of e x t r a  
torque requi red  w i l l  be d i r e c t l y  propor t iona l  t o  t h e  m a s s  of 
t h e  payload f o r  a p a r t i c u l a r  task .  

The torques requi red  during a l l  of t h e  t a s k s  (using t h e  
counterbalanced AMs) are s u m r i z e d  i n  Figure V I - 7 ,  where they 
are p l o t t e d  as func t ions  of s topping d i s t a n c e  (i.e., t h e  d i s -  
t ance  t r ave r sed  by t h e  payload during t h e  braking phase of t h e  
maneuver). 
requirements def ined  as those  requi red  t o  e x e r t  a 30 l b  s ta t ic  
t i p  fo rce  ( t angen t i a l  d i r e c t i o n )  when t h e  AMS i s  f u l l y  extended. 
Comparison of t h e  t h r e e  curves shows t h a t  t h e  w r i s t  j o i n t s  
r e q u i r e  t h e  g r e a t e s t  i nc rease  i n  torque over t h e  s ta t ic  
requirement.  
shoulder  j o i n t .  

Also shown i n  these  graphs are t h e  s t a t i c  torque 

This  e f f e c t  diminishes  i n  t h e  d i r e c t i o n  of the  

F i n a l l y ,  us ing  t h e  5 min. deployment t i m e  and t h e  2 f t  
s topping d i s t ance  as de f in ing  t h e  dynamic torque requirement,  
t h e  s t a t i c  torque requirements and dynamic torque requirements 
are shown i n  Figure V I - 8  along wi th  t h e  j o i n t  torques s e l e c t e d  
t o  m e e t  both of t hese  requirements.  
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STAT1 C TORQUE REQU I REMENT 

Arm Fully Extended - 30 Lb Tip 
Force 

S hou lder 1200 Ft -Lbs 
645 Ft-LbS 

Wrist 90 Ft -Lbs 

JOINT TORQUE 
SELECTION 

DYNAMIC TORQUE 
REQU I REMENT 

5 Min. Deployment Time 
2-Ft Stopping Distance 

S hou lder 102 8 Ft -Lbs 
646 Ft -Lbs 

Wrist 296 Ft -LbS 

Shoulder 1200 Ft-Lbs 
Elbow 650 Ft-LbS 
W r is2 300 Ft -LbS 

Figure VI-8 Joint Torque Selection 
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B, V I B U T I O N  ANALYSIS 

The reasons f o r  conducting a v i b r a t i o n  a n a l y s i s  of t h e  AMS 
are twofold. F i r s t ,  one concerned wi th  designing a c o n t r o l  
system f o r  t he  AMS (including a c t i v e  damping techniques) ,  would 
b e n e f i t  from the  knowledge of mode shapes and frequencies  of 
the  AN3 as it v i b r a t e s  about an equi l ibr ium pos i t i on ;  and second, 
such a s tudy provides the  elastic behavior of t h e  major AMS 
segments f o r  use i n  the  nonl inear  dynamic response program 
(see Sec t ion  c ) . 

The f i r s t  of t hese  ob jec t ives  i s  achieved by analyzing the  
AMS as a s i n g l e  s t r u c t u r e  including the  elastic c o n s t r a i n t s  a t  
t h e  j o i n t s .  
c a l l e d  a coupled v i b r a t i o n  ana lys i s .  The second goal  i s  rea- 
l i z e d  by examining the  major components of t h e  AMs sepa ra t e ly  
without  regard t o  the  f l e x i b i l i t y  a t  t h e  j o i n t s .  This type of 
ana lys i s  w i l l  be r e f e r r e d  t o  as an uncoupled v i b r a t i o n  ana lys i s .  

I n  what fol lows,  t h i s  type of a n a l y s i s  w i l l  be 

I n  t h e  e a r l y  s t ages  of t h i s  con t r ac t  a coupled v i b r a t i o n  
a n a l y s i s  was conducted of an  AMS design concept involving a 
f l e x i b l e  Elg i loy  tape  as t h e  means by which torque i s  t r ans -  
mi t ted  from t h e  elbow motor t o  t h e  counterbalance m a s s .  La te r ,  
an uncoupled v i b r a t i o n  a n a l y s i s  was performed with t h e  Elg i loy  
tape  being replaced by pivoted steel rods.  
v e s t i g a t i o n s  are presented i n  what follows. 

Both of t hese  in -  

1. Coupled Vibrat ion Analysis of AMs wi th  Elg i loy  Tape 

a. Mathematical Model and Phys ica l  Constants - Elements 
of t h e  mathematical model are shown schematical ly  i n  Figure 
VI-9 f o r  t h e  counterbalanced AMs. The AMS i s  shown wi th  t h e  
a r m  extended a f t  and parallel t o  t h e  o r b i t e r  l ong i tud ina l  ax i s .  
Each element has bending, t o r s i o n a l ,  and a x i a l  compliance i n  
add i t ion  t o  d i s t r i b u t e d  mass and i n e r t i a l  p roper t ies .  
po in ts  have s i x  degree of freedom and t h e  geometry i s  def ined 
p rec i se ly  i n  Table VI-2. 
a s i m p l e  counterbalanced model without Nodes G, H, I, and J. 
Elements G - I  and J - D  are r i g i d  elements represent ing  pul leys  
of t he  counterbalanced system and element I-J rep resen t s  t h e  
Elg i loy  tape.  
whereas, t h e  pul ley  a t  Node G i s  connected t o  the  second 
counterbalance a r m  only. 
cannot be t ransmi t ted  between elements C-G and G-H. The t a p e  
i s  allowed t o  experience both t ens ion  and compression t o  t ake  
advantage of counterbalance symmetry. 

Node 

The model of t h e  space vers ion  i s  

The pul ley  a t  Node D i s  i n t e g r a l  t o  t h a t  j o i n t ;  

Bending moment about t h e  Y a x i s  

VI-  16 
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T a b l e  V I - 2  Degree of Freedom Table 

T X  

59 
28 
22 

16 

10 

40 
34 
46 
52 

Node 
Ident 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

TY 

60 

29 

23 
17 
11 

4 5  
41 

35 

47 
53 

- 
X 

56 
25 

19 

13 

7 
1 
37 
31 

43 
49 

- 
61 
30 
24 
18 

D e  
7 

Y 

57 
26 
20 
14 

8 
2 

38 
32 

44 
50 

- 
0. 

0 .  

0 .  

162.0000 

’ee of Freedom I Node Location (in.) 

60.0000 
60.0000 
0. 

0. 

- 
Z 

58 

27 
21 

15 

9 
3 
39 

33 
45 
51 

- 

- 

0 .  

128.0000 

128.0000 
128.0000 

GJ 
(1b-ine2) 
100000.0 

100000 0 

926.4 
352 .O 

100000.0 

926.4 

926.4 
100000.0 
100000.0 

1.0 

AE 
( lb)  

100000.0 

100000.0 

139.74 
52.75 

100000 * 0 

139.74 

139.74 
l U l J C  “0.0 

100000.0 

1.5557 

48 
54 

Member 

A-B 

B-C 

C-D 

D-E 

E-F 

C-G 

G-H 

G-I 
D-I 

I-J 

360 .OOOO 

450.0000 
-27.7200 

-39.9 600 
-27.7200 
1162.0000 

X 
E 1  

(lb-in. ’) 

100000.0 

100000.0 
--- 
I- 

--- 
--- 
--- 

100000.0 

100000.0 

--- 

100000 0 
--- 
1239.1 

470.8 
100000 .o 
1239.1 
1239.1 

100000.0 
100000.0 

I 1.0 

0 .  

0 .  

0 .  

0 .  

0 .  

0 .  

-_- 
100000.0 

1239.1 

470.8 
100000.0 

1239.1 

1239.1 
--- 
--- 
1.0 

128.0000 
128 .0000 
128.0000 

128.000 

132.0000 
132.0000 
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S t i f f n e s s  parameters, based on prel iminary design da ta ,  f o r  
each component beam are given i n  Table VI -3 .  Because the  
members support ing the  counterbalance weights are undefined, 
t h e i r  s t i f f n e s s e s  were assumed i d e n t i c a l  t o  those f o r  t he  
upper arm. S t i f f n e s s e s  of t he  deployment/support mechanism, 
pul ley  elements , and payload attachment element were assumed 
r i g i d  r e l a t i v e  t o  the  rest of t h e  s t r u c t u r e .  Bending and 
t o r s i o n a l  s t i f f n e s s  of t he  t a p e  i s  neg l ig ib l e .  The Elg i loy  
tape w a s  assumed t o  be 2 i n .  wide and t o  be i n  t ens ion  over 
a 237.6 i n .  length (96 i n .  s i n g l e  layer  over t he  pul leys  and 
a 141.6 in .  t r i p l e  l ayer  between t h e  pul leys) .  Tape s t i f f n e s s  
(K) i s ,  then,  8200 l b / i n .  f o r  a n  e l a s t i c  modulus of 29.5 x 
l o6  p s i .  A s  defined i n  the  model, t h e  t a p e  i s  only 189.72 in .  
long; t he re fo re ,  t he  equiva len t  AE value i s  equal  t o  t h a t  
length t i m e s  t he  s t i f f n e s s .  Because j o i n t  d r ives  and gear  
t r a i n s  a r e  not def ined f o r  t h i s  conf igura t ion ,  they are assum- 
ed t o  be s i m i l a r  t o ,  but  s t i f f e r  than, those defined i n  
Reference 1. That study recommended harmonic dr ives  (USMJ; 
SMM a t  t h e  shoulder and elbow and USM #2M f o r  the  w r i s t  j o i n t s ) .  
S t i f f n e s s  of t he  j o i n t s  i s  assumed t o  be four  times the  s t i f f -  
ness  spec i f i ed  f o r  harmonic dr ive  assemblies i n  Reference 3. 
The s t i f f n e s s  va lues  are: 
shoulder and elbow j o i n t s  and 1.88 x lo6 in . - lb / r ad  f o r  t h e  
w r i s t  j o i n t s .  For ease i n  modeling, compliances f o r  t he  th ree  
shoulder j o i n t  mechanisms were a l l  assumed t o  be located i n  t h e  
upper a r m ,  2-1/2 i n .  outboard of t he  deployment boom cen te r l ine .  
The o r i e n t a t i o n  of t h e  arm was assumed such t h a t  t h e  elbow d r ive  
acts i n  p i t ch .  Wrist mechanisms are: P i tch  a t  X Sta 162, yaw 
a t  X S t a  180, and r o l l  a t  X S t a  185.5. 

3.36 x lo6  in . - lb / r ad  f o r  t he  

Mass and i n e r t i a  da t a  are def ined i n  Tables VI-4 and VI-5. 
D i s t r ibu ted  i n e r t i a s  were based on upper a r m  and forearm 
outs ide  diameters of 1 2  in .  and w a l l  th ickness  of 0.1785 
and 0.0827 in .  , respec t ive ly .  D i s t r ibu ted  mass was chosen 
a r b i t r a r i l y  f o r  t he  deployment boom/support and was considered 
neg l ig ib l e  f o r  t he  counterbalance mechanism. The outboard counter- 
balance weight w a s  chosen s o  t h a t  i t s  moments about Node G ba l -  
anced t h e  forearm and w r i s t  g r av i ty  moment about Node D. 
o ther  counterbalance weight was chosen s o  t h a t  i t  and t h e  out-  
board counterbalance weight would balance t h e  g r a v i t y  moment of 

The 

J; United Shoe Machinery Corporation. 
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t h e  t o t a l  arm.  The payload i n e r t i a s  were def ined  t o  o r i e n t  t h e  
payload wi th  i t s  long i tud ina l  a x i s  parallel  t o  t h e  2 axis .  The 
i n e r t i a s  were based on a homogeneous c i r c u l a r  cy l inde r  (15 x 
50 f t ) .  

b. Analysis - The a n a l y s i s  cons is ted  of developing t h e  
homogeneous equat ions of motion and so lv ing  them f o r  t h e  mode 
shape vec to r s  and modal f requencies .  The s o l u t i o n s  were ob- 
t a ined  w i t h  t h e  use of t h e  Martin Marietta computer program 
VIB3, VIB3 was a l s o  used t o  form t h e  mass and s t i f f n e s s  m a t r i -  
ces. 

Solu t ions  were obtained f o r  both the  counterbalanced (CB) 
and the  space ve r s ion  of t he  AMs i n  four  conf igura t ions  (a 
t o t a l  of e i g h t  so lu t ions ) ,  
and cons i s t  of both loaded and unloaded conf igura t ions ,  each 
wi th  t h e  a r m  f u l l y  extended along t h e  X a x i s  and wi th  t h e  
elbow r o t a t e d  90' up. 

The e i g h t  cases are depic ted  below 

Unloaded Loaded 

90" Elbow Extended 90' Elbow Extended 

Space CB Space  CB Space CB Space CB 

- 

c. Resul t s  - Resul t s  from t h i s  study include:  m a s s  matr ices ,  
s t i f f n e s s  matrices, f l e x i b i l i t y  matrices, genera l ized  m a s s  
matrices, mode shapes, and frequencies.  These d a t a  are s to red  
i n  d e t a i l  on magnetic t a p e  and presented i n  summary form i n  
t h i s  repor t .  The f i r s t  10  n a t u r a l  f requencies  are presented 
i n  Table VI-6 and some se l ec t ed  mode shapes are depic ted  i n  
Figures  VI-10 and V I - 1 1 .  

d, 
Table VI-6, 
t h e  AMs i s  s e n s i t i v e  ( to  some ex ten t )  t o  payload m a s s ,  geo- 
metrical conf igura t ion ,  and counterbalance mechanism. It can 

Discussion - By comparing t h e  f requencies  shown i n  
one can conclude t h a t  t he  dynamical behavior of 
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a l s o  be seen t h a t  payload mass i s  the  most s i g n i f i c a n t  parameter 
and geometry conf igura t ion  t h e  least, It should be noted, h m -  
ever ,  t h a t  a la rge  payload (60,000 lb )  was used i n  the  
loaded cases; and, t he re fo re ,  f o r  t he  smaller payloads, one 
could expect a smaller change i n  f requencies  between the  loaded 
and unloaded cases.  The foregoing observat ions apply t o  both 
the  space and counterbalanced ve r s ions  of t h e  AMs, 

By comparing t h e  frequencies  i n  Table VI-6 f o r  t h e  AMs i n  
t h e  extended, unloaded configurat ion,  i t  can be seen t h a t  t he  
f i r s t  two frequencies  are the  same, but  a new modal frequency 
(lying between t h e  second and t h i r d  frequencies  of t h e  space 

vers ion)  i s  introduced by t h e  add i t ion  of t h e  counterbalance 
mechanism. Further ,  i n spec t ion  of t h e  last  two columns of 
Table VI-6 reveals t h a t  t h e  behavior of t h e  loaded, extended 
conf igura t ion  of t he  AMs i s  more severe ly  a f f ec t ed  by t h e  add- 
i t i o n  of t h e  counterbalance mechanism; i n  t h a t ,  t he  fundamental 
mode of t h e  space ve r s ion  i s  el iminated.  

The s imilar i t ies  and d i f f e rences  i n  behavior of t h e  space 
and counterbalanced vers ions  of t h e  AMS are f u r t h e r  i l l u s t r a t e d  
by t h e  mode shapes depic ted  i n  Figures  VI-10 and VI-11. Figure 
VI-11 i l l u s t r a t e s  t h a t ,  f o r  those frequencies  r e t a ined  by the  
counterbalanced system, t h e  mode shapes of t h e  space and coun- 
terbalanced ve r s ions  i n  t h e  unloaded, extended conf igura t ion  
are very near ly  i d e n t i c a l .  From Figure VI-10 it  can be seen  
t h a t ,  i n  t he  loaded extended conf igura t ion ,  t he  second mode 
o f  t h e  space ve r s ion  i s  i d e n t i c a l  t o  t h e  f i r s t  mode of t he  
counterbalanced AMs, t h e  motion tak ing  place i n  t h e  h o r i z o n t a l  
or  X-Y plane. 
loaded extended conf igura t ion  of t h e  space ve r s ion  of the AMs 
(i,e.,  t h a t  mode which i s  el iminated by t h e  add i t ion  of t h e  
caunterbalance).  

Figure VI-10 a l s o  shows t h e  f i r s t  mode of t h e  

Since t h e  v i b r a t i o n  ana lys i s  presented above w a s  conducted, 
t he  Elg i loy  t a p e  has  been replaced by steel connecting rods ,  
t he  counterbalance mechanism has become b e t t e r  def ined,  and 
s t i f f n e s s  d a t a  has  been obtained f o r  t h e  gear  t r a i n s .  
of these  developments, t he  coupled v i b r a t i o n  a n a l y s i s  should 
be updated t o  r e f l e c t  such design changes. 

I n  l i g h t  

While conducting t h e  uncoupled v i b r a t i o n  a n a l y s i s  (pre- 
sen ted  i n  t h e  next s ec t ion ) ,  i t  became apparent  t h a t  a major 
cont r ibu tor  t o  t h e  d i f f e rences  i n  v i b r a t i o n s  between t h e  SAMs 
aod t h e  AMs w a s  t h e  cons t r a in t  condi t ions  assumed a t  the  
shoulder.  For t h i s  reason, when t h e  v i b r a t i o n  analyses  are 
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updated, g r e a t e r  emphasis should be placed on computing t h e  
s t i f f n e s s  of t h e  support  s t r u c t u r e .  

As mentioned earlier, t h e  uncoupled v i b r a t i o n  s tudy  d e a l s  
wi th  t h e  major components of t h e  AMS as i n d i v i d u a l  s t r u c t u r e s .  
The necessary c o n s t r a i n t s  ( including t h e  f l e x i b l e  j o i n t s )  t o  
properly connect t hese  components are provided €n 
body dynamics program (see Sec t ion  D). The r e s u l t s  of t h i s  
a n a l y s i s  provide a mathematical d e s c r i p t i o n  of t h e  e l a s t i c  
behavior of t h e  corresponding AMs components modelled i n  t h e  
dynamics program, 

t h e  f l e x i b l e  

The uncoupled s t r u c t u r a l  models a r e  shown i n  Figure V I - 1 2 .  
The 18.5 f t  lower arm i s  an aluminum tube with a 1 2  inch d i a -  
meter and a .08 inch wall th i ckness ;  it is  assumed t o  be can- 
t i l e v e r e d  a t  the  elbow. The t i p  of the  lower arm i s  loaded 
wi th  t h e  mass and r e f l e c t e d  i n e r t i a  of t h e  3 f t  w r i s t  connected 
t o  t h e  65,000 lb payload. The length and diameter of t h e  
upper arm i s  i d e n t i c a l  t o  those  of t h e  lower arm; t h e  w a l l  
th ickness  i s  0.18 inch i n  t h i s  case,  The mass and i n e r t i a  of 
t h e  steel connecting rods  between the  elbow and counterbalanced 
elbow are included i n  t h e  model. It was decided t h a t  t h e s e  
rods  do not  con t r ibu te  t o  t h e  bending s t i f f n e s s  of t h e  upper 
a rm.  The upper arm is  assumed c a n t i l e v e r e d  a t  t h e  shoulder 
and i s  loaded a t  t h e  elbow j o i n t  with the  mass and r e f l e c t e d  
i n e r t i a  of t h e  payload, w r i s t ,  and lower arm. F i n a l l y ,  t h e  
counterbalanced upper arm ( to  t h e  l e f t  of t h e  shoulder)  i s  
simply a 29.25 i n  ex tens ion  of t h e  upper arm ( including steel 
rods)  and i s  loaded wi th  t h e  mass and r e f l e c t e d  i n e r t i a  of 
t h e  2900 l b  counterbalance weight. F i n a l l y ,  t o  monitor t h e  
elastic deformations,  both t h e  upper and lower arms were 
assigned 5 re ference  po in t s  as shown i n  Figure VI-12 .  

The f i r s t  t h r e e  f requencies  and modes f o r  t h e  upper and 
lower arms a r e  shown i n  F igures  VI-13 and VI-14, r e spec t ive ly .  
It i s  noted t h a t  t h e  f requencies  corresponding t o  t h e  h igher  
modes are more than  two orders  of magnitude g r e a t e r  than  these. 
It can be seen i n  Figure VI-13 t h a t  t h e  counterbalance upper 
arm does not p a r t i c i p a t e  i n  these  low frequency modes. This 
is  due t o  t h e  s i x  degree of freedom c o n s t r a i n t  a t  t h e  shoulder.  
Thus, f o r  t h e  s t r u c t u r a l  model assumed i n  t h i s  case,  t h e  
counterbalanced and noncounterbalanced ve r s ions  of the-mani- 
pu la to r  w i l l  e x h i b i t  t h e  same v i b r a t i o n a l  c h a r a c t e r i s t i c s .  
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The next section deals with a comparison of rigid and flex- 

The uncoupled vibration data presented above 
i b l e  body behavior of the counterbalanced AMS during a payload 
handling task. 
was incorporated in  the dynamics program to  provide the e last ic  
e f fects  . 

VI- 30 



C, NONLINEAR FLEXIBLE BODY AI?ALYSIS* 

Dynamic response ana lyses  of t h e  AMs is  cu r ren t ly  being p e r -  
formed through a p p l i c a t i o n  of a genera l ized  n-body d i g i t a l  com- 
puter  program developed by t h e  Martin Marietta Corporation. 
The underlying assumption of t h i s  program i s  t h a t  any phys ica l  
system can be r e a l i s t i c a l l y  modelled as an  assemblage of n- 
interconnected bodies,  some o r  a l l  of t h e s e  being f l e x i b l e .  

1. Mathematical Model and Computer Program 

a. Equations of Motion - The equat ions of motion f o r  a n  
ind iv idua l  body are developed th ru  a p p l i c a t i o n  of Lagrange 
equat ions with c o n s t r a i n t s .  The r e s u l t i n g  nonl inear ,  f i r s t  
order  d i f f e r e n t i a l  equat ions include e l a s t i c  c h a r a c t e r i s t i c s  
v i a  normal v i b r a t i o n  modes. These modes are provided by t h e  
uncoupled v i b r a t i o n  ana lys i s  descr ibed i n  s e c t i o n  C. 

Coupling between two o r  more bodies i s  accounted f o r  by 
using Lagrange m u l t i p l i e r s  t o  descr ibe  t h e  kinematic con- 
s t r a i n t  condi t ions .  This formulat ion allows ind iv idua l  bodies 
t o  undergo l a r g e  excursions r e l a t i v e  t o  t h e  o ther  bodies.  The 
n-body system is not  r e s t r i c t e d  t o  t h e  form of a topo log ica l  
tree ; some s i m i l a r  a n a l y t i c a l  techniques which have appeared 
i n  t h e  l i t e r a t u r e  do have t h i s  r e s t r i c t i o n .  

b. S t a t e  Equations - The f i r s t  o rder ,  nonl inear  equat ions 
of motion de f ine  a state space. The state v a r i a b l e s ,  f o r  each 
of t h e  n-bodies are: 

1) Generalized momenta corresponding t o  3 t r a n s l a t i o n s ,  
3 r o t a t i o n s ,  and M e l a s t i c  modes. 

2) Elastic normal coord ina tes  f o r  each of t h e  M modes. 

3 )  I n e r t i a l  p o s i t i o n  and a t t i t u d e  by means of 3 posi-  
t i o n  coord ina tes  and 4 Euler quaternion elements (Buler para- 
meters are used t o  e l imina te  poss ib le  s i n g u l a r i t i e s  t h a t  may 
occur when consider ing l a rge  r e l a t i v e  excursions) .  

Addi t iona l  state v a r i a b l e s  include: 

1) Re la t ive  p o s i t i o n  coordinates  descr ib ing  t h e  a t t i -  
tude of any body wi th  respect t o  any o ther .  

2) Control  system v a r i a b l e s  as def ined by the u s e r ' s  
special c o n t r o l  laws. 
+<The work presented i n  t h i s  Sec t ion  was performed under In- 

dependent Research and Development Task No. D-05R e n t i t l e d  
"Teleoperator Manned Control  and Mission Simulation". 
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c. Numerical I n t e g r a t i o n  - Current ly ,  numerical i n t eg ra -  
t i o n  of t h e  s t a t e  v a r i a b l e  t i m e  de r iva t ives  i s  accomplished 
t h r u  implementation of t h e  4 th  order  Runge-Kutta a lgori thm 
with a f i x e d  t i m e  s t e p .  The p o s s i b i l i t y  of implementing a 
p red ic to r  - cor rec to r  a lgor i thm w i l l  be inves t iga t ed  i n  an  
e f f o r t  t o  reduce computation t i m e .  

d. Users' Options - The d i g i t a l  computer program has  been 
designed t o  be as v e r s a t i l e  as poss ib l e  and the re fo re  several 
opt ions are ava i l ab le  t o  the  user :  

1) Prescr ibed  Externa l  Force/Torque F ie ld  - A pre -  
s c r ibed  t i m e  dependent, e x t e r n a l  force / torque  f i e l d  can be 
appl ied  t o  any of t h e  n-bodies i n  t h e  system. 

2) I n i t i a l  Pos i t ions /Rates  - An ind iv idua l  body may 
be assigned i n i t i a l  condi t ions  descr ib ing  p o s i t i o n  and/or rate. 

3) Rela t ive  Motion - The r e l a t i v e  motion between any 
two bodies can e i t h e r  be prescr ibed  by t h e  use r  as a t i m e  
dependent func t ion  o r  can be con t ro l l ed  by an appropr ia te  
c o n t r o l  l a w .  A u n i v e r s a l  i n t e r f a c e  has  been included i n  t h i s  
program t o  al low the  use r  t o  spec i fy  con t ro l  l og ic  appl icable  
t o  h i s  p a r t i c u l a r  problem. 

e. Applicat ions - The v e r s a t i l i t y  of t h e  genera l ized  com- 
puter  program has  been demonstrated th ru  app l i ca t ion  t o  
s e v e r a l  problems : 

1) A hypo the t i ca l  dua l  s p i n  space s t a t i o n  cons i s t ing  
of a s t a t o r  (hub) and two coun te r ro t a t ing  appendages w a s  
modelled. The bodies were assumed r i g i d  wi th  prescr ibed  
i n i t i a l  rates. 

2) The Skylab TO27 boom, yoke camera experiment 
package w a s  inves t iga ted .  
t h e  yoke and camera were r i g i d .  
motions were inves t iga ted .  Comparison of a n a l y t i c a l  and test 
r e s u l t s  w a s  exce l l en t .  

The boom w a s  considered elastic; 
Both prescr ibed  and con t ro l l ed  

3) The 6-body r i g i d  AMs model descr ibed i n  s e c t i o n  B 
was modelled wi th  r e l a t i v e  motion a t  t h e  j o i n t s  being prescr ibed.  
Exact agreement of t h e  r e s u l t s  from t h e  two programs was ob- 
ta ined.  
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2. Comparison of Rigid and Flex ib le  AMs Behavior 

The f l e x i b l e  body dynamics program descr ibed above w a s  
used t o  ob ta in  a comparison between t h e  r i g i d  and f l e x i b l e  
behavior of t h e  counterbalanced kMs f o r  t h e  same payload 
handling task .  
VI-15 and involves  t h e  65,000 lb  payload wi th  i t s  longi tudi -  
n a l  a x i s  perpendicular  t o  t h e  manipulator a r m s .  The AMS i s  
i n i t i a l l y  f u l l y  extended along t h e  x-ax is ,  and the  shoulder 
and elbow yaw angles  are prescr ibed  i d e n t i c a l  counterclockwise 
r o t a t i o n ,  p, as shown. The r e s u l t i n g  motions of t h e  AMS and 
pay!oad occur e n t i r e l y  i n  t h e  yaw plane. 
of p i s  a l s o  shown i n  Figure VI-15 and r e f l e c t s  a 20 sec 
acce le ra t ion ,  a 60 sec coas t  phase, and a 20 sec braking 
period. The a c c e l e r a t i o n  and braking magnitude of 1.31 x 
10-4 rad /sec2  i s  equiva len t  t o  a 20 l b  t a n g e n t i a l  t i p  f o r c e  
when t h e  arm is  f u l l y  extended. 

The t a s k  considered i s  depic ted  i n  Figure 

The t i m e  h i s t o r y  

Because the  motion takes  place i n  t h e  yaw plane,  only t h e  
fundamental yaw modes shown i n  Figures  V I - 1 3  and V I - 1 4  were 
used t o  provide t h e  f l e x i b l e  body e f f e c t s .  To keep matters 
s i m p l e ,  i d e a l  ( r ig id )  j o i n t s  were assumed f o r  t h e  w r i s t ,  
elbow, and shoulder.  F i n a l l y ,  because t h e  elbow and shoulder 
j o i n t  angles  are prescr ibed  as func t ions  of t i m e ,  t h e  t a s k  
can be thought of as involving an i d e a l  c o n t r o l  system (i.e., 
one t h a t  involves  no delays between commands and response).  

The t r a j e c t o r y  of t he  payload mass cen te r  r e s u l t i n g  from 
t h e  j o i n t  angle  p r e s c r i p t i o n  i s  shown i n  Figure VI-16. The 
payload fol lows t h e  same t r a j e c t o r y  i n  both t h e  r i g i d  and 
f l e x i b l e  cases. This  means t h a t ,  f o r  t h e  f l e x i b l e  case, t h e  
o s c i l l a t i o n s  take  place along the  t r a j e c t o r y .  The d i f f e rences  
between t h e  r i g i d  and f l e x i b l e  motions are more apparent  i n  
Figures  V I - 1 7  and V I - 1 8 .  

Looking f i r s t  a t  t h e  X motion, t h e r e  i s  no pe rcep t ib l e  
d i f f e rence  between the  r i g i d  and f l e x i b l e  case  u n t i l  t h e  j o i n t  
motion has  stopped (at T = 100 sec). Beyond 100 sec, t h e  X 
pos i t i on  of t h e  payload mass cen te r  f o r  t he  f l e x i b l e  AMs 
o s c i l l a t e s  about t h a t  of t h e  r i g i d  case (not shown beyond 100 
sec) .  A s  shown i n  Figure VI-17, t hese  o s c i l l a t i o n s  are approx- 
imately 0.6 i n  peak-to-peak with a frequency of 0.05 Hz 
(20 sec period) .  

Because t h e  motion of t h e  payload i s  predominantly i n  t h e  
P d i r e c t i o n ,  one could expect g rea t e r  d i f f e rences  i n  t h i s  
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coord ina te  when comparing r e s u l t s  f o r  t h e  r i g i d  and f l e x i b l e  
cases .  This  i s  born out i n  Figure V I - 1 8  where  it i s  seen  
t h a t  t h e  Y p o s i t i o n  i n  t h e  f l e x i b l e  case l a g s  by as much 
a s  2. 7 i n  behind t h a t  of t he  r i g i d  cas'e during t h e  acce lera-  
t i o n  phase ( f i r s t  20 sec ) ,  It appears  t h a t ,  between 20 and 
100 sec ,  t h e  Y p o s i t i o n  f o r  t h e  f l e x i b l e  and r i g i d  case  are 
i d e n t i c a l .  There i s  reason t o  be l i eve  however, t h a t  small 
o s c i l l a t i o n s  do occur ( in  the  f l e x i b l e  case)  dur ing  t h i s  phase 
of t h e  t a s k ;  they are simply t o o  s m a l l  t o  be v i s i b l e  i n  
Figure V I - 1 8 .  A s  wi th  the  X pos i t i on ,  it i s  seen t h a t  Y 
coord ina te  ( f l e x i b l e  case)  o s c i l l a t e s  about t h a t  of t h e  r i g i d  
case  a f t e r  100 sec.  I n  t h i s  case,  t he  amplitude i s  approxi- 
mately 3 i n  (peak-to-peak) with a 0.05 Hz frequency. Although 
not apparent  from t h e  X and Y curves ,  t h e r e  i s  a s m a l l  amount 
of damping present  r e s u l t i n g  from a n  assumed 1% s t r u c t u r a l  
damping i n  t h e  computer program. 

The shoulder ,  elbow, and wris t ,  j o i n t  torques requi red  f o r  
t h e  t a s k  a r e  shown i n  Figures  V I - 1 9 ,  VI-20, and V I - 2 1 ,  
r e spec t ive ly .  I n  each case ,  t he  f l e x i b l e  body torque i s  
i n i t i a l l y  l e s s  than  t h e  corresponding r i g i d  body torque.  
Af te r  about 5 sec however, t h e  f l e x i b l e  torque  requirement 
exceeds i t s  r i g i d  counterpar t ,  peaking a t  approximately twice 
t h e  la t ter  a f t e r  10 sec. During t h e  remainder of t h e  acce l -  
e r a t i o n  phase t h e  f l e x i b l e  requirement decreases  t o  a zero  
va lue  about which it o s c i l l a t e s  u n t i l  t h e  braking phase begins. 
The braking per iod fol lows the  same p a t t e r n  as t h e  acce lera-  
t i o n  phase. It i s  t h e  torque o s c i l l a t i o n s  during the  coas t ing  
per iod  (20-80 sec) t h a t  i n d i c a t e  s i m i l a r  o s c i l l a t i o n s  i n  pay- 
load p o s i t i o n  during t h i s  t i m e  (it i s  r e c a l l e d  t h a t  such 
o s c i l l a t i o n s  were not v i s i b l e  i n  t h e  curves showing X and Y 
vs t i m e )  , 

One should not  i n t e r p r e t  t h e  foregoing r e s u l t s  t o  mean 
t h a t  a f l e x i b l e  manipulator r equ i r e s  approximately twice the  
torque c a p a b i l i t y  of a r i g i d  AMs. This  i s  t r u e  i f  one d e s i r e s  
i d e n t i c a l  j o i n t  motions i n  both cases, However, i f  one i s  
w i l l i n g  t o  accept  f l e x i b l e  AMS payload t r a j e c t o r i e s  involving 
o s c i l l a t i o n s  about t h e  r i g i d  body t r a j e c t o r y ,  then  the  r i g i d  
body torque  c a p a b i l i t i e s  w i l l  su f f i ce .  
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I). Sl3MMARY AND RECOMMENDATIONS 

1. Rigid Body Analysis 

The r i g i d  body dynamics model and corresponding computer 
program have been der ived  and v a l i d a t e d  by means of several 
check cases. Supplementary t o  t h e  dynamics program, t h e r e  is  
a n  a d d i t i o n a l  computer program which accepts  AMs des ign  d a t a  
(e,g, tube diameter,  j o i n t  weight,  e t c . )  and computes t h e  
necessary i n e r t i a  p rope r t i e s  f o r  use  i n  t h e  dynamics model. 

Together,  t hese  programs have been used (by spec i fy ing  
several payload handling t a s k s )  t o  a r r i v e  a t  j o i n t  torque 
requirements of 1200, 650, and 300 f t - l b s  f o r  t h e  shoulder ,  
elbow, and w r i s t  j o i n t s ,  respec t ive ly .  I n  t h e  process,  it w a s  
shown t h a t ,  f o r  i d e n t i c a l  t a sks ,  t h e  AMS w i l l  r e q u i r e  more 
torque than  t h e  SAMs; t h i s  i s  due t o  t h e  f a c t  t h a t  t h e  AMs 
i s  a t t ached  t o  an i n e r t i a l  platform while  t h e  SAMs i s  a t t ached  
t o  t h e  s h u t t l e .  This  e f f e c t  w i l l  become less no t i ceab le  f o r  
payloads smaller than  t h e  maximum (65,000 lbs) .  It was a l s o  
shown (for  t h e  maximum payload), t h a t  t h e  added i n e r t i a  of 
t h e  counterbalance mechanism is  s u f f i c i e n t l y  small as t o  
r e su l t  i n  no s i g n i f i c a n t  a d d i t i o n a l  torque requirement over 
t h e  non-counterbalanced manipulator. However, t h i s  m y  not  
be t h e  case f o r  smaller payloads. F i n a l l y ,  i t  was found t h a t  
a 90" deployment of t h e  65,000 l b  payload w i l l  r e s u l t  i n  a 7" 
coun te r ro t a t ion  of t h e  s h u t t l e ;  f o r  smaller payloads, t h e  
s h u t t l e  r o t a t i o n  w i l l  l ikewise be smaller. 

For f u t u r e  work, i t  i s  recommended t h a t  t he  r i g i d  body 
a n a l y s i s  be used pr imar i ly  t o  measure t h e  f i d e l i t y  of l-g 
s imulat ions wi th  t h e  AMS, This  would inc lude  a s tudy of t h e  
i n t e r a c t i o n  between t h e  manipulator and t h e  s h u t t l e  a t t i t u d e  
c o n t r o l  system f o r  various s i z e  payloads. I f  such i n t e r a c t i o n s  
are found t o  be s i g n i f i c a n t ,  an i n v e s t i g a t i o n  would be conducted 
t o  arrive at  t h e  means t o  inc lude  such e f f e c t s  i n  t h e  l -g  
s imulat ions.  Along t h e  same l i n e ,  t h e  inf luence  of o r b i t a l  
e f f e c t s  (e.g., g r a v i t y  g rad ien t  torques)  should be i n v e s t i g a t e d  
and B determina t ion  made as t o  t h e  i n c l u s i o n  of t h e s e  e f f e c t s  
i n  t h e  l -g  simulat2ons. Regarding t h e  s imula t ion  f a c i l i t y  
i t s e l f ,  a systematic  s tudy should be conducted t o  determine 
f o r  what range of payloads is  t h e  added i n e r t i a  of t h e  counter- 
balance s i g n i f i c a n t  and f o r  what payloads i s  f i x i n g  t h e  AMs 
t o  an i n e r t i a l  platform a serious cons idera t ion .  F i n a l l y ,  t h e  
impact of t y p i c a l  s imula t ion  f a c i l i t y  e r r o r  fo rces  (e.g, s l a n t e d  
f l o o r ,  a i r p a d  drag, etc.) on AMS performance should be i n v e s t i -  
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ga ted  i n  order  t o  de f ine  t h e  to l e rances  f o r  t h e  s imula t ion  fac-  
i l i t y .  

2. Vibrat ion Analysis  ' 

A v i b r a t i o n  a n a l y s i s  of a n  earlier ve r s ion  of t h e  AMs (30 
f t  manipulator,  60,000 l b  payload) r e s u l t e d  i n  fundamental 
f requencies  on t h e  order  of 1 H z  f o r  t he  unloaded AMS (both 
counterbalanced and space ve r s ion )  and fundamental f requencies  
of .02 - . 0 3  Hz f o r  t h e  loaded (60,000 l b  payload) manipulator.  

As could be expected, t h e  v i b r a t i o n a l  behavior of both t h e  
counterbalanced and non-counterbalanced ve r s ions  of t he  AMs is  
s e n s i t i v e  t o  payload m a s s  and a r m  conf igura t ion .  S i g n i f i c a n t  
d i f f e rences  and s imi la r i t i es  were found t o  e x i s t  between t h e  
v i b r a t i o n  behavior of counterbalanced and non- counterbalanced 
AMS. It i s  f e l t  t h a t  t h e  d i f f e rences  i n  behavior are due, 
i n  la rge  p a r t ,  t o  t h e  c o n s t r a i n t  condi t ions a t  t h e  shoulder.  

It is  recommended t h a t  t h e  v i b r a t i o n  a n a l y s i s  be updated 
t o  inc lude  t h e  l a t e s t  des ign  changes with c a r e f u l  a t t e n t i o n  
given t o  t h e  shoulder j o i n t  and t h e  support  s t r u c t u r e .  

3.  Nonlinear F l e x i b l e  Body Analysis 

The genera l ized  f l e x i b l e  body dynamics program was used t o  
compare r i g i d  and f l e x i b l e  AMs behavior f o r  a planar  payload 
handl ing task .  
by p resc r ib ing  i d e n t i c a l  t i m e  h i s t o r i e s  f o r  t h e  shoulder and 
elbow yaw j o i n t s .  The r e s u l t s  f o r  t he  f l e x i b l e  AMs revea led  
o s c i l l a t i o n s  (about t h e  r i g i d  body t r a j e c t o r y )  wi th  approximately 
a 3 i n  amplitude (peak-to-peak) and a frequency of 0.05 HZ, 

The motion of t h e  65,000 l b  payload w a s  obtained 

It i s  recommended t h a t  t h e  f l e x i b l e  body dynamics program 
be updated along wi th  t h e  v i b r a t i o n  a n a l y s i s  and, i n  the  pro- 
cess ,  j o i n t  f l e x i b i l i t y  should be included. This  program should 
be used pr imar i ly  t o  v e r i f y  t h e  c o n t r o l  system des ign  and any 
a c t i v e  damping techniques t h a t  are developed. The program i s  
also w e l l  s u i t e d  t o  e s t a b l i s h  t h e  v a l i d i t y  of any s impl i f i ed  
dynamics program t h a t  might be used f o r  man-in-the-loop simu- 
l a t i o n s .  
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APPENDIX A. Derivat ion of t h e  Rigid Body Equations of Motion 

A. INTRODUCTION 

This appendix p re sen t s  a d e t a i l e d  d e r i v a t i o n  of t h e  equat ions 
of motion of s i x  interconnected r i g i d  bodies.  A d e t a i l e d  descr ip-  
t i o n  of t h e  general ized (AMs) model along w i t h  some remarks as t o  
how t h i s  model is  reduced t o  t h e  space and 1-G ve r s ions  of t h e  AMs 
are presented i n  Sect ion B. 
motion are developed i n  Sec t ion  C ,  and scalar form of t h e s e  equa- 
t i o n s  are der ived i n  Sect ion D. 

The v e c t o r  form of t h e  equat ions of 

B. SYSTEM DESCRIPTION 

The general ized AMs model c o n s i s t s  of s i x  r i g i d  bodies i n t e r -  
It is  assumed t h a t  connected by f i v e  hinges as shown i n  Fig. A-1. 

t h e  motion t akes  p l ace  i n  t h e  presence of a n  a r b i t r a r y  g r a v i t a t i o n a l  
a c c e l e r a t i o n  denoted by t h e  vec to r  g. 
have a r b i t r a r y  i n e r t i a  p r o p e r t i e s  and hinge l o c a t i o n s .  F i n a l l y ,  
although n o t  shown i n  Fig.  A-1, each body i s  ac t ed  upon by a r b i -  
t r a r y ,  e x t e r n a l ,  non-gravi ta t ional  f o r c e s  and torques.  

Each body i s  presumed t o  

With t h e  general ized model j u s t  descr ibed,  i t  i s  a simple 
matter t o  e x t r a c t  both t h e  1-G and space ve r s ions  of t h e  AMs. 
F i r s t ,  t o  o b t a i n  t h e  space v e r s i o n  (without o r b i t a l  e f f e c t s  in-  
cluded) one merely has  t o  choose zero i n e r t i a  p r o p e r t i e s  f o r  
body 1, a s s i g n  t h e  S h u t t l e  i n e r t i a  p r o p e r t i e s  t o  body 6 ,  and select 
zero magnitude f o r  t h e  g r a v i t a t i o n a l  vec to r  i .  
t o  e x t r a c t  t h e  1-G,  is assumed t o  be  p a r a l l e l  t o  t h e  v e r t i  
and body 6 i s  assumed f i x e d  i n  t h e  i n e r t i a l  r e f e rence  frame. 

On t h e  o t h e r  hand, 

C. VECTOR EQUATIONS OF MOTION 

Newton's second l a w ,  f o r  each of t h e  bodies shown i n  Fig.  A-1, 
' c a n  be w r i t t e n :  
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Counterbalance Lower Arm 

Counterbalance and Slave 
Upper Arm 

Slave Lower Arm 

Wrist 

Payload 

Body to which Arm is 
attached 

@ Body Label 

Hinge Label 

@  ass Center 

H X j  Position Vector of Hinge j 
relative to mass center of 
body X 

0 Orgin of inertial reference 
frame 

- 
p A  Position vector of mass 

center of body X relative 
to 0 

- 
g Gravity Vector --- .- 

Figure A-1 Generalized AMs Model 
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.. - F3 + FH -H - 
33 + F34 - m3P3 

.. 

.. - -H - 
F5 + F55 = m5P5 

where ( A  = 1,2, . . ., 6) i s  t h e  r e s u l t a n t  f o r c e ,  exc lus ive  of 

hinge i n t e r a c t i o n  fo rces ,  a c t i n g  on body A ;  i s  t h e  hinge i n t e r -  

a c t i o n  f o r c e  on body A a t  hinge j ;  and m is t h e  mass of body A .  

A 

x j  

x 
Eule r ' s  dynamical equat ions  f o r  t h e  s i x  bodies  are: 

x FH - - - - -H -H -H - - - 
I2 w + w2 x i 2 2 w2 = f 2  + T21 + T22 + T23 + H21 + s,, 

- -H. 
23 x FH + H23 x F 22 

(A- 3 

(A-4 

(A-5 

(A-6 

(A-7 

(A-8 

- - - -H -H - x S H + E  xF 'H (A-9 1 - - 
33 34 34 + w x 5 w 

= T3 + T33 + T34 + H33 1 3 0 W 3  3 3 3 

- - = f, + T44 -H + T45 -H + H44 - x F44 -H + H 4 5  x F'F5 - - 
(A-10) + w  x E  I 4  ' w4 4 4 w4 

- -H - -H - - - - 
55 1 5 ' w 5  +; 5 x f  5 * w  5 = T 5 + T 5 5 + H 5 5 ~ F  

-H - -H - - - - - - - 
62 I6 * w6 + w x ? 6 6  w6 = T6 + T62 + H6, x F 

(A-11) 

(A-12) 
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where 
its mass center; w 

space; T is the resultant torque exclusive of hinge interaction h 
torques acting on body A ;  and T is the hinge interaction torque 

on body A at joint j. 

( A  = 1 ,2 ,  c . . ., 6) is the inertia dyadic of body h for 
is the angular velocity of body X in inertial A - 

-H 
A j  

From Fig. A-1 it can be seen that knowledge of the attitude 
of each of the six bodies is sufficient to determine the configura- 
tion and attitude of the system, For this reason, it must be 
possible to combine Eqs. (A-1) - (A-12) to obtain six equations for 
the rotational motion which are uncoupled from the translational 
equations. A detailed description of this reduction in the equa- 
tions of motion is given by Hooker and Margulies for the general 
n-body problem in reference 1. 
Hooker and Margulies is fairly involved even when applied to six 
bodies. For this reason, only the results in reference 1 per- 
tinent to the problem at hand will be presented here. 

The development presented by 

The following definitions prove useful in the sequel: 

(A-13) 

(A-14) 

(A-15) 
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where S denotes t h e  set of ( l a b e l s  o f )  bodies  connected t o  

bogy X a t  j o i n t  j ,  J 

and I is t h e  i d e n t i t y  dyadic. The phys ica l  s i g n i f i c a n c e  of t h e  
q u a n t i t i e s  def ined above is b e s t  descr ibed i n  t e r m s  of Fig.  A-2 

ki 
i s  t h e  set of l a b e l s  f o r  hinges i n  body A ,  h 

Mass Center 

m23 = m3 + m4 + m5 ) 

Figure A-2 Augmented Body 2 

F i r s t ,  t h e  mass d i s t r i b u t i o n  of each body is  augmented by 
po in t  masses a t  each hinge of t h e  body (as shown f o r  body 2 i n  
Fig,  A-2) .  The amount of mass concentrated a t  hinge j of body X 
is  c a l l e d  M and is  equal  t o  t h e  sum of t h e  masses of a l l  those 

bodies (excluding body A )  connected t o  hinge j ,  e i t h e r  d i r e c t l y  o r  
i n d i r e c t l y .  The mass d i s t r i b u t i o n  of t h e  body i n  ques t ion  along 
with t h e  p o i n t  masses a t  t h e  hinges d e f i n e  a new mass c e n t e r  
which i s  c a l l e d  t h e  "barrycenter" ( see  Fig,  A-2). Now t h e  v e c t o r ,  
EX, appearing i n  Eqs. (A-14) and (A-15) denotes t h e  p o s i t i o n  

vector  of t h e  m a s s  c en te r  of body X r e l a t i v e  t o  t h e  ba r rycen te r  of 
body A .  The 5 
j of body X from t h e  ba r rycen te r  of body A .  F i n a l l y ,  IX denotes 

t h e  i n e r t i a  dyadic of t h e  augmented body A about i t s  ba r rycen te r .  

X j  

v ec to r  r e p r e s e n t s  t h e  p o s i t i o n  v e c t o r  of hinge 
X j  =.J( 
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The f i r s t  s t e p  i n  obta in ing  t h e  des i r ed  set of r o t a t i o n a l  
equat ions i s  t o  so lve  Eqs, (A-1) - (A-6) f o r  t h e  hinge i n t e r a c t i o n  

fo rces  F 

cen te r  a c c e l e r a t i o n  of bogy u ,  
c e l e r a t i o n ,  p, as fol lows 

-H The r e s u l t  can be  expressed i n  t e r m s  of t h e  m a s s  
A j '  .. 

and t h e  system mass cen te r  ac- ,. lJ - 

(A-17) 

6 6 

where M = c MA i s  t h e  t o t a l  mass of t he  system anf ST =c FA 
X = l  A= 1 

i s  t h e  t o t a l  e x t e r n a l  f o r c e  a c t i n g  on the system. 

shown i n  r e fe rence  1 t h a t  

Now i t  is 

where K v ( p )  is t h a t  j o i n t  of body v which l eads  t o  body p. 

s ince  

Now, 

i t  is poss ib l e ,  by means of (A-17) - (A-20), t o  o b t a i n  an expres- 

s ion  f o r  each of t h e  FH When 

these  expressions are s u b s t i t u t e d  i n t o  Eqs (A-7) - (A-12) ,  t h e r e  
r e s u l t s  ( a f t e r  cons iderable  s i m p l i f i c a t i o n ) :  

i n  t e r m s  of t h e  r o t a t i o n a l  motion. 
A j  

(A-18) 

(A-19) 

(A-20) 
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.. - -H =* 1. =* - + E  X I  * w l = T  +'Il1+' x F  + E  x ( F 2 + e Z l  
I1 1 1 1 1 1 11 

.. .. .. .. 
+ F + M533 + F4 + 6 + F5 + M555 + F6 + G6,) 3 44 

(A-21) 

+ 5 x F p  + '21 
=* 1. =* - -H -H -H + x I 9 w2 = F2 + T21 + T22 + 
=2 #2 2 2 

.. .. .. .. 
x (F1 + Miill) + D23 x (E3 + + F + + Fs + M655) 

(A-22) 
+ is,, x (F6 + 662) 

.. 
=* L - =* - -H -H + D3 x F + D x (F1 + Gll = T3 + T33 + T34 3 33 3 ' w3 1 3 . w 3 + w  X I  3 

CA-23) .. .. .. .. 
+ F + + F6 + 6 ) + 534 x (F4 + 644 + F, + MD55) 

2 62 

.. 
-H -H + 5 x F + D44 x (F1 + MEll =* : c =>k - - 

I4 w 4 +  w 4 4  x I4 ' w4 = T 4  + T44 + T45 4 

-H + E  xi? + n 5 5 X  [F + F 2 + F 3  =* 1 =* - - 
5 5  1 + i  X I  ' I5 w5 5 5 w5 = T5 + T55 

. I )  .. - .. 
+ F4 + F6 + M (El1 + D23 + '62 + 534 + ' 4511  

(A-25) 
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=* : =* - - 
'6 ' '6 6 6 w6 = T6 -I- T62 -H + Is x F + D62 x [F1 + P2 + F3 6 6  + w  X I  

.. . .. .. .. 
+ F 4  + 2 + M (Dll + D22 + D33 + D 4 4  + i 55 ) l  5 (A-26) 

which are the desired set of uncoupled rotational equations. 

Now, for purposes of this study, it is assumed that the motion 
of bodies 1-5 relative to body 6 is specified, and it remains to 
determine the resulting motion induced in body 6 along with the 
forces , 
joints. To facilitate this determination, the following quanti- 
ties are defined: 

-H -H and torques, TAj , of interaction occurring at the F A j ,  

- =* 1 - vz* - NA = IA w w + wA x I ( A  = 1,2, . . ., 6) h x x 

Eqs. (A-21) - (A-22) can be rewritten in terms of the above 
quantities as: 

- - -H - 
T55 N5 - L5 - M5 

-H - - -H - 
T44 = N4 - L4 - M4 .t T55 

-H - - -H - T3S = N3 - L3 - M3 + T44 

(A-27) 

(A-28) 

(A-29) 

(A-30) 

(A-31) 

(A-32) 

(A-33) 
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-H - - - -H -H T22 = N2 - L2 - M2 + Tll + T33 

- -H - - 
N6 - L6 - M6 + T22 = 0 

(A-34) 

(A-35) 

where advantage has been taken of the fact that the torques on 
either side of a joint are equal in magnitude and opposite in 

direction (e.g., T21 - Equation (A-35) i s  the differential 

equation for w 
Eqs. (A-31) - (A-34) can be evaluated; the reason being that fie 
right hand sides of the torque equations are dependent upon w 
and 

-* - -H - Tll). 
which must be integrated before the torques in 6 

6 

6' 

The proper kinematical equations must be added to Eqs. (A-30) - 
(A-35) to complete the description of the rotational motion; these 
equations are given in the next section where the various vector 
quantities are put in component form. 

D. KINEMATICS AND SCALAR FORM OF THE EQUATIONS OF MOTION 

1. Reference Frames and Transformation Equations 

In order to assign values to the vector quantities appearing 
in Equations (A-30) - (A-35), reference frames are defined by 
fixing mutually perpendicular unit vectors e (j = 1,2,3) in 
body A as shown in Figure A-3. 
R, is defined by the e (j = 1,2,3) unit vectors. It is assumed 
that the e 
body A for its mass center. 

Xj 
An inertial reference frame, 

Rj 
unit vectors are parallel to the principal axes of V 

Now it is possible to express the relationships between the 
various reference frames by means of the following transformation 
equations* : 

(A-36) 

*Unless otherwise specified, I )  represents a 3 x 1 column matrix 
and [ J  indicates a 3 x 3 square matrix. 
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0 

Inertial Ref. Frame R 

R3 e 

Figure A-3 Reference Frames 

A v  E The elements of are determined by the means one chooses 
to describe orientations. In this case, Euler angles are used 
because they are easily related to gimbal angles which are as- 
sumed to exist at the joints of the AMs. It remains to specify 
the gimbal order present at each of the joints, 
the following convention is adopted for each body A: 

R o l l :  

To this end, 

A 1  A rotation of amount 8 about an axis parallel to e A1 

A2 Pitch: A rotation of amount 8 about an axis parallel to A2 

A3' A rotation of amount 8 about an axis parallel to e A3 Yaw: 

Based on the latest design of the AMs, the relative orientation 
of body 1.1 to body A is assumed to be a result of the following 
rotation sequences of body 1.1 about axes parallel to the e 
vectors : 

unit 
vi 

'62' e63) Body 6 to Inertial Ref. Frame R: Roll, Pitch, Yaw (eb,, 

Body 2 to Body 6: Pitch, Yaw, Roll (e,,, 821) 
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Body 1 and 3 to Body 2*: Yaw only 

Body 4 to Body 3: Yaw, Pitch, Roll 042, e 4 , )  

Body 5 to Body 4**: R o l l ,  Pitch, Yaw (eS1, eS2, eS3) 

Having specified the necessary rotations, it is now possible to 

write the transformation matrices AE’ in equation (A-36). These 

’62 

-s c 

-c s i ’61‘63 - ‘61’62‘63 ’61‘63 -!- ‘61’62’63 ‘61‘62 

‘62‘63 62  6 3  

‘61’63 -!- ’61’62‘63 ‘61‘63 6 1  62  6 3  6 1  62 - s  s s 

‘22‘23 -‘22’23‘21 -!- ’22’21 ‘22’23’21 -!- s22c21 

‘23 ‘23‘21 23  2 1  

-s 22 c 2 3  ’22’23‘21 -!- ‘22’21 

-c s 

-s s s 22 2 3  2 1  -!- ‘22‘21 

33 -S E“ ‘33 0 :] = P E I  

1 

* Because Body 1 counterbalances Body 3, these two bodies will 
always have the same orientation relative to Body 2,  and hence 
only one set of Euler angles need be specified, 

(A-37) 

(A-38) 

(A-39) 

**Body 5 (payload) is assumed fixed to Body 4 but may have an 
arbitrary orientation relative to same. 
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pE4] = 

- s  c ‘43‘42 ‘43’42’41 43 41 ‘43’42’41 + ’43’41 

’43‘42 ’43’42’41 -I- ‘43‘41 ’43’42‘41 - ‘43’41 

-S 42 ‘42’41 ‘42‘41 

1‘52‘53 - -  
-c s 52 53 ’52 

(A-40) 

1 

A ’  Because the E matrices X j  * and C = cos 0 
A j  

, because [’E’] = = CAE’IT), it is an 
easy matter to obtain the other transormations implied by Equation 
(A-36) and hence are not written here. 

2. Kinematical Equations 

It can be seen from Equations (A-27) - (A-29) that Equations 
(A-30) - (A-35) are functions of the angular velocities of the 
various bodies relative to the inertial referegjie frame R. 
cause the 6 vectors and the inertia dyadics, , are constant 
in the body X, it is advantageous to project the angular velocity 
vectors along axes parallel to the e 
we let 

Be- - 
A = A  

vectors. In other words Xi 

- - 
w = w  * e  Ai A Xi 

and to be consistent with the preceeding orientation specifications, 
we write: 

(A-42) 

(A-43) 

A- 12 



where the 'w (i = 1,2,3) are the projections of the angular Xi 

velocity of body X relative to body p,'zX 
or  

on the e 
Y Xi 

unit vectors, 

The w6i and 'wXi are determined by the so-called kinematical 
equations relating the quantities to the appropriate Euler angle 
rates, For the aforementioned rotation sequences, the equations 
are : 

where 

c'63'62 '63 

'63 

0 

(A-44) 

(A-45) 

(A-46) 

(A-47) 

(A-48) 

(A-49) 

(A-50) 

(A-5 1) 

(A-52) 
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1 

~ 0 

~ 

0 '63 

'23'21 '21 

-c s 23 2 1  '2- 

0 -'42 1 
I 

"41 '41'42 J 

(A-53) 

(A-54) 

(A-55) 

Now, as mentioned a t  t h e  end of Sec t ion  C y  Equation (A-35) 
must be  i n t e g r a t e d  be fo re  Equations (A-30) - (A-34) can be  
evaluated,  and t o  do t h i s  numerical ly ,  Equation (A-35) must b e  
put i n t o  t h e  fol lowing form: 

= f(wgi) (i = 1,2,3) (A-56) 6 i  

which means t h a t  when those  terms i n  Equations (A-30) - (A-35), 
which are dependent upon the 6I are w r i t t e n ;  t h e  dependence 6 i '  
on t h e  & must be  shown e x p l i c i t l y .  For t h i s  reason,  t h e  

d e r i v a t i v e s  of t h e  angular  v e l o c i t y  v e c t o r s  are w r i t t e n  as fol lows:  
6 i  

(A-57) 

where 

- - 
Xi 61 = w  * e  xi A (A-58) 

A- 14 



It follows from Equations (A-43) - (A-46) that 

where the { 'AAi) are obtained by differentiating Equations (A-49) - 
(A-51). 

3 .  Inertia Dyadics and the i, Vectors 

The inertia dyadics, IA, appearing in Equation (A-29) can be 
=* 

evaluated directly from (A-16), but first, the components of the 
6 and 6 vectors are defined by 
A A j  

(A-59) 

(A-60) 

(A-61) 

(A-62) 

(A-63) 

(A-64) 

(A-65) 

(A-66) 

(A-67) 
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- - 
= D e (i = 1,2,3) DXji Xj  Xi 

and the elements of the inertia dyadic 5 are defined by x 
3 

c -  

(X = 1,2,. . ., 6 )  'hi eXiehi 

(A-68) 

since it was assumed the e 
of body X for its mass center. 
dyadics are given by: 

3 3 

are parallel to the principal axes Xi 
Finally, the elements of ?* inertia x 

(A-69) 

j=1 K = l  

and an associated matrix-is defined by 

(A-70) 

(A-71) 

Using the definitions given by Equation (A-29) and Equations (A-67) - 
(A-71) ,  the following expressions are obtained for the elements of 
the [I ] matrices: x 

J( 
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Body 1 1 

- 

- * 
'111 - '11 ml (.:2 + 'i3) (':12 'i13) 

- * 
I122 - '12 + ml (D:l + ':3)+ (';ll + ':13) 

* - * 
I132 - I 1 2 3  

* 2 
I133 = '13 ml ( "11 + '12) mll ('fll + ':12) 

Body 2 

(A-72) 

+ m23 k ;32-+  '233) 

* 
I212  = -P2'2lD22 + m21D211D212 m22D221D222 '23'231'232 

JC A - 
I 2 2 1  - I 2 1 2  

(A-73) 

A- 1 7  



* 2 
I222 = '22 + m2 (';I '23) m21 (';ll + ';13)+ m22k:21 '223 

m23 ('i31 + 'i33) 

- Body 3 

2 - * 
I311 - '31 + m3 ('i2 + ';3) + m33 ('i32 + '333) m34 ( ':42 + '343 

* 
I312 = - [m3'31D32 + m33D331D332 + "34'341'342] 

>k 

I313 = - [m3'31D33 ' m33D331D333 + m34D341D343] 

* - * 
I 3 2 1  - I312  

2 - * 
I322 - '32 m3 ('il + ';3)+ m33 ('i31 + D333) + m34 (':41 + 'i43) 

* 
I323  = - [m3'32'33 + m33D332D333 + m34D342D343] 

* - * 
I331 - I313 

CA-73) 
(cont) 

(A-74) 
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* * 
I332 = I 3 2 3  

i 

(A-74) 
(cont) * 2 2 

I333  = ' 3 3  + m3 (' 3 1  D2 32j '+ m33 (':3l ':32)+ m34 ('341 ' 3 4 2  

Body 4 - * 2 2 
I 4 1 1  = ' 4 1  + m4 (':2 + ' 4 3 )  + m44 ('z42 D443) m45 (.252 ' 2 5 3 )  1 
* 

I412 = - p4'41'42 + m44D441D442 + "45'451'452] 

* * - 
I 4 2 1  - I 412 

I422 - ' 4 2  + m4 (':l 4- D23)  

I423  = - p4'42'43 + m41D442D443 + m45D452D453] 

I 4 3 1  - I 4 1 3  

- * 
m44 (D:41 ':43) M45 (':51 + 'Z453) 

A 

* - * 

* - * 
I432 - I423  

I433  = ' 4 3  m4 ('21 ' i 2 )  m44 ('241 i- ' 2 4 2 )  m45 ('t51 ' 252)  - 

Body 5 

I511  = ' 5 1  m5 ('i2 ' 5 3 )  m55 ('t52 + ' 5 5 3  

I512  = - [msD51D52 -I- m55D55~D552]  

I513  = - p5'51'53 + m55D55~D553]  

I 5 2 1  - I512  

* 

I * 2 

* 

* 

* - * 

CA-75) 

(A-76) 
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* 
I522 '52 + m5 bgl + 'g3) + m55 ('g51 't33) 

* 
+D2 ) I533 = 153 + m5 (Dil + DZ2) + m35 (D551 552 

Body 6 
* 

2 
1611 = '61 + m6 ('E2 '63) m62 ('i22 'g23) 

* 
I613 = - [1mgD61'63 + m62D621D623] 

- A 

I622 - '62 m6 ('il + 'i3) 4- m62 ('E21 + '623 

* 
1623 = - P 6 62'63 + m62D622D623] 

* - * 
I631 - I613 

* - * 
I632 - I623 

(A-76) 
(cont) , 

* 
I623 = '63 + m6 bil -!- 'i2) + m62 (Di21 + 'i22) 
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With the inertia dyadics f*  defined, it is possible to x 
evaluate the EA vectors in Equation (A-29). 
the dependence on 0 

Once again, to show 

explicitly, we write: 6 

where 

Before writing the [A] and 

define a "cross product" matrix as follows: 
I expressions, it is helpful to 

Consider two vectors 
and with components in a reference frame A given by: 

- -  
A i = A * e  

B i = B * e  

Ai 
(i = 1,2,3) - -  

Ai 

where the 6 
The cross product matrix associated with Z is denoted by A and is 

(i = 1,2,3) are mutually perpendicular unit vectors. 
QJ 

Ai 

given by 

(31 
-A3 A2 

A3 

,-A2 A1 0 

0 

1 0 -A 

Now if a third vector e is defined by 

it follows that 

(A-78) 

(A-79) 

(A-80) 

A-2 1 



where 
- -  

C. = C e (i = 1 , 2 , 3 )  
1 Ai 

Using the above convention along with Equations (A-29) ,  ( A - 5 7 ) ,  
(A-71) and (A-78) we have 

and 

.. 
4 .  The E A .  and MA Vectors 

.. 
The vectors in Equation (A-27) depend on the 5 which, in 

A A j  
turn, depend on w' 6.. 
cause of this the 6 

as seen from Equations (A-20) and (A-61). Be- 

are written as 
A j  

(A-82) 

(A-83) 

where 

c 
.. - .. 

= D  * e  (i = 1 , 2 , 3 )  D A j i  A j  Ai 

Using the cross product matrix defined by Equations (A-80) and 

(A-81) and Equations (A-20) and (A-47) , the [ B A ~  and{gt A j} 
can be written 

( A - 8 4 )  

(A-85) 

(A-'86) 

(A-87) 

A - 2 2  



and 

.. 
Having the  6 i n  hand, t h e  vec tors  can be wr i t t en  as A j  A 

where 
- - 

( i  - 1,2,3)  X i  MXi = MA e 

Combining Equations (A-27), (A-86) and (A-92) w e  a r r i v e  a t  

(A-90) 

(A-9 1) 

*.- 

(A-92) 

(A-93) 

(A-94) 

(A-95) 

(A-96) 

A-23 



(A-97) 

(A-98) 

(A-99) 

The expressions for{/#: )defined by Equation (A-92) are obtained 
from the[&] equations above simply by replacing the [DO 3 matrices 
with ID’ 1 matrices. 

5. External Forces and Torques and the Vectors 

A j  

Aj 

To evaluate the components of the vectors in Equation A 
(A-28) , the external forces and torques, FA and T 
specified. 
defined by 

must be - A ’  
The components of the external torque vector, Thy are 

(A- 100) 
- 

The external force acting on body A, FA, is written 

- - 
FA = F + 5; (A = 1,2, , ,, 6) (A-101) Ag 

where 2 
force acting on body A. 

is the gravitational force and 2’ is any other external 
If the components of the F 

Ag A 
are defined by 

Ag 
- - 

FAgi = F  Ag * e  Ai (i = 1 , 2 , 3 )  (A-102) 

A-24  



and - if the components of the gravitational acceleration vector, 
gRy in inertial space, are defined by 

it follows that 

(A-104) 

The components of F' are written A 
c - 
F { ~  = F i  e (i = 1,2,3) (A-105) Ai 

Finally, the components of the total external force vector acting 
on body A is given by 

where 
- - 

FXi = FA * e Xi (i = 1,2,3) (A- 10 7 ) 

, and gRiy one is able to apply Thus, by specifying the TAiy FlAi 

any set of external force and torques to each of the bodies as well 
as specify an arbitrary gravitational force (including zero). 

By means of Equation (A-28), the components of the f, vectors A 
can be written in terms of F and TAi as follows: Ai 

(A-108) 

(A-109) 
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where 

LAi = LA * e 
- - 

( i  = 1,2 ,3)  X i  ' 

6 6. J o i n t  Torques and t h e  D i f f e r e n t i a l  Equations f o r  w 
- 

Having express ions  f o r  t h e  components of t h e  fi A '  LA '  and 
5 
by Equations (A-30) - (A-35). F i r s t  t h e  components of t h e  j o i n t  
torques are w r i t t e f i  

v e c t o r s ,  i t  is  now p o s s i b l e  t o  eva lua te  t h e  j o i n t  torques given h 

(A-110) 

(A-111) 

(A-1 12) 

(A-113) 

(A-114) 

A-26 



where 

-H - = T * e (i = 1,2,3) T X j i  Aj Xi (A-1 16 ) 

( A-1 17 ) 

(A-118) 

(A-119) 

(A-120) 

(A-121) 

(A-122) 

(A-123) 

(A-12 4) 

(A-125 ) 

(Ar126) 

(A-127) 

(A-128) 

A - 2 7  



[ T23] = - ['.'I [ 733] 
4 3 1  = - ['.']I Ti31 

(A-129) 

(A-130) 

[ 7221 = 

I $21 =[XI - k 21 . I  - 141 - I 7'21) - 1  4 3 1  

[ ~ ~ ~ l =  -[ 6~21 II 
f 6 2 1  = - P E 2 1  17-;21 

-[~21 - [ d -[ 723] (A-1 3 1) 

(A-1 32 ) 

(A-133) 

(A-134) 

The differential equation (A-35) for w can now be written as 6 
follows : 

['6] ('6il - {';I = 

where 

(A-1 35) 

- - 
(i = 1,2,3) w6i = @6 * e 6 i  

and 

6i' Finally, solving (A-135) for & 

(A-136) 

(A-137) 

(A-138) 

(A-1 39) 

which is the desired form for numerical integration. 
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Now, once the w are obtained by integration of Equation 6i 
(A-139), the Euler angles, 86i, can be determined by integrating 

Equation (A-48)  as follows: 

which completes the determination of the rotational motion of 
body 6. 

-H Finally, the joint torques, T are now easily obtained by Aj  ’ 
substitution of the w6- and D 

7 .  Joint Forces 

into Equation (A-43). 61 

-H 
Fhj’ can now be 
A j  

The forces of interaction at the joints, .. 
determined in the following way: First, the 5 vectors are 

determined from Equation (A-86). Then from the definition of the 
barrycenter vectors 5 and we can write x A l l  

or 

.. .. 
from the cxj. At this x which enables one to determine the 5 

point, the - p accelerations can be determined from Equation 

(A-18) ; they are 

.. - .. 
ll 

(A-140) 

(A-141) 

(A-142) 

(A-143) 
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m 
“ 1 = -  - 33 I D  .} - 2 ( D  .I + [Dlld + [‘E‘] (D .I I ’R3 i m 341 621 331 3 3 

+ p E 2 ]  (D 231 } + [3E4] (D 4 4 i  + [‘.’I (D 5 5 i  1 
/PR4i j  .* 1 = - - m44 (i44i} - m45 (” } + [“E”] ID 1 + PE2]  ID 1 

D45 i  1li 23i m4 m4 

+ [“E3] ID 1 + [“E5] (Dss i j  1 + [ 4 6  E ]  ( D  3 4 i  6 2 i  

(A-145) 

(A- 14  6)  

1 P R 5 i I  = - m55 - ID 551 .} + [5E3] ID 111 .} + [5E2] I D  231 .I + [‘E‘] 
m5 

f [5E3] (D 3 4 i  i + c‘.4] (D 4 5 i  } (A-147) 

.* 1 + [“E’] {D 1 .. 
( P ~ 6 i l  = - - m62 m6 (D 621 .I + [6E3] {Dlli + D33i 2 2 i  

+ [6E4] (D 4 4 i  1 + [“R’] 

where 
- .. 

= - F) * e (i = 1 , 2 , 3 ;  A = 1 , 2 ,  . . ., 6 )  ’RAi A i  

(A- 14  8 ) 

(A-149) 
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F i n a l l y ,  by expanding Equation (A-17) w e  have for t h e  hinge i n t e r -  

(A-150) 

(A-151) 

(A-152) 

(A-153) 

(A-154) 

(A-155) 

(A- 156) 
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- m 1 - m2 ['E2] - m6 ['E6] (6 R6 i 1 

where 

-H - H = F  . e  (i = 1 ,2 ,3 )  F h j i  h j  x i  

and 

(i = 1,2 ,3)  31 F T 3 i  

8. Motor Torques 

Torque motors are assumed t o  d r i v e  t h e  va r ious  gimbals a t  
J o i n t s  2, 3 and 4. The motor to rques  t o  produce the s p e c i f i e d  
motion are determined by p r o j e c t i n g  t h e  appropr i a t e  h inge  i n t e r -  
a c t i o n  torques  along t h e  motor axes. The r e s u l t s  are: 

J o i n t  2 

(P i tch  Motor Torque, M21) 

C21Ti22 = S T H 
2 1  223 

M,, = 
L I  

'23 

M22) (Yaw Motor Torque, 

H H 
M22 = '21T222 -I- '21T223 

(A-15 7 ) 

(A-15 8) 

(A- 15 9 ) 

(A-160) 

(A- 16 1) 

(A-16 2) 

(A-163) 
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(Roll Motor Torque, M23) 

H - 
M23 - T221 - s23M-1 

Joint 3 

The motor at Joint 3 must drive the pitch motion of both 
bodies 1 and 3 and hence the required pitch motor torque is 

- H H 
M33 - T333 T113 

Joint 4 

*41) (Yaw Motor Torque, 

M41 = (Tt42s41 T443C41 H ii.42 

M42) (Pitch Motor Torque, 

H H 
M42 = T442C41 - T443S41 

M43) (Roll Motor Torque, 

H - 
M43 - T441 M41S42 

(A-164) 

(A-165) 

(A- 16 6 ) 

(A-167) 

(A-168) 

Equations (A-162) - (A-164) and (A-166) - (A-168) for joints 
2 and 4 are valid only in the absence of external forces and torques, 
When such influences are present, it is necessary to identify that 

portion of the T due to external forces and torques and that por- 

tion necessitated by inertia forces (the motion). 

-H 
A j  

To this end, we 

as that part of TH define T:jE 
and TAjI as that part of T 

due to external forces and torques 
Aj -H -H due to inertia forces. It follows 

A j  
that 

-H - -H -H 
TAjI - Thj - TAjE (A-169) 

A-33 



Now it can be seen from Equations (A-27) - (A-35) that the con- 
tribution of external forces and torques to the T is contained 

in the vectors only. It therefore follows from Equations (A-30) - 
(A-35) that 

-H 
Xj 

X 

- -H TllE = - C1 

-H - -H 
T33E = - L3 T44E 

-H -H -H 
T22E = - '2 4- TllE T33E 

-H We now hjI' Equation (A-169) can now be used to determine the T 

define 

-H - 
H -  * e  (i = 1,2,3) ThjEi - ThjE Ai 

Now, for the three gimbal joints (joints 2 and 4), only that 
-H component of T which is parallel to a particular gimbal axis XjE 

at joint j contributes to the motor torque associated with that 
gimbal axis, The remaining two components are absorbed as con- 

straint torques, On the other hand the entire ThjI vector must 

be produced by the torque motors at a three gimbal hinge j. 
This requirement results in equations like (A-162) - (A-164) and 
(A-166) - (A-168) with the TH 

-H 

H 
X j Ii' replaced by T Xji 

(A-17 0) 

(A-1 7 1) 

(A-172) 

(A-173) 

(A-174) 

(A-1 7 5 ) 

(A-176) 
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Thus when external forces are present, the motor torque 
equations for joints 2 and 4 become 

H 
+ T2211 - '23 (M21 - T62E1 

'41T!412 '4IT!4I3 

42 
C 
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APPENDIX B - 7-DOF JOINT ORDERING CONTROLLER BREADBOARD 

A mechanism w a s  devised which allowed examination of  
var ious  c o n t r o l  device  conf igu ra t ions  of a 6-DOF b i l a t e r a l ,  
non-counterbalance,  geometr ica l ly  s imi l a r  master c o n t r o l l e r .  
The conf igu ra t ions  were evaluated f o r  j o i n t  o rder ing  segment 
lengths ,  j o i n t  t r a v e l  and o v e r a l l  conf igura t ion .  

This  s e c t i o n  p resen t s  t h e  conf igu ra t ion  and des ign  o f  a 
j o i n t  o rder ing  c o n t r o l l e r ;  next  i t  is  shown how t h e  e r e c t o r  
s e t  type j o i n t s  were f i r s t  used a s  a s l a v e  manipulator ;  and 
then f i n a l l y  the  apparatus  was reconfigured a s  a c o n t r o l l e r .  
Inc iden t ly ,  another  v a r i a t i o n  r e su l t ed  which requi red  some 
modif icat ion of t h e  b a s i c s  by add i t ion  of a v e r t i c a l  t r a n s l a -  
t i o n  mode. This f i n a l  scheme was then converted i n t o  a 
recommended f i n a l  f l o o r  mounted 6-DOF c o n t r o l l e r ,  

1. Requirements f o r  Breadboards 

The fol lowing l i s t s  the  gu ide l ines  f o r  t h i s  t e s t  t oo l .  

(1) Device t o  r ep resen t  f u l l  s c a l e  c o n t r o l l e r  with some 
te lescoping  c a p a b i l i t y  f o r  length  extensions.  
Lengths t o  be compatible wi th  SAMS c o n t r o l  a rea .  

(2) Device t o  have a minimum of s i x  j o i n t s ,  each of which 
r ep resen t s  an approximate length  requi red  fo r  a force  
feedback servomechanism. 

(3) Device t o  sense pos i t i on  (angular)  on ly  f o r  each j o i n t .  

( 4 )  J o i n t s  t o  be interchangeable  t o  allow any order  of yaw, 
p i t c h ,  r o l l ,  e t c .  

(5) Locking or  braking was provided t o  e i t h e r  lock out  
any j o i n t  o r  r ep resen t  a f r i c t i o n a l  drag.  

(6) Device t o  use l i g h t  weight aluminum mate r i a l  where 
f e a s i b l e ,  b a l l  bea r ing  j o i n t s ,  yoke des ign ,  common 
f lange  mounts . 

2. Design of  t h e  J o i n t  Ordering Test Mechanism 

It was decided t o  provide seven degrees  of freedom ( i . e . ,  
7 j o i n t s )  f o r  utmost v e r s a t i l i t y .  Drawing RES3156200, 

B- 1 



shows these  j o i n t s  assembled. There a r e  four  i d e n t i c a l  yaw o r  
p i t c h  j o i n t s .  Assembly Drawing RES3156201, and th ree  i d e n t i c a l  
r o l l  j o i n t s  assembly Drawing RES3156202. RES 3156200 i n s t a l l -  
ment drawing shows these  j o i n t s  i n  the  fol lowing order  s t a r t i n g  
from the  hand l e  : 

(1) Wrist Roll Control  (using p i t c h  type yoke j o i n t )  

(2) Wrist P i t ch  Control  (using p i t c h  type yoke j o i n t )  

(3) Wrist Yaw Control  (using r o t a r y  type j o i n t )  

( 4 )  Elbow (using r o t a r y  type j o i n t )  

(5) Shoulder Yaw (using r o t a r y  type j o i n t )  

(6) Shoulder P i t c h  (using p i t c h  type j o i n t )  

(7)  Shoulder Roll (using p i t c h  ty- 

Sum = 4 p i t c h  type yoke j o i n t s  + 
3 r o t a r y  type j o i n t s .  

Telescoping i s  provided a s  shown, from 4 118 t o  8 inches 
on 2 segments. 

A l l  f l anges  have t h e  same b o l t  c i r c l e s  and by o r i e n t i n g  
two p i t c h  hinge assemblies 90 a p a r t  they become a pitch-yaw, e tc .  0 

One h a l f  inch p l a s t i c , s i n g l e  s t age ,  c o n t i n u o u s , i n f i n i t e  
r e s o l u t i o n  potent iometers  a r e  used throughout and a r e  e a s i l y  
indexed. 

Braking on the  r o l l  j o i n t s  i s  provided by a brake shoe 
( o i l i t e  bear ing)  which i s  clamped by 3 equispaced locking screws 
on the  housing circumference.  

Braking on the  p i t c h  h inges  i s  provided by s p l i t  r i n g  
c o l l a r s  us ing  an adjustment screw t o  inc rease  s h a f t  f r i c t i o n .  

P r i o r  t o  des ign  j o i n t  motors and gear ing  were inves t iga t ed  
so  t h a t  t h e  breadboard j o i n t  s i z e s  could be r ep resen ta t ive  of 
a c t u a l  j o i n t  s i z e s .  

B-2 



A s  soon a s  the  mechanism p a r t s  were completed and t 
j o i n t s  were assembled it  was decided t o  use  t h e  mechanis 
f i r s t  as a manipulator model f o r  eva lua t ing  cargo  deployment. 
See Sec t ion  I1 B&C. F igure  B - l  shows the first assembly 
us ing  the  f i r s t  t e lescoping  tubes.  These tubes  were extended 
t o  r ep resen t  a sca l ed  s l a v e  arm. Natura l ly  t h e  c o n t r o l  handle  
was no t  used. 

4 .  J o i n t  Ordering Breadboard Mechanism as a Master Con t ro l l e r  

Upon completion of  t h e  manipulator j o i n t  angle  and reach 
s tudy  t h e  p a r t s  were reassembled i n  the  form of  Dwg. RES 3156200 
wi th  t h e  handle  added and was used t o  eva lua te  the  order  of 
j o i n t s  has  a master c o n t r o l l e r .  Figure B-2 shows one p o s i t i o n  
t h a t  the  c o n t r o l l e r  was evaluated.  

5. Modified 6-DOF B i l a t e r a l  Con t ro l l e r  Breadboard (F ina l  Version) 

Evaluat ion of  the  c o n t r o l l e r s  descr ibed  previous ly  led t o  
the  modified arrangement a s  discussed here.  The c o n t r o l l e r  
was mounted on t h e  f l o o r  r a t h e r  than on t h e  c o n t r o l  console  o r  
armrest .  This produced t h e  j o i n t  order  a s  fol lows:  

Hand l e  

Wrist r o l l  
Wrist p i t c h  
Wrist yaw 
V e r t i c a l  elbow t r a n s l a t i o n  
Shoulder yaw 
Shoulder p i t c h  

The advantages and eva lua t ion  of t h i s  des ign  a r e  discussed 
i n  s e c t i o n  V. 

This  s ec t ion  d i scusses  the  des ign  and hardware a spec t  of 
t h i s  c o n t r o l l e r .  Figure B - 3  shows t h e  breadboard. The 
"shoulder" j o i n t s  a r e  a t  f l o o r  level .  Dual rods of fe red  a 
simple method fo r  producing l i n e a r  bear ing support  which i s  
nonrotatable .  A c r o s s p l a t e  con ta in ing  l i n e a r  bushings,  t h e  
t r a n s l a t i o n a l  rod and a gear  r ack  a r e  capable  of  being extended 
approximately 15 inches.  The r ack  i s  used t o  d r i v e  a pinion 
upon whose s h a f t  another  1 / 2  inch (10 turn)  potent iometer  i s  
at tached.  This  i s  used t o  read t r a n s l a t i o n a l  pos i t i on .  A l l  
j o i n t s  except ing the  t r a n s l a t i o n a l  are the  same ones used i n  
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t he  o r i g i n a l  j o i n t  order ing breadboard, except they are assembled 
i n  a d i f f e r e n t  order  with revised bracketry.  The handle has  been 
reposi t ioned from t h a t  descr ibed i n  the  6-DOF B i l a t e r a l  Force 
Feedback c o n t r o l l e r ,  i n  t h a t  t he  t h r e e  a x i s  i n t e r c e p t  i s  a t  t h e  
c e n t e r  of the hand r a t h e r  than a t  t he  o p e r a t o r ' s  w r i s t  p ivo t  
po in t .  

For t h i s  conf igu ra t ion  j o i n t  s c a l i n g  is  no longer completely 
va l id .  Those j o i n t s  a t  the f l o o r  must be capable  of l a r g e r  
torques because of the longer t o t a l  arm length.  However, f o r  
preliminary s t u d i e s  the  breadboard, w i th  i t s  potentiometers a t  
each j o i n t ,  provide a use fu l  eva lua t ion  t o o l .  
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APPENDIX C .  VIDEO SYWHESIZER 

I n  order  t o  eva lua te  var ious master c o n t r o l l e r  configura-  
t i o n s  without involvement of the moving base s imula to r ,  a gen- 
e r a l  purpose Video Synthesizer  (VS) was constructed.  The VS 
provides a d i s p l a y  of 4 d o t s  and 2 c r o s s h a i r s  which are d i sp laced  
from t h e  c e n t e r  of the screen (0, 0 ,  0 p o s i t i o n )  by dc command 
vol tages .  The VS may be configured t o  provide any of t h e  f o l -  
lowing p resen ta t ion  modes : 

1. Planar 

a. Monochrome 

b. Color 

2. S t e r e o  

a. Dual monitor (Fresnel ,  l e n t i c u l a r ,  e t c . )  

1) Monochrome 

2) Color 

b. S ing le  mon i to r - - sp l i t  screen 

1) Monochrome 

2)  Color 

c .  S ing le  monitor--color .separat ion 

In t h e  s imulat ion system, one d o t  represented the  t a r g e t ;  t he  
o t h e r  two d o t s  a r e  used t o  show end e f f e c t o r  t r a n s l a t i o n a l  pos- 
i t i o n ;  t he  c r o s s h a i r  represented the  e n d  e f f e c t o r  o r i e n t a t i o n  
( p i t c h  and yaw) and was considered po in t ing  a t  t h e  t a r g e t  when 
the  c r o s s h a i r s  and the t a r g e t  do t  were co inc iden t .  

The VS was f i r s t  used i n  t he  dua l  monitor s t e r e o  mode. 
This mode, however, proved u n s a t i s f a c t o r y  from a human f a c t o r s  
s tandpoint .  It was found d i f f i c u l t  t o  converge on spo t s  of 
l i g h t  i n  d i f f e r e n t  planes.  An a l t e r n a t i v e  method based upon a 
c o l o r  depth i n d i c a t i o n  was devised. 
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The t a r g e t  i n  t h i s  conf igu ra t ion  was represented by a s i  
blue d o t  on a co lo r  monitor. 
by a white  c ros s .  
by two d o t s  -- one red and one green -- t h e  h o r i z o n t a l  separa- 
t i o n  of which represented the d i s t a n c e  from the  depth plane of  
the t a r g e t .  When the  manipulator end e f f e c t o r  was c l o s e r  t o  
the "camera" than the t a r g e t  the green d o t  was t o  the  l e f t  of 
t he  red d o t  as i n  Figure C - l a .  
green and red d o t s  would move c l o s e r  together  u n t i l ,  a s  i n  Fig- 
ure-C-lb, the d o t s  would merge i n t o  a s i n g l e  yellow do t  when t h e  
end e f f e c t o r  and t a r g e t  were i n  the same depth plane. I f  t h e  
end e f f e c t o r  were moved f a r t h e r  o u t ,  the two d o t s  would re- 
appear;  t h i s  time t h e  red do t  would be t o  t h e  l e f t  of  the green 
as i n  Figure C- lc .  Thus, t h e  necessary depth information w a s  d i s -  
played without  the convergence d i f f i c u l t i e s  encountered using 
s t e r e o .  This method was used f o r  the c o n t r o l l e r  evaluat ions.  

The end e f f e c t o r  p o s i t i o n  w a s  represented 
The end e f f e c t o r  t r a n s l a t i o n  was represented 

As t h e  end e f f e c t o r  moved out ,  t h e  

Figure-C-2 i s  t h e  VS block diagram, The i n p u t s  are analog 
vol tages  from a computer. The generat ion of t h e  c r o s s h a i r  i s  
t he  s i m p l e s t .  Th X command f o r  t he  c r o s s h a i r  t o  be seen by 
the l e f t  eye i s  X When the input  from t h e  Horizontal  Sweep 
Generator i s  more negat ive than Xc the Comparator output  i s  L zero. The Horizontal  Sweep Generator produces a l i n e a r  saw- 
tooth which s t a r t s  a t  -10 v o l t s  and sweeps i n  a p o s i t i v e  d i r e c -  
t i o n  t o  4-10 v o l t s .  This process i s  repeated 15,750 times per 
second. Each sweep corresponds t o  one h o r i z o n t a l  l i n e  on the  

= 5.0 v o l t s .  A s  soon as  t h e  
output of the Horizontal  Assume Sweep % ene ra to r  becomes more p o s i t i v e  
face of the monitors. 

than 5.0 v o l t s  the Comparator output  goes high and t r i g g e r s  the 
Pulse Generator. The pulse  produced causes a white spot  t o  ap-  
pear on t h e  otherwise dark monitor screen. Since t h i s  process 
occurs once during each h o r i z o n t a l  l i n e ,  a t  t h e  same X d i sp lace -  
ment on each l i n e ,  t he  r e s u l t  i s  a white  v e r t i c a l  l i n e  on the 
screen. 

8 
L' 

Now l e t  us see how t h e  h o r i z o n t a l  l i n e  of  the c r o s s h a i r  
i s  developed. A s i m i l a r  comparison i s  used t o  determine the  Y 
component of t he  c r o s s h a i r .  The V e r t i c a l  Sweep Generator pro- 
duces t h e  same kind of -10 v o l t  t o  +10 v o l t  sawtooth except 
t h a t  i t  occurs 60 t i m e s  p e r  second and corresponds t o  the  moni- 
t o r  v e r t i c a l  scan. A s  soon as t h e  sweep vol tage goes p o s i t i v e  
with r e spec t  t o  the  Yc command the  Comparator switches from 
zero t o  high. However, t he  Gate holds the  Comparator output  
from t r i g g e r i n g  the Pulse Generator u n t i l  the  beginning of  t he  
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next h o r i z o n t a l  scan l i n e ,  t o  avoid a scan l i n e  which i s  p a r t -  
i a l l y  b lack ,  p a r t i a l l y  white.  During the  h o r i z o n t a l  blanking 
i n t e r v a l  t he  Gate opens and t r i g g e r s  t he  Pulse  Generator. The 
pulse  du ra t ion  allows one scan l i n e  t o  appear white  -- t he  hor- 
i z o n t a l  po r t ion  of t he  c r o s s h a i r .  

The do t  generat ion i s  s imi la r  except t h a t  t he  output  o f  
t he  Y Pulse Generator i s  used t o  ga t e  t h e  X pulses.  For ex- 
ample, t he  XE Comparator w i l l  produce an output  during each 
ho r i zon ta l  l i n e .  
the Gate i s  held closed by the  output  o f  t h e  YT Pulse Generator. 
When the  Y 
begins ,  t he  XL Gate opens and allows the  X 
t o  t r i g g e r  t he  Pulse Generator and produce a do t  n t h e  monitor 
sc reen .  A t  t he  end o f  t h a t  ho r i zon ta l  l i n e  t h e  Y goes back t o  

T zero  and c l o s e s  the  XL ga te .  
screen r a t h e r  than a whole sequence a s  i n  t he  case  of t h e  c ros s -  
h a i r .  

However, i t  does not t r i g g e r  a p u l s e  because 

T f 
T C mparator goes high and the  n x t  h o r i z o n t a l  l i n e  

Comparator output  L 
.fi 

Thus only one do t  appears on t h e  

Timing f o r  t he  Horizontal  and V e r t i c a l  Sweep Generators i s  
provided by t h e  c r y s t a l - c o n t r o l l e d  Sync Generator. A synchron- 
i z i n g  s i g n a l  which becomes p a r t  of t he  composite video i s  s e n t  
from the  Sync Generator t o  the  Output Summing Amplifiers.  

The Output Summing Amplifiers a r e  an a r r a y  of 12 video 
ampl i f i e r s  wi th  an input  matrix which provides the  proper com- 
b i n a t i o n  of  s i g n a l s  -- including sync -- a t  t he  output.  A l l  
t h e  ou tpu t s  can be used simultaneously o r  s epa ra t e ly .  
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Figure C d l  Color Video Monitor Displays 

end e f f e c t o r  

a, End e f f e c t o r  c lose r  t han  t a r g e t  plane 

end e f f e c t o r  

b. End e f f e c t o r  i n  t a r g e t  plane 

end e f f e c t o r  

c, End e f f e c t o r  f a r t h e r  out  than t a r g e t  plane 
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FIGURE C - 2  VIDEO SYNTHESIZER BLOCK DIAGRAM 
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APPENDIX D - BREADBOARD DIGITAL PROGRAM 

This  appendix p re sen t s  a l i s t i n g  of t h e  For t r an  I V  d i g i t a l  
program t h a t  w a s  used as a t i m e  domain des ign  t o o l  i n  t h e  servo 
system f a b r i c a t i o n  of t h e  two DOF breadboard manipulator.  
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READ ( 5 9 5 )  X 
5 FORMAT (8F10.3) 

READ 4 5 , 2 )  FC 
READ ( 5 ~ 2 )  FM 

WRITE ( 6 9 6 )  

WRITE ( 6 9 7 )  

WRITE ( 6 ~ 8 1  

DO 9 I = 1 , 2  

C***WPITE ALL INPUT O A T A  TO VERIFY 

6 FORMAT IIHI,SX,'lWO DIMENSIONAL BILATERAL MANIPULATOR PROGRAY'/) 

7 FORH4T ( 5 x 9  +INPUT DATA' / )  

6 FORMAT (5X,'K1*,28X,'K2*) 

9 WRITE (6,101 ( K l I 1 , J )  ,J=1,2) p (K211,J )  ,J=1,2) 
IC FORMAT f 5 X  2 I F 1 0  e 3 3X F10 e 3 , 7X 1 1 
5 3  FORMAT ( 5 X , 2 < F i 0 . 5 , 3 X , F l 0 . 5 , 7 X ) )  

I1 FORMAT (/5X,+K3*,28X,*K4*) 

12 WRITE (6 ,101 ( K 3 t I p J )  ,J=1,2)  ( K 4 ( I ,  J) ,J=1,2) 

8 0 FORMAT ( /5X * KS * 28 X +K6* 1 

8 1  WRITE 16,101 (K5(I,J) , J = I , Z ) , ( K 6 ( f , J )  ,J=1,2) 

02 FORMAT (/5X,*CA*,28X,+MA+) 

83  WRITE 46,531 ( C A ( I , J )  , J = I , E ) , ( M A ( I , J )  , J = I , 2 )  

84  FORMAT (/5X,+MM*0 

85 WRITE 16986)  ( M M ( I , J )  ,J=1,2) 
86 FORMA1 (5X,FlOe3,3X,F1003)  

13 FORMAT ( /5X,+GS*) 

14 FORMA1 ( 5 X , 4 t F 1 0 0 3 , 3 X ) )  
54 FORMAT (5X,4(F iO.  5 9 3 x 1  1 

15 FORMAT ( / ~ J X , ~ P I ' )  

1 6  FORMAT ( 5 X , 2 ( F l 0 . 3 , 3 X l )  

1 7  FORM41 (/5X,+RR') 

WRITE ( 6 , l l )  

DO 1 2  I = 1 , 2  

WRITE (6,801 

DO 8 1  I = 1 , 2  

WRITE (6,821 

DO 8 3  I = 1 , 2  

WRITE ( 6 9 8 4 1  

00 85 I = l , Z  

WRITE (6,131 

WRITE 1 6 , l b )  ( G S ( 1 )  ,1=1,4) 

WRITE (6,151 

WRITE (6,161 ( P I ( 1 )  ,1=1,2) 

WRITE (6,171 

WRITE ( 6 9 1 6 )  I R R (  I) ,1=1,2) 
MRITE (6,191 

W R I l E  (6,141 ( K T ( 1 )  , I=1 ,4 )  
WRITE (6,211 

WRITE (6,141 ( R L ( 1 )  91=1,4) 
W R I l E  (6,231 

WRITE (6,141 ( T L I I )  ,1=1,4)  

19 FORMAT (/5X,*KT*) 

2 1  FORMAT (/5X,'SL+) 

23  FORHAT (/5X,+TC+) 
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WRITE (6,251 
25 FORMAT (/5X,'RT*) 

WRITE (6,141 ( i i T I I 1  ,1=1,4) 
WRITE (6,261 

HRITE (6,141 t K G ( I )  ,I=194) 
WRITE (6 ,401 

WRITE (6,541 ( K B ( 1 )  , I=1 ,41  
WRITE (6 ,271 

WRITE (69141 (JM( I) ,1=1,41 
WRITE (6 ,281 Q A  

2 8  FORMAT ( /5X, ' !?A = ' 9 F i O m 3 )  
WRITE (6 ,291  LC,LM 

WRITE (6,301 STIME 

WRITE 16931) NEQpSTEP 

WRITE (6,321 T 

WRITE ( 6 , 3 3 1  

WRITE (6 ,341 ( X ( I ) p I = 1 , 4 )  

WRITE (6 ,871 

WRITE ( 6 , 3 4 1  ( X ( I ) , I = 5 , 8 )  
W R I T E  (5 ,351  

WRITE (6,161 (FC(1)  , I = 1 , 2 )  
WRITE (6,361 

WRITE (6,161 (FM( I )  , I = 1 , 2 )  
WRITE (6 ,371 

26 FORMAT ( / S X , + Y G * )  

40 FORYAT ( / 5 X , + K 8 * )  

27 FORMAT ( /5X,*JY*)  

2 9  FORMAT (/SX,'LC = * ,F lCIm3~3X,* tM = " r F i O r 3 )  

30  FOQMAT (/5X,'STIME = ',FlOm31 

3 1  FORMAT ( / S X , + N E Q  = ",I2,3X,*STEP =+,F l i Im31 

32  FORMAT (/%X,'T = ',FlOm3) 

3 3  FORMAT ( /5X ' X (  1) '+, 9 X  9 'X ( 2) 4 9  9 X  * X (  3) * , 9 X  'X (41  * 1 

3 4  FORMAT (5X,4(FIOm 3,3X) 1 

8 7  FORMAT ( /5X " X  ( 51 +, 9 X  "X (61 * , 9 X  * X ( 7) * , 9 X  ,+X ( 8 )  * 1 

3 5  FORMAT (/SX,"FC') 

3 6  FORMAT 1/5X9"FMr) 

3 7  FORVAT (5X,*END OF INPUT D A T A r )  
C*'+*COORDINATE TRANSFOQMATION MATRIX 

C T  (1 9 1 )  =COS(RA) 
C T (1 92) =-SIN IRA 1 
CT ( 2 p 1) = S I N  (RA) 
CT ( 2  92) =COS (RA) 

C T I ( l , l ~ = C T ( l , l )  
C T I ( I , 2 ) = C T ( Z , I )  
C T I  (2 , l )=CT ( I  92) 
C T I  ( 212 1 =CT (2 2 1 

DO 3 8  I=1 ,4  

DO 39 I = 1 , 4  

K E I  (l)=l m O /  ( 0  e 8 4 2  6+ J M  (I) 1 

C r r + I N V E R S E  C O O R D I N A T E  TRANSFORMATION MATRIX 

C**'CALCUl A T 1  ON O f  COMPOS I T  E S E R V O  PflRAMETER? 

38 KFC 4 I 1 = K T  (I 1 * KG 4 I 1 

39 KFB (I) =KG (1 1 *KB ( I  1 
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P X M D I ( M )  = X M O ( I )  
P X M 0 2 ( P I )  = X M D ( 2 )  
P T Q I ( M ) = O . O  
P T Q Z  ( M I  = O  00 
P T Q 3  ( M I  = 0 0 0  
P T Q 4 ( M ) = O . O  
S T I M E = S T I M € - I . O E -  06 

C * * * K U T T A - M E R S O N  N U M E R I C A L  I M T E G R 4 T I O N  R O U T I N E  
50 C A L L  D F E Q K M  (NEQ ,T , S T E P  9 x 9  F IRDER,  + l e  OE-06 + l e  O E - 0 6 9 2  0 E X  I T  eT'IUE 0 1 

I F  ( E X I T . E Q . O . 0 )  GO T O  90 
C + * * C A L C U L A T I O N  OF C I D  A N D  M A N I P .  ( X + Y )  T I P  P O S I T I O N  

X C ( I ) = L C + C O S ( X ( l )  ) + L C * C O S  ( X l l ) + X ( 3 )  1 
X C ( 2 ) = L C * S I N < X ( I )  ) + L C * S I N ( X  (I) + X  ( 3 )  1 
X M ( l ) = L M * C O S ( X ( 5 )  ) + L M * C O S  ( X ( 5 ) + X ( 7 )  1 
X M ( 2 l = L M + S I N 4 X ( S I  ) + C M + S I N ( X ( S ) + X ( 7 1  1 

C V ( l ) = X ( Z )  
C V ( 2 1 = X ( 4 )  
M V ( l ) = X ( G )  
M V ( E ) = X ( B )  

C + * * J A C O B I A N  M A T R I C E S  

C * * * J O I N T  V E L O C I T Y  V E C T O R S  

J l  ( I 
J1(1,2) = L C +  ( - S I N (  X I  I) + X ( 3 ) )  1 
J l  t 2 9 1) =LC* ( C O S  ( X  (I 1 1 + C O S  ( X  (1 1 + X  ( 3 )  
J l ( 2 , 2 ) = L C + ( C O S ( X  ( l ) + X ( 3 )  1 )  
J 2  (I 8 1 )  = L M *  ( - S I N 4  X (  5 )  1 - S I N (  X ( 5 )  + X  ( 7 )  1 I 
J 2  (i 
J 2 ( 2 , 1 ) = L M *  .[COS ( X  (5) 1 +COS ( X  ( 5 )  + X  ( 7 )  1 1  
J2 (292 )  = L M *  (COS ( X  (5 1 + X  ( 7 )  1 )  

C A L L  M M P R D U ( J I , C V , X C O , 2 , 2 , 1 )  
C A L L  M M P R O U  (J 2 MV ,X MO 2 ~ 2  1 1 

1) = L C *  ( -ST. N I X ( I) 3 OS I N  ( X (I) + X  ( 3  1 1 1 

1 

2) = L M +  ( - S I N  ( X (  5) + X  ( 7  1 )  1 

C***CIO AND MANIP. r w  VELOCITY 

M = M + I  
P T ( M ) = T  
P X I ( M ) = X ( I )  
P X 2 4 M ) = X ( 2 )  
P X 3 ( M ) = X ( 3 )  
P X 4  (MI = X  ( 4) 
P X 5  ( M ) = X  (5) 
P X 6 ( M )  = X  (6) 
P X 7  ( M ) = X  (7 )  
P X 8  ( M I  = X ( 8) 
P X C I  (MI = X C ( 1 )  
P X C 2 t M )  = X C 1 2 )  
P X H I ( M 1  = X M ( I )  
P X M 2 4 M )  = X M ( 2 )  
P X C D I I M )  = X C O  (1) 
P X C D 2 ( M )  = X C D 4 2 )  
P X M O I ( Y )  = X M O 4 I )  
P X M O 2  (MI =XMD ( 2 )  
P T Q I  ( M I  = T Q ( I )  
P T Q 2 4 M )  =TQ12)  
P T Q 3 ( M )  = T Q ( 3 )  
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P TQ4 (M) f TQ(4) 
I F  (TeLToSTIME)  G O  TO 50 
WRITE (6,461 

4 6  FORMAT ( 1 H l  ,SX,*OUTPUT D A T A ' )  
C'**W?ITING JOINT POSITIONS AND VELOCITIES 

WRITE (6,471 

WRITE (6,481 
47 FORMAT (SX,*M4STEE AND SLAVE JOINT POSITIONS AND VELOCTTIES+/ / )  

48 FORMAT ~ 5 X ~ * T I M E ' 9 8 X ~ * X ( l ) * ~ l I X ~ * X ~ 2 )  * , l l X , + X ( 3 )  + , l l X , * X ( 4 ) * , l i X ,  
I * X ( 5 )  ' 1 1 x 9  * X  ( 6 )  * , I I X , * X  ( 7 )  ' 9  l l X  *X  ( 8 ) * )  
DO 49 I = l , M  

4 9  WRITE (6 ,100)  P T ( 1 )  , P X I [ I )  , P X 2 ( I )  9 P X 3 ( I )  , P X 4 ( 1 ) r P X S ( I ) , P X 6 ( 1 )  
1 P X f ( I ) , P X B ( I )  

100 FORMAT (5X,Fh.3,8(6X,F9.5)) 
Cr+*W2ITING X T I P  POSITIONS AND RATES 

WRITE (6 ,101)  

WRITE ( 6 9 1 0 2 )  
1 0 1  FORMAT (IHl,SX,*MASTER AND SLAVE X TIP POSITIONS A Y D  RATES*/ / )  

l C 2  FORMAT (5x9 ' T I Y E *  ,SX, ' X C t l )  * , l o x  ' X C 4  2) ' 9  1 0 X  ,*XY (1) * l O X , * X M  (2 ) '  
1 i O X  XC 0 ( 1) ' 9 9x1 'XCO 4 2)  * 9 9 X  9' XMD ( 1) * 

1 6 3  WRITE (6,1001 P T ( 1 )  , P X C I ( I )  ,PXC2(1) , P X M l ( I ) , P X M ? ( I )  , P X C D l ( I ) ,  

9x9 + X M  !3 4 2) ' 1 
DO 1 0 3  I = l , M  

1 PXCD2 ( 1 1  , P X M D I ( I )  ,PXYOE (1) 
C**'WRITING JOINT TORQUES 

WRITE (6,104) 

WRITE (6 ,105)  

00 1 0 6  I = l , M  

1 6 4  FORMAT (IH1,5X,+YASTER AND SLAVE JOINT TORQUES* / / )  

1 0 5  FORMAT (5X,*TIME' ,8X,'TQ( 1) * ,10X, 'TQ( 2)  * , l i l X  y ' T Q ( 3 9  ' , lOX,+TQ (4) * )  

IC6 WRITE (6 ,107)  P T ( I )  , P T Q l ( I )  ,PTQ2[ I )  p P T Q 3 I I )  pPTQS(1) 
1 0 7  FORMAT (5X,F6.3,4 (bX,F9.5))  

WRITE (6,511 Y 
5 1  FORMAT (/SX,*M =*,I41 

C***F INDING HIN.  AND MAX. SCALE VALUES FOR PLOTTING 
CALL MI NMAX 4 M ,PT PTS PTL 1 
CALL MINMAX~M,PXI  ,PXIS,PXlL)  
CALL M I ~ M A X  (MsPXZ ,PX2S,PX2L 1 
CALL P X3 ,P X3 S pPX 3L 1 
CALL MINMAX [M,PX4 ,PX4S,PX4L) 
CALL MINMAX (MpPX5 ,PX5S,PXSL) 
CALL MINMAX (M,PXG,PX6S,PX6L) 
CALL M I  NMAX (M, P X 7  ,PX?S PX7L 1 
CALL MINMAX ( M y  P X B  ,PX8S ,PXBL 1 
CAL L M I  NMAX t M ,PXS 1, PX Cis,  PXClL  1 
CALL MI NMAX I M PXC 2 PX C2S PXCZL 1 
CALL MI NMAX (El, P XFil i, PX Fo 1s p PXMlL 1 
CALL M I  NMAX ( M ,  PXM 2, PX N2S PX MZL 1 
CbLL YINMAX [M,PXCDI,PXCDlS,PXCDlL) 
CALL MINMAX (M,PXCD2 ,PXCD2S,PXCD2L) 
CALL M I N M A X ( M , P X ~ O I , P X Y D l S , P X Y D l t 1  
CALL MINMAX (M,PXMDZ ,PXMD2S,PXM02C) 
CALL M I  NMAX (M ,PTQ I, P T Q I S  PTQlL 3 
CALL Y I  NMAX t M  pPTQ2 9 PTQ2S PTQ2L 1 

MI N M A X  ( M  
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CALL MINMAX ( M,P TQ3, PTQ3S PTQ3L) 
CALL M I  NMAX (N  ,P TQ4, PT Q4S PTQ4L ) 
CALL S C A t E ( P T L , P T S , l O , P T G , P T T , S I )  
CALL SCALE (PX I L  ,P X i  S 9 I O  P X l  C P X I  T 9 s  2 )  
CALL SCALE(PX2L,PX2S, IO ,PXZG,PXET,S3)  
CALL SCALE(PX3L ,PX3S, IO,PX3G,PX3T 9S4) 
CALL SCALE(PX4L , P X b S ,  lU,PX4G,PX4T,SS) 
CALL SCALE I PX5L ,P X 5  S 1 0  3 PXSG ,PX5 T S6 1 
CALL SCALE( PXGL ,PXbS, I O  PX6GtPX6T ,571 
C A t  L SCALE ( PX 7L P X7 S 3 10 PX7G PX7T ,S 8) 
CALL SCALE(PX6L ,PXBS, tO,PX8G,PX8T,S9) 
CALL SCALE4PXCIL,PXCIS,10 ,PXClG,PXClT ,SI01 
C AL 1 SCALE ( PX C2 L PX C2 S 9 I O  PX C2 G PXC 2 1  S 1 I 1 
CALL SCALE(PXYIL,  PXMlS 910 ,PXMlCPPXYIT ,S12)  
CALL SCALE (PXM2 L PX M2S 1 0  P XM2G PXY 2T 9 S i  3 1 
CALL SCALE(PXCO3.L ,PXCDlS,IO ,PXCDlG,PXCDIT,S14) 
CALL SCALE(PXCD2L ,PXCD2S,lO ,PXCD2G,PXCO2T,SlS) 
CALL SCALE(PXMD1L ,PXt”1DlS,lO ,PXMOlC,PXMDIT,S16) 
CALL SCALE(PXMD2L ,PXMD2S, 10 ,PXMD2G9PXM02T,Sl7) 
CALL SCALE(PTQlL ,PTQIS, l0  ,PTQlG,PTQlTpS18)  
CALL SCALE(PTQ2Lt  PTQZS,10 iPTQZGpPTQ2T , S I 9 1  
CALL SCALE(PTQ3LpPTQ3S 910 ,PTQ3G,PTQ3T ,S20) 
CALL SCALEIPTQCL, PTQ4S,lO ,PTQ4G,PTQ4T ,S21) 

CAL t 
CALL S P L T ( O e l i , S l , 4 H T I M E , 2 4 H M A S r E R  SHOULDER POSITION9O.,l .  ,PXIT, 

00 60 I = I , M  

C+**PLOT OF MASTER SHOULOER POSIT ION 
BPL T (0 9 2HL C) 

I P X l G , & H X ( I )  1 

60 CALL F P L r I P T t I )  , P X l ( I ) )  
CALL EPLTtO)  

C***PLOT OF VASTER SHOULDER VELOCITY 
CALL S P t T  (Or I ! ,S l ,4YT IME,24HMASTER SHOULDER VECOSITY , O e , I .  ,PXZT, 

1 PXEG, 4HX( 2) ) 
00 61 r=t,M 

6 1  CALL f P L T ( P T ( 1 )  , P X 2 ( 1 ) )  
CALL E P L T ( 0 )  

C**+PLOT OF MASTER EL80W POSIT ION 

1 PX3G,4WX(3) 1 

62 CALL F P L T ( P T < I ) , P X 3 ( 1 ) )  

CALL SPL T ( 0  e 0 9 SI, 4 H T I  YE, 2IHMASTER ELBOW POSITION, 0 9 1  e, PX3Tp 

00 6 2  I = l , M  

CALL EPLT(O1 
C+*+PLOT OF MASTER ELBOW VELOCITY 

CALL SPL T (0 e 0 , S I ,  4 H T I  ME, 21HMASTER EL8OW VELOCITY 9 C . 9 1  e PX4T9 
1 PX4G,4HX(4) 1 

DO 6 3  I = I , M  
6 3  CALL f P L  T ( P T < I )  , P X 4 ( 1 ) )  

CALL E P L T ( 0 )  

CALL SPLT(O.G,SI, 4HTIME,23HSLAVE SHOULOEQ POSITION,O.,Ie,PX5T, 
C***PCOT OF SLAVE SHOULDER POSIT ION 

1 PX5G,4HX(5) 1 
DO 6 4  I = l , M  

64 CALL F P L T ( P T ( 1 )  , P X 5 ( I )  1 
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CALL E P L T ( 0 )  
C***PLOT OF SLAVE SHOULOER VELOCITY 

CALL S P L T ( O . O , ~ 1 , 4 H T I M E , Z 3 H S L A V E  SHOULDER VELOCITY,O. , l e  ,PX6T, 
1 PXEG,kHX(6) 1 

00 5 5  f = i , M  
65 CALL F P L T ( P T ( 1 )  , P X 6 ( 1 ) )  

CALL EPLT(O1 
C * ' + ~ P L O T  OF SLAVE ELBOW POSITION 

CALL SPLT (0 e 0 ,SI ,  4HTIME,20HSLAVE ELBOW POSITION, 0 l e  yPX7T9 

DO 6 5  I=I,M 
1 PXfG,4HX(7)  1 

66 CALL F P L T ( P T ( 1 )  , P X 7 ( I ) )  

C***PLOT OF SLAVE ELQOW VELOCITY 
CALL EPLT(O1 

CALL S P L T ( O ~ O , S 1 , 4 H T I M ~ , 2 C I H S L A V E  EC60W VELOCITY,Oe, 1 *9PX8T,  
I PXBG,4HX18) 1 

DO 6 7  I=I,Y 
6 7  CALL F P L T ( P T ( I 1  , P X d ( I I )  

CALL E P L T ( 0 )  
C***PLOT OF MASTER X T I P  POSIT ION 

CALL SPLTtO.C,Sl,4HTIME,21HMASTER X T I P  POSITION,O. ,Ie,PXCIT, 

00 6 8  I = i , M  
I PXC 1 G  SHXC ( I) 1 

6 8  CALL FPCT(PT41)  , P X C I ( I ) )  
CALL E P L T ( 0 )  

C***PLOT OF MASTER X T I P  VELOCITY 
CALL SPLT ( 0 . 0  , S I ,  4HTIMEg 2IHM4STER X T I P  VELOCITY 0 0 9 1  9 P X C n l T ,  

00 69 I = I , M  
1 PXCDIG, 6HXCO (1) 1 

69 CALL F P L T I D T ( 1 )  , P X C D l ( I ) )  
CALL E P L T ( 0 )  

C'+'+*PLOT OF MASTER Y T I P  POSIT ION 
CALL SPLT (0 e 0  , S I ,  4HTIME,2lHMASTER Y TIP POSITIOY, 0.91.9 PXCZT, 

1 PXCZG ,5HXC( 2) 1 

7 0  CALL F P L T f P T f I )  , P X C Z ( I ) t  
D O  7 0  I=I,M 

CALL E P L T ( 0 )  
C**+PLOT OF MASTER Y T I P  VELOCITY 

CALL SPLT (0 0 ,Si, 4HTIME,ZIHMASTER Y T I P  VELOCITY I! 9 1  e vPXCD2T 

00 3 1  I = l , M  

CALL E P L T ( 0 )  

1 PX~OZG,GHXCD(Z) 1 

7 1  CALL FPL 1 (PT (1) ,PXCO2 (1) 1 

C***PLOT OF SLAVE X T I P  P O S I T I O N  
CALL S P L T ( O e O , S I , 4 H T I M E , 2 O H S L A V E  X T I P  POSITIBN,O.~ l . ,PXMIT,  
I PXMiG ,5HXM( 11 1 

72 CALL FPCT(PT41)  , P X M I ( I ) )  
00 7 2  I = I , M  

CALL E P L T ( 0 )  
C***PLOT OF SLAVE X T I P  VELOCITY 

CALL S P L T ( O e O , S I , 4 H T I M E , 2 O H S L A V E  X T I P  VELOCITY,Oe,le ,PXMDlT, 
1 PXMDlG,GHXMD(l)) 

D O  7 3  I = I , M  
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7 3  CALL F P L T ( P T ( 1 )  , P X M O l ( I ) )  
CALL EPLT(O1 

C***PLOT OF SLAVE Y T I P  P O S I T I O N  
CALL S P L T ( O o O , S 1 , 4 H T I M E , Z O H S L A V E  Y T I P  POSfTION,O.,l.,PXMZT, 

DO 7 4  I = l , M  
1 PXH26,5HXM ( 2  1 )  

7 4  CALL F P L T ( P T 4 I )  , P X M Z ( I ) )  
CALL E P L T ( 0 )  

C**'PLOT OF SLAVE Y T I P  VELOCITY 
CALL S P L T ( O o O , S I , 4 H T I i r l E , Z f H S L A V E  Y T I P  VELOCITY,Oo,I*,PX!I02T, 

1 PXMD2G9 OHXMO ( 2 )  1 
00 7 5  I = I , Y  

CALL E P L T ( 0 )  
75  CALL F P L T ( P T ( I ) , P X M D Z ( I ) )  

C***PLOT OF MASTER SHOULDER TORQUE 

1 PTQl f ,5HTQ(  1) 1 

7 6  CALL F P L T t P T t I )  , P T Q I ( I ) )  

CALL SPL T (0 0 ,S  i 4 H T I  ME, 22HMASTER SHOULOER T ORQJE 0 9 1.9 P T Q l T  

DO 76 I = l , M  

CALL EPLT(O1 
C+**PLOT OF MASTER ELBOW TORQUE 

CALL SPL T ( 0  00 ,Sf 9 4HTIYEv19HM4STER ELROW fORQUE,Oo $1 rPTQZT, 

DO 7 7  I = I , M  
I PTQ2C p 5 )-IT Q ( 2 1 1 

7 7  CALL FPLT(PTI (1)  , P T Q 2 ( 1 ) )  
CALL EPLTtO)  

C***PLOT OF SLAVE SHOULOER TORQUE 
CALL SPLT (0 o D  ,S I ,  4HTIME,ZlHSLAVE SHOULDER TORQUE, 0 o 9 1 0  ,PTQ3f, 

00 7 8  I = l , M  
1 PTQ3G ,5HTQ( 3 1 )  

78 CALL F P L T t P T ( 1 )  , P T Q 3 ( I ) )  
CALL E P L T ( 0 )  

C***PLOT OF SLAVE ELSOW TORQUE 
CALL SPLT(O.O,SI, 4HTIME,I8HSLAV€ ELBOW TORQUE,O.,Io ,PTQ4T, 

00 79 I = I , M  
1 PTQ4G,5HTQ(4)) 

79 CALL F P L T ( P T 4 1 )  , P T Q 4 1 I ) )  
CALL E P L T ( 0 )  
GO T O  99 

90 WRITE (6 ,911 
9 1  FORHAT (5X,'SOLUTION NOT ATTAINABLE FROM OFEQKM') 
99 STOP 

EN0 

SUBROUT I NE OFEQK M (  NEQ ,X Sr EP Y F PEPS ,AB NCU TS ,EX1 T S TPSZ 1 
C 
C 
c*++*r*+***** J4 **+****** **** * 
C *  SUBROUTINE DF'IQKM * 
~ 4 * 4 0 + J 4 Y * * * * ~ i * ~ 0 * i 0 + 0 +  ***** 
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C 
INTEGE2 NEQ, NCUTS 

EXTERNAL F 
LOGICAL STPSZ 

REAL F I N A L ,  H Z 9  H3, H 6 ,  H 8 ,  EPRp TEST, T ,  4, EPSL, 

REAL X, STEP, Y(NEd1, F, EPS, 4 8  

C 

1 Y l ( 3 0 1  9 Y 2 ( 3 0 ) ,  F 0 1 3 0 ) ,  F l ( 3 0 1 ,  F2(30)9 TEMP 
INTEGER I 9 CUT 
LOGICAL DSL 

5 0  FORMAT ( +  *,*THE STEPSIZE I S  NOW * ,G12.4 , *  AT T =*,G12.4) 
60 FORMAT(+ THE STEPSIZE 'iAS BEEN HALVE0 +,I5,* T IYES* )  

HC=O.O 
E X I T = I .  0 

C **+ CHECK FOR I N I T I A L  ENTRY AN0 AOJUST HC, I F  NECESSARY0 
IF(NEQeNE.0) G O  T O  II! 

HC = STEP 
RETURN 

10 EF(STEPeEQe 0) RETURN 
IF(HC.EQ.O) H C  = s r w  

C *** SET LOCAL VARI4BLES. 
FENAL = X+STEP 
t i  = STEP 
EPSL = EPS 

IF(EPS.EQ.0 .OQ. A S S ( H )  .LE. 4 8 S 4 H C ) )  GO T O  1 5  
C +*+ CHANGE OIRECTION, I F  REQUIRED. 

1FIH"HCoLE.O) HC = -HC 
H = HC 

CUT = NCUTS 
X = F INAL  

1 5  T = x + i  

H2 = H / 2 e  
H3 = H/3e 
H6 = H/6e 
H 8  = H / 8 e  

C +*+ MAIN KUTTA-MERSON STEP 
20 I F 4 W e G T e O  eANO. TeGTeFINAL *OP. H.LToO.AND.T.LT.FINAL) GQTO 40  
2 1  CALL F t T - H ,  Y,  FO) 

DO 2 2  I = 1,NEQ 

CALL F (T -2e*H3 ,  Y i p  F l )  
DO 23 I = 1 ,NZQ 

CALL F(T=2r 'H3,  Y i p  F T )  
00 2 4  I = 1,NEQ 

CALL F ( T o H 2 ,  Y i p  F 2 )  
DO 25 I = 1,NEQ 

CALL F ( T p  Y i ,  F I )  
00 26 I = 1,NEQ 

22 Y I ( E )  = F O ( I ) * H 3 + Y ( I )  

23 Y I ( 1 )  = ( F O ( I ) + F I ( I ) ) * H O + Y I I )  

2 4  Y l ( 1 )  = ( F I ( 1 ) + 3 . + F O ( I )  ) + H B + Y ( I )  

25 Y I ( 1 )  = ( F 2 ( 1 1 + 4 * ~ F 1 ( 1 1  *3 .+FO( I ) ) *H2  + Y ( I )  

26 Y 2 ( I )  = (F2(1)*4.+Fl(I)+FO(I))'H6 + Y ( I )  
C +** DOES THE STEP SIZE H NEED T O  BE CHANGED. 
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c + o +  

3 0  

CQo4 

3 3  

3 4  
35 

c 0 4 ,  

38 
39  

40 c +** 

I F ( E P S L . C Q . O )  G O  T O  3 8  
Or3L = .TRUE* 
00 35  I = 1,NEQ 

ER? = A S S ( Y l ( I ) - Y Z ( I D  ) * O D 2  
TEST = 4 Y S ( Y l ( I ) ) + E P S L  
I F ( E R R . L Z . T E S T  .OR. ERR.LT'.AB) GO 10 34 

HALVE THE STEP S I Z E .  
H = H 2  
T = T - 8 2  
I F  (eNOTmSTPSZ) GO TO 30 

TEMP = T-H2 
WRITE ( 6 9 5 0 )  H, TEYP 

CUT = CUT - 1 
I F  (CUT .GE. 0 )  GO TO 3 1  

X = T - H 2  
WRITE ( 6 7 6 0 )  MCUTS 

E X I T = O  0 
RETURN 

I F ( 1 t H . N E . T )  GO TO 33 
X = T  

E X I T  = 0.0 
R'ZTURN 
s w  SIZE roo SMALL R E L A T I V E  T O  T ,  S E T  EXIT=O A N D  RETURN 

H2 = H/2.  
ti3 = H/3,  
H 6 =  H / 6 e  
H8 = HI80 
GO TO 21 

I f ( 6 4 . @ * E R R . G T . T E S T )  O G L  = mF4LSE. 
co N T I rd UE 

OOUBLE THE STEP S I Z E ,  YAYBE. 
I F ( . N O T r D E L )  GO TO 38  

H2 = H 
H = 2e'H 
IF ( S T P S Z )  W R I T E  ( 6 , 5 0 1  Y , T  
ti3 = HI30 
H6 = H/6. 
H B  = H18.  
CUT = MCUTS 

00 3 9  I = 1,NEQ 
Y ( I )  = Y 2 t I )  

T = T+H 
GO T O  2 0  
I F ( E P S L . E Q .  0) RETURN 

NOW BE SURE TO HAVE T = FINAL.  
HC = H 
H = F I N A L - ( T - t i )  
I F ( A B S ( H 1  oLEoABS(FIMAL1 +90536744 E-7)  RETURN 

T= F I N A L  
E P f L  = 0 
H2 = H / 2 .  
H3 = H / 3 e  
H6 = H/6. 
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H8 = H / S o  
GO T O  20 

END 
C +** LAST CA2D OF SUBROUTINE D F E Q I  

SUBROUT I N E  FIROER 1 f 9 X 9 9x1 
C 
C 
C C * * S U B ~ O U T I N E  F3Y f I l JO ING F I R S T  DERIVATIVES 
C 

( 2 9 2 )  ,J2 2 1 2  
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T M ( 2 , 2 ) = L M * ( C O S ( X ( 5 ) + X ( 7 )  1 )  

J l ( l , l )  =LC+ ( - S I N (  X ( 1 )  1 - S I N ( %  (1) + X  ( 3  1 )  1 
J1( I, 2) =L C* ( - S I N  ( X [ 1) + X  4 3 1 ) 1 
J l ( 2 , l )  =LC* (COS ( X  (1 1 )  +COS { X  (1) + X  ( 3 )  1 1  
J I ( 2 2 1 = LC+ (COS ( X  I1 1 + X ( 3  1 1 1 
J 2 ( l , l ) = L M ' ( - S I N ( X ( S )  1 -SIN(X ( 5 )  + X  (711 1 
J 2  (1921  =LM* ( - S I N (  X (  5) + X  ( 7 )  Z 
JZ(Z , I )=LM+(COS(X15) )  + C O S ( X ( 5 ) + X t 7 )  1 )  
J 2  (2,2) =LM" (COS ( X  (5) + X  ( 7 )  1 )  

DO 1 0 0  I=1 ,2  
1 0 0  R I ( I ) = X C ( I ) - P I ( I )  

CALL MM PRDU 4 C T  X Y  R 2  2 2 9 I) 
DO I 0 1  I = 1 , 2  

DO 102 I = 1 , 2  
1 0 2  R 6 t  I ) = R 4  (I) - R R (  I) 

D O  1 0 3  I=1 ,2  
l G 3  P E I  (I 1 =R6 (I 1 - R l  (I 1 

00 1 0 4  1 ~ 1 9 2  
104 PE2 (I)=R1 (I 1 -e6 (I 1 

D O  1 0 5  I=1,2 
105 R3(Il = P E I  (I) ' K i  (I I) 

D O  1 0 6  1 ~ 1 9 2  
1 0 6  R 8 ( I ) = P E 2  (I 1 "K4 (I ,I 1 

CALL 3 9 2 9 1  1 
CALL MMPROU ( J 2 1  MV ,X MD 2 2 I) 
CALL 
DO 107 I = I , 2  
R 1 6  4 I) = R14 ( I) 'M M 
DO 1 0 8  1 ~ 1 9 2  

C**+CACCULATION OF JACOBIAN YATRICES 

C*++CALCUL4TION OF INTERNAL VECTORS I N  SIGNAL CHANNELING LOOP 

101 R 4 ( I ) = R Z ( I ) * M Y ( I , I )  

MMPRDU (J l ,  CV 9 X  CD 

MMPROU(CT, XMO, R l 4  9 2 9  291)  

107 I, I 1 

1 0 8  R 3 0 ( I ) = X C D ( I ) - R I G ( I )  
DO 109 I = 1 , 2  
R 5  ( I 1 =R 3 0 (I 1 + K 3  ( I 
DO IID 1 = i 9 2  

00 Ill 1=1,2 

10  9 

1 1 0  R l O ( I ) = R 3 0 ( I ) * K 6 ( 1 , 1 )  

Ill R 7 ( I ) = X C O ( I ) * K 2 ( I , I )  

1 1 2  

I 1 

DO 112 I = 1 9 2  
R l 2  ( I ) = R 1 6 (  I) 'K5 (1, I) 
00 1 1 3  1 ~ 1 9 2  

11 3 CF ( I 1 =R3 ( I) -R5 ( I) +R7 4 I 1 
DO 1 1 4  I = 1 , 2  

CALL MMPRDU(TC,CF ,R9,2,2,1) 
DO 115 I = l , 2  

CALL MMPROU ( C T I  ,MF, RIR,2,2,1) 
CALL MMPRDU ( T Y ,  R l 8 ,  R 2  0 2 2 1) 
DO 116 1 ~ 1 9 2  

1 1 4  M F ( I ) = R 8 ( I ) + R l O  ( I ) + R I Z ( I )  

1 1 5  R l I ( I ) = R 9 ( I ) + C A ( I , I )  

116 R 2 2 ( I ) = R 2 0 ( I l r M A ( I ,  I) 
C+*+CALCULATION OF INPUT TORQUES FROM INPUT FORCES 

D-14 



CALL M M P R D U ( T C , F C , T A , 2 , 2 , 1 )  
CALL M Y P R D U  t T Y , F M , T R ,  2 ,2,1) 
T Q  (I 1 =(  Rll( I) -KFB (I 1 * X (2 )  ) +KFL 4 1) 
T Q ( 2 ) = < R l l ( Z ) - K F 3  ( 2 ) * X ( 4 )  )+KFL (2) 
TQ(3)=(R22(1)-KFB ( 3 ) + X ( 6 )  )*I(FL (3) 
TQ (4)={R22( 21 -KF9 (4) + X  t 8 )  1 *KFL 44) 

D O  7 1  I=1,4 
I F  t ABS ( T Q (  I) 1 GT T L  ( I) 1 70 7 1  
T Q ( I ) = S I G N ( T L  (1 1 ,  T Q { I  1 )  

00 72  I = 1 , 2  

DO 73 1 ~ 1 9 2  

C * * * E F F E C T S  OF S E R V O  TORQUE L I H I T S  

70 
71 C O N T I N U E  

72  TI (I 1 =TQ (1) + T  4 ( I )  

73 TI(I+2) = T Q ( I + 2 )  + T B ( I )  
C * + * N O  GEAR S T I C T I O N  INCLUDED 

00 74 1=1,4 
74 T R ( I ) = T I ( I )  

C * * * D Z T E K M I N A T I O N  DF F I R S T  I ~ E R I V A T I V E S  
125  O X ( I ) = X 1 2 )  

o x  4 2 1 = K E I  (1 1 + TR ( I  1 
O X ( 3 ) = X ( 4 )  
O X  ( 4 )  = Y E 1  (2) * T R  ( 2  1 
O X  ( 5 )  =X (6) 
O X  (6 )  = K E I  ( 3 ) * T R ( 3  1 
O X ( 7 )  =X 4 81 
D X ( 8 ) = K E I ( 4 )  * T K ( 4 )  
R E T U R N  
E N D  

C * * * E V O  OF SUBROUTINE F I R O F R  

SUBROUT I N E  M I N M A X  ('I X I ,  X M I N  , X M A X )  
C * * * S U B R O U T I Y E  FOR FINDING M I N .  A N D  M A X ,  V A L U E S  O F  V F C T O R S  

D I M E N S I O N  X I ( l O 2 0 )  
X M I N = X I  (1) 
X M A X = X X  (1) 
DO 1 I = 2 , M  
I F (  X M I N e  GTe X I  (I 1 )  X M I N = X I  (I) 

1 I F ( X M A X e L T e X I ( 1 ) )  X Y A X = X I ( I )  
R E T U R N  
END 

C + * * L A S T  C A R 0  O F  SUBROUTINE M I N M A X  

SUBROUT I NE SCAL € 4  X P M A  X XPMIN, NSQ ,X SM A X  X S M I  N ,SI 
C X P M A X = M A X I P I U M  VALUE T O  BE PLOTTED 
C X P M I N = M I N I M U M  V A L U E  T O  BE P L O T l E D  
C NSQ = N U M B E R  OF PLOT M 4 J O R  G R I D S  = 10 
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C X S Y A X = Y A X I M U N  SCALE VALUE 
c X S M I q = Y I N I M U P l  SCALE VALUE 
c S = S C A L E  F 4 C T O R  P E R  M A J O R  G R I O  

F NS Q = N S Q 
X S M I N  = O o O  

I F ( X P M A X - X P Y I V )  1 2 9 1 2 9  1 3  
12 X P M I N = X P M I N ' 5 0 0  

X PM AX= X P M AX + 5 s 0 
1 3  X D I F = X P M A X - X P Y I N  

0 0  I 1 ~ 1 9 6 6  
00 1 J=1,3 
T = 2 0 0 + r ( J - 2 ) * F N S Q / 1 0 s ~  
I F I X D I F - T ' l O o  0 9 4 1  1 - 3 3 ]  ) 2 9 2 , 1  

1 C O N T I N U E  
2 S=T'~OoO"'(I-33)/FNSP 

I F ( X P M I N 1 3 9 7 9 4  

I F ( X S M I N - X P M I N )  79 7 9 3  

I F ( X S M I N - X P Y I N )  4 9  796 

3 X S M I W X S M I N - S  

4 X S Y I N = X S M I N + S  

6 X S M I N = X S M I N - S  
7 X S Y A X = X S M I N +  S'FEISQ 

I F f X S Y A X - X P M A X )  R,11,11 
8 I F t J - 3 )  10,999 
9 J=O 
I=I+l 

10 J=J+I 
T = 2  
X S M I N = O  e 0 

O r +  ( J-2 1 +FN S Q / l  C 0 

G O  T O  2 

R E T U R N  
END 

11 X S M I N = X S M A X - I O o  C'S 
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APPENDIX E - MANIPULATOR TRAJECTORY DATA 

A d i g i t a l  computer program was w r i t t e n  t o  c a l c u l a t e  t h e  
m a n i p u l a t o r  p o s i t i o n  and a t t i t u d e  from t h e  j o i n t  a n g l e  d a t a  
r eco rded  d u r i n g  t h e  m a n i p u l a t o r  t r a j e c t o r y  d e f i n i t i o n  t a s k .  
The a n a l o g  d a t a  d e f i n i n g  t h e  j o i n t  a n g l e s  were t r a n s c r i b e d  i n t o  
d i g i t a l  format  f o r  u s e  a s  i n p u t  d a t a  t o  t h e  program. The 
f o l l o w i n g  pages l i s t  the r e s u l t s  o b t a i n e d  w i t h  t h i s  program. The 
X ,  Y ,  Z i n f o r m a t i o n  d e f i n e s  t h e  p o s i t i o n  o f  t h e  w r i s t  o f  t h e  
man ipu la to r  r e l a t i v e  t o  t h e  s h o u l d e r  j o i n t ,  i n  t h e  S h u t t l e  a x i s  
system. L ikewise ,  t h e  R o l l ,  P i t c h ,  Yaw i n f o r m a t i o n  d e f i n e s  
t h e  a t t i t u d e  of  t h e  t e r m i n a l  d e v i c e  r e l a t i v e  t o  t h e  S h u t t l e ,  
f o r  a s t a n d a r d  Yaw-Pitch-Roll  E u l e r  a n g l e  sequence.  The c o r r e s -  
ponding m a n i p u l a t o r  j o i n t  a n g l e s  a r e  then  l i s t e d , a l o n g  w i t h  
comments d e s c r i b i n g  t h e  p o s i t i o n  o f  t h e  m a n i p u l a t o r  a t  s i g n i -  
f i c a n t  p o i n t s  a l o n g  t h e  t r a j e c t o r y  man ipu la to r  s h o u l d e r  l o c a -  
t i o n ,  i n  r e l a t i o n  t o  t h e  s h u t t l e ,  i s  shown i n  F i g u r e  11-5. 
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APPENDIX F - MECHANICAL DESIGN OF MASTER ANI) SLAVE OF 2 DOF BREADBOARD 

Two s i m p l e ,  breadboard-type test mechanism a r m s  were de- 
signed t o  provide a t o o l  f o r  proving t h e  c o n t r o l  equat ions of 
a s i x  degree-of-freedom, b i l a t e r a l ,  f o r c e - r e f l e c t i n g  tele- 
operator/manipulator system. 
by t h e  c o n t r o l  system engineers  as a minimum f o r  proving t h e  
f e a s i b i l i t y  of t h e  concept. 

The requirements were s t i p u l a t e d  

The master arm has two 11-in. segments and t h e  slave, two 
22-in. segments. A l l  j o i n t s  are s i m i l a r .  Design d e t a i l s  are 
shown i n  Figure 111-21, and t h e  f i n a l  product i s  dep ic t ed  i n  
Figure 111-5. 

Normally t h e  devices w i l l  be mounted with t h e  a r m  plates 
paral le l  t o  t h e  f l o o r  or ground. The arms are not  designed 
t o  t ake  any a d d i t i o n a l  ver t ical  t i p  load, only t h e  weight of 
t h e  a r m  i t s e l f .  I n  t h e  h o r i z o n t a l  plane, a t i p  f o r c e  of up 
t o  about 8 l b  can be developed on t h e  s h o r t  (master) a r m  
and about 7 l b s  on t h e  l a r g e  (slave) a r m  when both arms are 
i n  t h e  f u l l y  extended pos i t i on ,  neg lec t i cg  s m a l l  f r i c t i o n  
losses .  These f o r c e s  w i l l  be s u f f i c i e n t  t o  demonstrate the 
b i l a t e r a l  servo c o n t r o l  system. The j o i n t s  themselves were 
designed us ing  1OO:l o r  less s i m p l e  spur gear ing t o  assure 
a backdriving capab i l i t y .  No brake system o r  l i m i t  s t o p s  were 
p r ov i de d. 

Many motors and generators  were inves t iga t ed .  It w a s  con- 
cluded t h a t  a self-contained,  packaged motor and generator  u n i t  
a v a i l a b l e  from In land  Motor Company would be t h e  least expen- 
s i v e ,  y e t  provide s u i t a b l e  torque and speed c h a r a c t e r i s t i c s  
f o r  use with t h e  se rvo  c o n t r o l  e l e c t r o n i c s .  The s e l e c t e d  motors 
have a torque r a t i n g  of 54 in-oz a t  s ta l l .  

The gea r s  have been designed t o  accommodate 30% g r e a t e r  
loads than  t h e  motor s t a l l  torque,  but  they w i l l  not t ake  
severe impact loads. 

I n e r t i a s  of t he  j o i n t  members and ou te r  a r m  have been cal-  
c u l a t e d  and f r i c t i o n a l  c h a r a c t e r i s t i c s  were a l s o  inves t iga t ed .  

The maximum backdriving torque a t  any j o i n t  has been c a l -  
cu la t ed  t o  be between 1.5 and 2.2 f t - l b  based on a motor 
s t a r t i n g  f r i c t i o n a l  torque of 3 . 3  in-oz. The dynamic f r i c t i o n  
should be less than h a l f  of t h i s .  
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1. Requirements 

A l ist of requirements f o r  mechanically designing t h e  
breadboard a r m s  and j o i n t s  i s  presented below. Some of t h e  
i t e m s  were generated a t  t h e  o u t s e t  of t h e  program; o t h e r s  
evolved as t h e  des ign  progressed. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

The des ign  s h a l l  inc lude  two simple breadboard man- 
i p u l a t o r  arms, one m a s t e r  and one s l a v e ,  each of 
which i s  e l e c t r i c a l l y  driven. 

The master s h a l l  be capable  of c o n t r o l l i n g  t h e  s l a v e ' s  
t i p  p o s i t i o n  w i t h i n  ,+ 1/16 i n . ,  excluding gear  back- 
l a s h  e f f e c t s .  This i s  equiva len t  t o  an accuracy 
of approximately 10 minutes of arc and relates p r i -  
mari ly  t o  t h e  s e l e c t i o n  of p o s i t i o n  potent iometers  
and con t ro l  e l e c t r o n i c s .  

To ob ta in  s i z e  d i s p a r i t y ,  t h e  s l ave  a r m  s h a l l  be a t  
l e a s t  twice as long as t h e  master a r m .  

A r m s  s h a l l  opera te  only i n  the  h o r i z o n t a l  plane (no 
motion aga ins t  g rav i ty ) .  

No te rmina l  device i s  requi red .  

Torques a t  j o i n t s  s h a l l  be a t  least 25 f t - l b .  

The master a r m  s h a l l  be capable  of exe r t ing  a t i p  
fo rce  of a t  least 8 lb .  

When no load i s  appl ied ,  t h e  s h a f t  speed at t h e  r a t e d  
output c a p a b i l i t y  of t he  gear  t r a i n  s h a l l  be 1 .5  
rad/  sec. 

Backlash should be kept  t o  a minimum. 

2. Design Summary 

a. Components: 

Motor: Inland Motor Company Model NT2173; opera t ing  
vol tage  = 22.8 V. - I n t e g r a l l y  packaged. 

Tach. Generator: In land  Motor Company Model TG0714 
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Potentiometers:  Slave-20 tu rn ,  i n f i n i t e  
Master 20 t u r n a h f i n i t e  r e s o l u t i o n  

Gears: S t r a i g h t  spur gears  - 
Gear Ratio:  

Master Shoulder - 62:l 
Master Elbow - 29:l 
Slave Shoulder - 1 O O : l  
Slave Elbow - 1 O O : l  

Gear Meshes: Output gears :  P i t ch  = 20, pressure 
angle  = 20°, Ra t io  = 5.56:l 

pressure angle  = 20°, Ra t io  = 5.33: 1 

pressure angle  = 20°,  Rat io  = 3.42:l 

Intermediate  gears :  P i tch  = 32, 

Input  (motor) gears :  P i tch  = 48, 

Bearings: Flanged b a l l  bear ings  
Doub le sh ie Id 

Arm Plates: 6061 T-6 aluminum a l l o y ,  1 / 4  in .  th ick .  

Standoffs:  2-in. -long x 0.50-in. x 0.50-in. aluminum 
a l l o y  

Mounting: Optional - Clamped o r  bo l t ed  t o  t a b l e  or  w a l l  

3. Design Data 

I n e r t i a s :  Look-in or  backdrive i n e r t i a  of gear t r a i n  
j o i n t  = 7.08 i n . - l b  sec2  

Torques/Forces: Maximum s t a l l  torque = 28 f t - l b  

Calculated Data: F u l l  load condi t ion  (not including 
motor s t i c t i o n )  

S t a t i c  Ef f ic iency:  Backdrive = 92.8% 
Forward d r ive  = 98.0% 

Dynamic Eff ic iency:  Backdrive = 95.6% 
Forward d r ive  = 98.5% 

Backlash: 3.7 minutes of a r c ,  c a l c u l a t e d  
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Estimated Backdriving Torque: 
S t a t i c :  1.7 t o  2.2 f t - l b  
Dynamic: 0.5 - 1.0 f t - l b  

4. T e s t  Data (Using Torque Watches) 

Actual Backdriving Torque: 
S t a t i c :  Approximately 10 

with motor 
wi th  motor 

t o  11 in .  oz without _ _  
motor; 315-350 in -oz  wi th  motor and tach  gen. 

Drive Shaf t  (Less Motor): 
S t a t i c :  Approximately 0.1 i n .  oz breakaway 

Backlash: (See Page 111- 104) 

5, Design Approach 

a. Desipn Philosophy - The bas i c  approach was t o  develop 
a simple design with s tandard components. I n  our design, 
both t h e  master and s l ave  a r m s  use s i m i l a r  j o i n t s .  The gears  
are housed between two f l a t  plates whose bear ing ho le s  were 
simultaneously line-reamed t o  ensure paral le l  mounting of t h e  
s h a f t s .  
t r a i n ,  but  a l s o  t o  act as a r m  segments and provide s t r u c t u r a l  
support ,  Both t h e  master and slave arms were b u i l t  so t h a t  
they can accept e x t r a  degrees of freedom i f  t h e  necess i ty  
arises during t h e  later s t ages  of t he  c o n t r o l  study. A d i s -  
advantage of t he  system is t h a t  t he  connecting plates produce 
a h igh  a r m  i n e r t i a .  

These plates  were used not only t o  support  t h e  gear  

b. Access ib i l i t y  and/or  In t e rchangeab i l i t y  - Should t h e  
requirement arise, t h e  gears  can e a s i l y  be exchanged t o  achieve 
a j o i n t  gear  r a t i o  higher  or  lower than t h e  present  1 O O : l .  
The j o i n t s  are not encased and t h e  gears  can e a s i l y  be cleaned 
i f  necessary.  

c. Lubr ica t ion  - We a n t i c i p a t e  t h a t  t h e  gear  t e e t h  and 
b a l l  bear ings  may r equ i r e  pe r iod ic  l i g h t  l ub r i ca t ion .  

1. Bearings are t o  be greased with MIL-G3278 

2. Gears are t o  be lub r i ca t ed  with MIL-L6085A or 
an  equiva len t  l i g h t  o i l .  
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d. 

- Mote: A l l  gea r s  have a 20' pres su re  angle.  

100 : 1 

Pi t ch  Outside Face Gear 

in .  i n .  i n ,  
Name No. Diameter, Diameter, Width, Material Ra t io  

Gear 1 5.000 5.100 0.375 CRS'k 

Pinion , 2 0.900 1.000 0.375 CRS 

Gear 3 3 .OOO 3.062 0.375 Bronze 

Pinion 4 0.5625 0.625 0.187 CRS 
Gear 5 2.000 2,042 0.187 Aluminum 

Pinion 6 0.5833 0.625 0.187 CRS 

5.560 

5.333 

3.452 
~ 

* Cor ros ion - re s i s t an t  steel 
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Theore t i ca l  Forward Drive Ef f i c i ency  
..II 

V = 0.2618 DN 

Ht 
2 

50F 
COS 0 ( H + Ht 

P =  
S 

where 

K = load f a c t o r  

= t a n g e n t i a l  t oo th  load, l b s  
wt 

N = gear  r a t i o  of mesh 

n = pin ion  speed 

F = f a c e  width of gea r ,  in .  

D = diameter  of gear ,  in.  

V . =  p i t c h  l i n e  v e l o c i t y ,  f t /minute  

H = s l i d i n g  v e l o c i t y  t o  p i t c h  l i n e  v e l o c i t y  r a t i o  (start  t o  
approach) 

Ht= s l i d i n g  v e l o c i t y  t o  p i t c h  l i n e  v e l o c i t y  r a t i o  (recess 
a c t  ion)  

r = r a d i u s  of p in ion ,  i n .  

r = p i t c h  r a d i u s  of pinion,  in.  

61 = pressure  angle  of gear  (20 f o r  a l l  j o i n t s )  

0 

0 

= Radius of gea r ,  in .  
RO 

R = p i t c h  r a d i u s  of gear ,  in .  

f = c o e f f i c i e n t  of f r i c t i o n  

P = power l o s s ,  % 

E = e f f i c i e n c y ,  % 

"How t o  P red ic t  E f f i c i ency  of Gear Trains." *E.E, Shipley:  Product Engineer ing 
Journa l  
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e. 

Mesh 1,2 : 

Forward Drive Dynamic -_---- Eff ic iency  

VRated = 11.2 f t /minu te ;  using Shipley's chart, 

= 600, f = 0.053 %ated 

A t  maximum ra t ed  load & speed I Hs = 0.151 

Ht, = 0.496 

P = 0.496 

E = 99.50% 

Mesh 3,4 : K = 583, V = 37 f = 0.051 

Hs = 0.162 

Ht = 0.1835 

P = 0.47% 

E = 99.53% 

Mesh 5,6 : K -173, V = 134 f = 0.043 

Ht = 0.1371 

Hs = 0.123 

P = 0.298% 

E '= 99.7% 

Overal l  dynamic e f f i c i e n c y  a t  fu l l - l oad  ( ra ted)  condi t ion  = 98.5% 

f, Forward Drive Eff ic iency  a t  S t a r t u g  (slow speed) consider ing 

higher  f r i c t i o n  f a c t o r s :  

Mesh 1,2 = 99.25% 

Mesh 3,4 = 99.25% 

Mesh 5,6 = 99.60% 

Overal l  s t a t i c  e f f i c i e n c y  = 98% 

Backdrive Ef f i c i ency  ( A t  a r a t ed  load of 28 f t - l b  and an angulrar 

v e l o c i t y  of 0.90 rad /sec  f o r  dynamic cons idera t ion)  

g ,  
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Mesh 1 , 2  : K = 80, V = 0 ,  f = 0.070, (f i n c l u d e s  s t a t i c  f r i c t i o s .  

a d d i t i v e  of 0.025) 

Hs = 0.0354 

Ht = 0.890 

P = 3.17% 

E = 96.83% 

Mesh 3 , 4  : 

E = 96.97% 

Mesh 5 ,6  : f = 0.060 

PL = 1.245% 

E = 98.75% 

O v e r a l l  s t a t i c  e f f i c i e n c y  of g e a r  t r a i n  = 92.8% 

h. Backdr ive  Dynamic E f f i c i e n c y  

Mesh 1,2 = 98.76% 

Mesh 3,4 = 97.0% 

Mesh 5 , 6  = 96.8% 

O v e r a l l  dynamic e f f i c i e n c y  = 95.6% 

i. P r o j e c t e d  Backlash  C a l c u l a t i o n s  

A C  = Cente r  D i s t a n c e  
Change (Bending 
-I- T o l e r a n c e s )  

AC,= 0.003 in .  

AC2= 0.002 i n .  

AC3= 0.002 i n .  

180 x 60 
X 

2 t a n  8 h c  B =  
RG 

where B = b a c k l a s h ,  a r c -minu tes  
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Consider rated load: 

B1 - - - 0*728 x 0.003 x 3438 = 2.90 2.5 Mesh 1 

Mesh 2 -- - 0*728 x 0.002 x 3438 = 3.57 B2 1.5 

- - 728 x 0.002 x 3438 = 2.37 Mesh 3 B3 l:o 

Backlash of power gear: 

3 57 2.37 = 2.90 + - 4- B1-3 5.56 5.56 x 5.33 

= 3 minutes 40 seconds. 
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6 .  Calculated I n e r t i a s  (Summary2 

The i n e r t i a  c a l c u l a t i o n s  included h e r e i n  d o  not  include a l l  members. 

7 

2 I1 (Power Sha f t )  = 170.5 x lov4 in-lb-sec 

I2 (Gears 2 & 3 4- Shaf t )  = 24.75 x in-lb-sec 

I 4  (Gear 4 & 5 + Shaf t  4 )  = 0.80 x lom4 in-lb-sec 

I6 (Motor Rotor + S h a f t )  = 6.92 x 18 in- lb-sec 

To o b t a i n  I (''look-in" i n e r t i a )  w e  mu l t ip ly  by the  square of t h e  gear 
r a t i o ;  

I ("look-in-" i n e r t i a )  = 

( a r m  no t  included) 

2 

2 

-4 2 

2 2 + 0.8 (5.56 x 5.33) 
2 2 } x loe4 = 7.08 i n  l b  sec 

2 
I (Outer A r m  Segment) = 0.95 in-lb-sec (about power s h a f t ) ( s l a v e )  

f170.5 + 24.7 (5.56) 

+ 6.9 (100) 

1_-_1-- -_ -_--_^- _." 

- Weight Summary 

Slave A r m ,  l b  Master A r m ,  Lb 

Power S h a f t  + Gear 1 = 2.264 2.26 

Sha f t  2 + Gears = 1.1 1.1 

Shaf t  4 + Gears = 0.13 0.13 

Sha f t  6 + Gear = 0.13 0.12 

Motor + Generator = 3.00 3.00 

A r m  + Spacer = 2.40 1.31 

Connecting P l a t e s  + 5.16 2.82 
Bars 

T o t a l  14.18 l b  10.74 l b  
-- 
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Figure 111-25 Forward and Backdrive Character is t ics  of Breadboard Arm Jo in t  
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8. A i r  Bearing I n e r t i a  Load 

An i n e r t i a  load of approximately 300 l b s  as f r e e  from 
f r i c t i o n  as poss ib le  was r equ i r ed  t o  s imula te  payloads on t h e  
end of t he  2 DOF Breadboard manipulator a r m .  
t o  employ t h i s  load f o r  h o r i z o n t a l  use on the  same t a b l e  
area t h a t  t he  2 DOF system was i n s t a l l e d .  

It was des i r ed  

B a l l  bear ings ,  air bear ings  and a suspended counterbalanced 
support  system were considered. I d e a l l y ,  a t h r e e  a i r  bear ing  
system would be d e s i r a b l e  however space on the  t a b l e  w a s  
l imi ted  and small  a i r  pads are not  r e a d i l y  ava i l ab le .  It was 
ques t ionable  t h a t  a s i n g l e  a i r  bear ing  would g ive  s u f f i c i e n t  
s t a b i l i t y ,  however, a s i m p l e  test  of a proven a i r  pad from 
one of our e x i s t i n g  a i r  pad s imula tors  showed t h a t  wi th  
c a r e f u l  a i r  supply r e g u l a t i o n  t h e  s t a b i l i t y  was e x c e l l e n t .  

The following design evolved which allowed t h e  mass t o  
be used on t h e  e x i s t i n g  test  t a b l e  and beneath the  a r m  t i p .  



\Weld a l l  4 corne r s  
Threaded Post 
(Manipulator Drive) /- 

Welded Handles (2) 

3 1/2" Ref. 

S ide  V i e w  Sec t ion  Reta in  f l a t  

Mat ' l :  1/16 Cold Rolled S t e e l  

Figure 111-26 Pan and A i r  Bearing Design 

Weight (Lead Shot) 

3 

300 1' 
l b  . 2 1 5 3  

= .215 l b / i n  (dens i ty  f o r  lead  sho t )  

= 1400 i n  3 Required 

i n  

3 Pan Volume = 20 i n  x 20 i n  x 3.5 i n  = 1400 i n  

A i r  Bearing Pad 

E f f e c t i v e  diameter  = 12 i n  

2 Area = 113 i n  

A i r  p r e s su re  requi red  = -  = 2.65 p s i  300 
113 

This i s  e a s i l y  suppl ied and regula ted  from shop a i r .  Travel  
c a p a b i l i t y  on t h e  Masonite covered t a b l e  i s  approximately 2 18 in.  
i n  X and Y axes.  
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