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ABSTRACT 

On t h e  basis o f  a survey  conducted on e x i s t i n g  tech-  
n iques  f o r  a s t r o n a u t  e x t r a v e h i c u l a r  a t t i t u d e  c o n t r o l  i n  space ,  
experiments  were Derformed t o  de te rmine  t h e  u s e f u l n e s s  of b io-  
e l e c t r i c  c u r r e n t s  genera ted  i n  muscle t i s s u e  as a c o n t r o l  
s i g n a l  sou rce .  

(e lec t romyographic  s i g n a l s  o r  EMG*s) were d e t e c t e d  u s i n g  su r -  
f a c e  e l e c t r o d e s ,  R a w  s i g n a l s  were genera ted  by t u r n i n q  t h e  
head r i g h t  o r  l e f t  w i t h  r e s p e c t  t o  t h e  body; subsequent  con- 
d i t i o n i n g  was pem?formed us ing  a hybr id  computer. Motion cues 
(yaw)  were provided  b y  a r o t a t i n g  c h a i r  which a s u b j e c t  at- 
tempted t o  c o n t r o l  by moving h i s  head. Performance l e v e l s  
based upon i n t e g r a t e d  squared  e r r o r  were compared f o r  two 
separate p l a n t  dynamics between e lec t romyographic  and con- 
v e n t i o n a l  p e n c i l - s t f c k  c o n t r o l ,  

Examination o f  t h e  data r e v e a l e d  t h a t  c o n t r o l  o f  yaw 
a t t i t u d e  us ing  EMGOs was a p r a c t i c a l  means o f  p rov id ing  hands- 
o f f  c o n t r o l ,  However, EMG performance was i n  a l l  cases  poore r  
t han  e q u i v a l e n t  tes ts  conducted u s i n g  a s t i c k .  T h i s  probably 
r e s u l t e d  from t h e  large deadband (t45" normal ly)  which e x i s t e d  
fn t h e  n h v s i c a l  ang le  of t w n  requ'ired o f  t h e  head t o  produce 
a measurable  s i g n a l ,  Recommendations are made f o r  d e s c r i b i n g  
func t fon  a n a l y s i s  of t h e  data and t h e  i n v e s t i g a t i o n  of o t h e r ,  
mechanical  methods f o r  u s ing  head p o s i t i o n  as a c o n t r o l  s i g n a l  
sou rce  (I 

Muscle s i tes  were i d e n t i f i e d  on t h e  neck and b io -cu r ren t s  

T h e s i s  Superv isor :  Laurence R .  Young 
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CHAPTER 1 

I NTRODUCT TON 

1.1 Background 

Man's story is, in part, an account of the slow growth 

of technology and economic capacity to support the limitless 

projects of his imagination, Few examples of this process 

are more clear and inspiring than the advent of manned space- 

flight, Too costly for individuals, indeed, for all but the 

wealthiest nations, and technically impossible as recently 

as a decade ago, it is the fulfilment in our age of a time- 

less dream, 

Despite its youth, the Space Age has already collected 

an impressive list of important dates and events. One 

such event occurred on March 18, 1965 when Lieutenant Colonel 

Aleksei Leonov stepped outside his spacecraft to become the 

first man to "walk" in space. This first excursion was 

short, lasting only ten minutes, and at all times he was 

attached to vital life-support systems of his spacecraft by 

an umbilical, Nonetheless, the feat demonstrated that men, 

properly suited and supplied with oxygen, could survive 

exposure to the weightless vacuum of space, 
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Merely  t o  " f l o a t  among t h e  stars" as Leonov d i d  i s  bu t  

a p r i m i t i v e  g e s t u r e  toward man's a s p i r a t i o n s ,  as r e v e a l e d  

i n  t h e  f a n t a s i e s  of  Buck Rogers and F l a s h  Gordon, t o  move 

a t  w i l l  th rough t h i s  non-medium, ma in ta in ing  c o n t r o l  ove r  

p o s i t i o n  and a t t i t u d e ,  Research and development have 

proceeded i n  t h i s  coun t ry  and elsewhere t o  improve man's 

a b i l i t y  t o  work o u t s i d e  h i s  s p a c e c r a f t ,  Any such a c t i v i t y  

conducted by a crew member o u t s i d e  t h e  p a r e n t  s p a c e c r a f t  (s) 

is  c a l l e d  e x t r a v e h i c u l a r  a c t i v i t y  (EVA) .  Where used i n  

t h e  c o n t e x t  of t h i s  r e p o r t ,  EVA w i l l  refer t o  o r b i t a l  

"space walks" conducted i n  a weight less  vacuum and n o t  t o  

l u n a r  o r  p l a n e t a r y  s u r f a c e  e x p l o r a t i o n s  i n  which a l l  o b j e c t s  

have weight ,  

P lanning  requi rements  have e n t a i l e d  d e f i n i n g  which 

mis s ions  w i l l  r e q u i r e  e x t r a v e h i c u l a r  a c t i v i t y  (EVA) ,  and has 

demanded a t t e n t i o n  i n  each of s e v e r a l  subsystems: l i f e  

s u p p o r t ,  power, communications, p r o p e l l a n t s ,  guidance and 

s t a b i l i z a t i o n ,  It has inc luded  t h e  d e s i g n  o f  t r a i n i n g  

s i m u l a t o r s  and methods f o r  ear thbound p r e d i c t i o n  of  EVA 

t i m e l i n e s ,  It has inc luded  d e s i g n  of space  t o o l s ,  and i m -  

provements i n  b i o t e l e m e t r y  d e v i c e s ,  

T h i s  s tudy  i s  res t r ic ted  t o  t h e  p a r t i c u l a r  problem o f  

EVA m o b i l i t y  and, t h e r e f o r e ,  i s  concen t r a t ed  i n  t h e  guidance  

and s t a b i l i z a t i o n  subsystem o f  t h e  EVA system. The next  

s e c t i o n  w i l l  o u t l i n e  t h e  d i r e c t i o n  o f  c u r r e n t  t h i n k i n g  i n  

t h i s  area and w i l l  s e r v e  as an i n t r o d u c t i o n  t o  Chapter I1 

which t rea ts  t h e  s u b j e c t  more thoroughly ,  
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1.2 EVA A t t i t u d e  Con t ro l  

The a t t i t u d e  c o n t r o l  subsystem of t h e  EVA i n t e g r a t e d  

s y s t e m  i s  e s s e n t i a l ,  f o r  wi thout  t h e  means o f  c o n t r o l l i n g  

one ' s  a t t i t u d e  and p o s i t i o n  w i t h  r e s p e c t  t o  a work s i te ,  

l i t t l e  can be accomplished, A t € i t u d e  c o n t r o l  f o r  target  

viewing and f o r  aiming t r a n s l a t i o n a l  t h r u s t e r s  can a l s o  

s e r v e  as an  i n e r t i a l  r e f e r e n c e  sys tem,  The s p e c i f i c a t i o n  

of t h i s  subsystem i n v o l v e s  f i r s t  l i s t i n g  requi rements  

p l aced  on i t  by t h e  proposed m i s s i o n r  Next ,  one of two 

b a s i c  s y s t e m s  must be chosen. The f i r s t ,  referred t o  as 

u n s t a b i l i z e d  o r  open-loop, re l ies  for i t s  s u c c e s s f u l  per- 

formance on t h e  a s t r o n a u t  who has complete c o n t r o l  over  such 

a s p e c t s  as t iming  and v e c t o r i n g  of t h r u s t e r s ,  f o r  example. 

The second s y s t e m ,  c a l l e d  s t a b i l i z e d  o r  c losed- loop ,  des- 

c r i b e s  a c o n d i t i o n  whereby a t t i t u d e - h o l d ,  t r a n s l a t i o n ,  and 

a t t i t u d e  changes can i n  some way be programmed i n t o  an  auto- 

ma t i c  c o n t r o l  s y s t e m  which t h e n  e f f e c t s  t h e  assignment and 

r e t r i e v e s  some feedback in fo rma t ion  f o r  r e f e r e n c e ,  Within 

these two c a t e g o r i e s  one must choose t h e  p r e c i s e  c o n t r o l l e r  

which w i l l  be  used t o  a c t i v a t e  t h e  s y s t e m ,  F i n a l l y ,  a 

c o n t r o l l e r  t echn ique  o r  s t r a t e g y  must b e  chosen such as t o  

op t imize  t h e  "feel" o f  t h e  s y s t e m  f o r  t h e  EVA a s t r o n a u t ,  

An a t t i t u d e  c o n t r o l  system ( A C S )  must have a 360° 

command c a p a b i l i t y  i n  each a x i s  s o  t h a t  t h e  a s t r o n a u t  can 

o r i e n t  h imse l f  i n  any d i r e c t i o n ,  Experiments i n  t h e  s i m -  

i c 7 
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ulation of arious maneuvers have shown this capability 

should be available at levels from five to thirty degrees 

per second (55). Possible disorientation due t o  vestibular 

effects determine the upper extreme (26)@ Translational 

acceleration of .5 ft/sec2 is desirable, 

Presuming some attitude error in manual or open-loop 

control, and the existence of an error dead-band limit 

cycle in t h e  closed-loop configuration, a limit must be set 

as to the size of such errors. The determining factor is 

found in the accuracy required for translational maneuvers, 

Several techniques for translation and rendezvous with a 

target are available, but all require that the astronaut 

monitor his approach and make necessary correctionss On the 

basis of one such scheme, a nominal threshold of twenty 

milliradians ( +  1,2') was established (18). 

Given the requirements outlined above, one can in- 

vestigate the several open-loop and closed-loop methods 

which have been studied as well as control strategies, 

This survey is the subject of Chapter 11, 

Despite a vast expenditure of time and talent in the 

field of EVA operations, a few important problems remain, 

One of these is clearly the need for a simple controller by 

hieh an astronaut could order a change in his attitude or, 

alternatively, eould resist change if he so desired, Those 

controllers which are currently receiving most attention 
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r e q u i r e  t h e  u s e  o f  one o r  bo th  hands, a s e r i o u s  inconvenience 

i f  one i s  engaged i n  t h e  f i n e  adjustment  of  an  o r b i t i n g  

t e l e s c o p e ,  f o r  example, O r  t h e y  i n c l u d e  i n  t h e i r  d e s i g n  

"arm rests" which add volume t o  t h e  o v e r a l l  s y s t e m  and do, 

themselves ,  r e s t r i c t  motion, O f  t h e  many a l t e r n a t e  con- 

t r o l l e r s  which have been conce ived ,  t h a t  of  t h e  head p rov ides  

an  e n t i c i n g  p i c t u r e ,  To e f f e c t  a n i n e t y  degree l e f t  t u r n  

b y ,  f o r  example,  s i m p l y  t u r n i n g  t h e  head l e f t  would be a sim- 

p l e ,  n a t u r a l  c o n t r o l  which, when provided w i t h  a lockou t  

d e v i c e  f o r  t h o s e  times when head motions are  not  f o r  t h e  

purpose of a t t i t u d e  change, appears a t t r a c t i v e ,  Can t h e  

head be u t i l i z e d  e f f e c t i v e l y  as a c o n t r o l l e r  o f  o n e ' s  

a t t i t u d e ?  T h i s  i s  t h e  basic q u e s t i o n  addressed by  t h i s  

Study,  

A t  l eas t  two approaches t o  answering t h e  q u e s t i o n  are 

p o s s i b l e ,  While t h e  exper iments  t o  be d e s c r i b e d  deal w i t h  

on ly  one approach,  a second i s  d i s c u s s e d  i n  a l a t e r  chap te r .  

1.4 R e s u l t s  

Experiments were performed i n  which s u b j e c t s  attempted 

t o  c o n t r o l  t h e i r  Y a w  a t t i t u d e  whi le  seated i n  a c h a i r  free 

t o  r o t a t e  about  i t s  v e r t i c a l  a x i s ,  A random i n p u t  s i g n a l  

was s e n t  t o  t h e  c h a i r ' s  t o r q u e  motor which r e s u l t e d  i n  l e f t -  

r i g h t  r o t a t i o n s ,  Each s u b j e c t  attempted t o  c o u n t e r a c t  t h i s  

motion and keep t h e  c h a i r  s t a t i o n a r y  by  sending  a compen- 

s a t i n g  c o n t r o l  s i g n a l  t o  t h e  c h a i r .  Con t ro l  s i g n a l s  were 

w 
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gene ra t ed  by both  a conven t iona l  s t i c k  and by e l e c t r o -  

myographic impulses  induced by l e f t - r i g h t  head movements. 

S u b j e c t s  were ab le  t o  c o n t r o l  t h e i r  a t t i t u d e  u s i n g  

electromyographic  s i g n a l s ,  While performance was worse t h a n  

w i t h  s imple s t i c k  c o n t r o l ,  a measure of  "performance index" 

was found t o  be  i n  t h e  same o r d e r  of  magnitude i n  both  c a s e s I  

On t h e  basis of c o l l e c t e d  data i n  one a x i s ,  a t t i t u d e  

c o n t r o l  by  means of head motions appears feas ib le ,  The 

main problem encountered  was t h a t  of a s i g n i f i c a n t  "dead 

zone" of e l e c t r i c a l  i n a c t i v i t y  from +45 degrees t o  -45 

degrees of head angle ,  Experimentat ion t o  s h o r t e n  t h a t  gap 

i s  one o f  s e v e r a l  recommendations made i n  conclus ion .  

1.5 O u t l i n e  

Chapter  I1 prov ides  a survey of  EVA a t t i t u d e  c o n t r o l  

dev ices  which s e r v e s  as t h e  con tex t  f o r  t h e  remainder  of  

t h i s  i n v e s t i g a t i o n ,  Chapter I11 c o n t a i n s  a review o f  e l e c t r o -  

myography, i t s  h i s t o r y  and p r e s e n t  s t a t e - o f - t h e - a r t .  Chapter 

I V  d e s c r i b e s  t h e  experiments  which were performed i n  t h e  Man- 

Vehic le  Laboratory a t  MIT t o  t e s t  t h e  use  of  electromyography 

(.EMG) i n  a t t i t u d e  c o n t r o l ,  Chapter V summarizes t h e r e s u l t s  

of these tes ts ,  and Chapter  V I  s u g g e s t s  recommendations as 

well as an  a l t e r n a t e  approach t o  t h e  basic q u e s t i o n  of head 

motion as a c o n t r o l l e r ,  
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CHAPTER I1 

EXTRAVEHICULAR GUIDANCE AND STABILIZATION 

2.1 Introduction 

This chapter includes a description of the various 

attitude control devices which have been suggested for EVA. 

Open-loop configurations are mentioned first, followed by 

closed-loop designs, Alternate controllers are next reviewed, 

and a brief discussion of control techniques or strategies 

completes the chapter, 

2.2 Unstabilized (Open-Loop) System Designs 

2.2.1 Self-Rotation Techniques 

The simplest possible means of attitude control and 

translation in space is that of self-locomotion, without 

the assistance of any propulsive or stabilizing device. 

A knowledge of the inertial characteristics of the human 

being is essential in planning for this system, as well as 

for all subsequent systems, Anthropometric data must be 

gathered before dynamic response characteristics can be 

determined for a body in weightless free-fall, While any 

analytical representation of biomechanical properties is ap- 

proximate, several studies have proved useful as a basis for 

estimating dynamic response, DuBois developed a semi- 
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a n a l y t i c  t echn ique  based on computer a n a l y s i s  of data i n  

a double  a x i s  compound pendulum t e s t  of  s u b j e c t s  ( 1 9 ) .  

Whitsett developed a d i s t r i b u t e d  mass model based on t h e  

USAF "mean man" which Drissel extended t o  a s u i t e d  a s t r o n a u t  

( 1 8 ~ 6 1 ) ~  Five  p o s t u r a l  v a r i a t i o n s  were d e f i n e d ,  The e f f e c t  

o f  a homogeneous w e i g h t - d i s t r i b u t e d  one hundred-ninety pound 

backpack was a l s o  de te rmined ,  

Based on these data, t h e  p r i n c i p a l  moments of i n e r t i a  

as expressed  i n  body c o o r d i n a t e s  f o r  each p o s i t i o n  were de- 

termined.  

Given such models, r e s e a r c h  was conducted a t  S tan fo rd  

U n i v e r s i t y  t o  de te rmine  t h e  change i n  o r i e n t a t i o n  of  t h e  

human body i n  w e i g h t l e s s n e s s  r e s u l t i n g  from s p e c i f i e d  

motions of t h e  l i m b s  r e l a t i v e  t o  t h e  body, A computer pro- 

gram assisted t h e  e v a l u a t i o n  (36,52). The m o b i l i t y  r e s t r a i n t s  

i n h e r e n t  i n  c u r r e n t l y  used s o f t  space  s u f t s  p l a c e s  a s e v e r e  

l i m i t a t i o n  on such a s y s t e m  and e f f e c t i v e l y  c h a l l e n g e s  t h e  

o v e r a l l  p r a c t i c a l i t y  of  t h e  t e c h n i q u e ,  

L i m i t e d  maneuvering by j u d i c i o u s  handl ing  of  an  a s t r o -  

naut  t e the r  has r e c e i v e d  some a t t e n t i o n ,  Motion i s  res- 

t r i c t e d b  c e r t a i n  t r a n s f e r s  and poses  s e v e r a l  s i g n i f i c a n t  

problems i n  accuracy  and even a s t r o n a u t  safety.  

Manual locomotion t e c h n i q u e s  may be  p r a c t i c a l  where t h e  

tasks are conf ined  t o  a s p a c e c r a f t  s u r f a c e  such as i n s p e c t i o n  

and maintenance,  
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2.2.2 Hand-Held Maneuvering Unit  

Among t h e  s i m p l e s t  p r o p u l s i v e  d e v i c e s  used i n  conjun- 

c t i o n  w i t h  body motions f o r  o r b i t a l  locomotion i s  t h e  Hand- 

Held Maneuvering Unit  (HHMU).  L i k e  most u n s t a b i l i z e d  c o n t r o l  

schemes, t h e  HHMU o f f e r s  a r e l a t i v e l y  l i g h t  means f o r  achiev-  

i n g  s h o r t  d i s t a n c e  t r a n s l a t i o n s  and f o r  c a r r y i n g  small pay- 

l oads .  F i r s t  flown aboard Gemini I V  and f u r t h e r  e v a l u a t e d  on 

l a t e r  Gemini f l i g h t s ,  t h i s  v a r i a b l e - t h r u s t  d e v i c e  has r e c e i v e d  

e x t e n s i v e  review (47,48). A summary of Gemini X HHMU char-  

a c t e r i s t i c s  appears i n  Table  1. 

I n  de te rmining  t h e  dynamics of a n  a s t r o n a u t  u s i n g  t h e  

HHMU , i t  was sugges ted  that  a n  a s t r o n a u t  o p e r a t i n g  a t  t he  end 

of a t e t h e r  would be l e s s  l i k e l y  t o  encounter  large r o t a t i o n s  

i n  any a x i s  o t h e r  t h a n  t h a t  of t h e  te ther  i t se l f .  The ex- 

p l a i n e d  r eason  i s  that t h e  r o t a t i o n a l  energy caus ing  wrap-up 

must b e  conver ted  t o  t r a n s l a t i o n a l  k i n e t i c  energy f o r  wrap- 

up t o  con t inue ,  which would e v e n t u a l l y  n u l l  t h e  r o t a t i o n .  

Tab le  1 ( 4 8 )  

G E M I N I  X HAND HELD MANEUVERING U N I T  CHARACTERISTICS I 
P r o p e l l a n t ,  gas . . . . . . . . . . . . . . . . .  Nitrogen 
T h r u s t ,  t r a c t o r  o r  pushe r ,  lb . . . . . . . . . .  0 t o  2 
S p e c i f i c  impulse,  s e c  . . . . . . . . . . . . . .  63 
T o t a l  impulse,  lb-sec . . . . . . . . . . . . . .  677 
T o t a l  a v a i l a b l e  v e l o c i t y  increment ,  f t / s e c  . . .  84 
Trigger  p r e l o a d ,  l b  . . . . . . . . . . . . . . .  5 
Trigger  f o r c e  a t  maximum t h r u s t ,  l b  . . . . . . .  8 
S t o r a g e  t a n k  p r e s s u r e ,  p s i  . . . . . . . . . . .  5000 

Nozzle area r a t i o  . . . . . . . . . . . . . . . .  5 i :  1 
Weight of  u s a b l e  p r o p e l l a n t ,  lb ( i n  s p a c e c r a f t )  e 10 e 75 
HHMU weight,  l b  e 0 . 1 6 e e e . e e e 3 

Regulated p r e s s u r e ,  p s i  e . . e . e . e . e e . 125 + 5 

Gross weight o f  e x t r a v e h i c u l a r  p i l o t ,  lb . e . 260 
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F i n a l l y ,  t h e  c o n t r o l  l o g i c  employed by  a s t r o n a u t s  was 

s i m p l y  t o  aim t h e  t h r u s t e r s  c o n s t a n t l y  toward t h e  ta rge t ,  

p o s i t i o n i n g  them w i t h  r e s p e c t  t o  t h e  body as r e q u i r e d  t o  n u l l  

ou t  any d i s t u r b i n g  t o r q u e s ,  

Research has  cont inued  t o  p e r f e c t  a hand-held hydraz ine  

t h r u s t e r  which decomposes t h i s  f u e l  i n t o  n i t r o g e n  and hydro- 

gen gas (321, 

2 ,2 ,3  Foot C o n t r o l l e r s  

It should b e  c l e a r  t h a t  i n  a d d i t i o n  t o  i t s  r e l a t i v e l y  

s h o r t  l i f e t ime ,  a major d i sadvan tage  of t h e  HHMU l i e s  i n  t h e  

requirement  t h a t  one hand and arm be used e x c l u s i v e l y  f o r  

e f f e c t i n g  such c o n t r o l ,  Other  more d e s i r a b l e  c o n t r o l l e r s  

can be  sugges ted  and will be  d i s c u s s e d  i n  greater d e t a i l  

l a t e r ,  The concept  of f o o t  c o n t r o l l e r s  and foo t - loca ted  

t h r u s t e r s  i s  one such a l t e r n a t i v e ;  it w i l l  be d i s c u s s e d  here  

because of t h e  open-loop n a t u r e  of most such s y s t e m s  which 

have been proposed,  The p r e l i m i n a r y  r e s e a r c h  and development 

i n  t h i s  area has been accomplished p r i m a r i l y  by th ree  groups:  

1) Langley Research Center ,  2 )  Grumman A i r c r a f t  Engineer ing  

Corpora t ion ,  and 3 )  General  Dynamics/Convair, These three 

approaches w i l l  be  t reated below i n  t u r n .  

The basis of  a l l  t h e o r y  i n  f o o t  c o n t r o l l e r s  rests i n  t h e  

s u p p o s i t i o n  that  t h e  human b a l a n c i n g  r e f l e x  can be adapted 

for u s e  under ze ro -g rav i ty  c o n d i t i o n s ,  T h i s  view was f irst  

propounded by Charles Zimmerman of  NASA i n  t h e  e a r l y  195O*s. 

His c e n t r a l  t hes i s  was tha t  t h e  l e a r n e d  p a t t e r n  of  r e f l e x e s  

used by  a person  i n  s t a n d i n g  i s  e s s e n t i a l l y  t h e  same as t h a t  
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r e q u i r e d  t o  ba l ance  a fo rce -vec to r  suppor ted  p l a t fo rm and, 

hence,  should  be d i r e c t l y  a p p l i c a b l e  t o  t h e  c o n t r o l  of hover- 

i n g  v e h i c l e s  ( 6 5 ) .  H i s  demonst ra t ion  o f  t h i s  concept  caused 

much i n t e r e s t  and subsequent  r e s e a r c h  among a e r o n a u t i c a l  

e n g i n e e r s ,  

The word "reflex" is,.  perhaps ,  i n a c c u r a t e  as some phys i -  

o l o g i s t s  b e l i e v e  t h e  ba l anc ing  a b i l i t y  t o  b e  the  l e a r n e d  co- 

o r d i n a t i o n  o f  many s i m p l e  r e f l e x e s ,  A person  i n  a normal 

s t a n c e  remains balanced by making c o n t i n u a l  f i n e  ad jus tmen t s  

of f o o t  and leg muscles i n  r e sponse  t o  v a r i o u s  senso ry  i n p u t s ,  

For  example, i f  a person  i s  f o r c i b l y  t i l t e d  forward o r  back- 

ward he i n s t i n c t i v e l y  v a r i e s  t h e  amount t h a t  he pushes w i t h  

h i s  t o e s  t o  remain ba lanced ,  If he s t a n d s  on a r u g  which 

i s  p u l l e d  g e n t l y  forward, he i s  t i l t e d  g e n t l y  backward; he 

i n s t i n c t i v e l y  responds  wi th  an  a p p r o p r i a t e  dec reased  t o e  pres- 

s u r e ,  Conversely,  when a pe r son  r educes  h i s  t o e  p r e s s u r e  he 

e x p e c t s  t o  be t i l t e d  forward. Suppose now, t h a t  the person  

can c o n t r o l  t h e  d i r e c t i o n  of  t h i s  rug:  pushing h i s  t o e s  down 

a c c e l e r a t e s  t h e  r u g  forward;  r educ ing  h i s  t o e  p r e s s u r e  a c c e l -  

erates  t h e  r u g  backward, I n  e s s e n t i a l l y  t h i s  manner can one 

c o n t r o l ,  i n  t h e o r y ,  a j e t  t h r u s t  d e v i c e  a t t a c h e d  t o  t he  f e e t ,  

A p r o j e c t  which grew d i r e c t l y  ou t  of  Zimmerman's ear ly  

work was t h a t  of t h e  " je t  shoe" f o r  u s e  i n  e x t r a - v e h i c u l a r  

motion. The somewhat i n s t l n c t i v e  movement of fee t  and legs 

used by s k i n  d i v e r s  t o  maneuver i n  a medium t h a t  s i m u l a t e s  t o  

some e x t e n t  t h e  ''free f a l l "  c o n d i t i o n  of  space  sugges ted  t h e  

concept  of  p l a c i n g  j e t s  on t h e  shoe s o l e s  of a n  EVA a s t r o n a u t ,  
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This was done at Langley Research Center ( 5 7 ) *  A switch was 

mounted in the toe of the shoe so that a downward flexing of 

the toes closed the switch and turned on the jet. Each jet 

shoe was independently controlled, and the nozzle of each was 

tilted forward thirty degrees from the perpendicular t o  make 

possible equal pitching moments in both directions. Tests 

t o  determine the feasibility of such a concept were performed 

on five facilities including two air-bearing facilities, In 

two of the later simulations, six degrees-of-freedom were 

achieved, Pilot control, allowing for simulator artifacts, 

demonstrated a potential for such a device, The chief advan- 

tages are simplicity and freedom of hands. 

Several disadvantages are inherent t o  this system, how- 

evero No pure rotation is ever possible because a force 

couple does not exist, Pure translation is difficult to 

achieve because it requires a thrust vector passing directly 

through the center of gravity. All pure translations m u s t  be 

in a head-first direction, Betro-thrusts require first a 

rotation t o  reverse onets attitude, 

An extensive research program continues in the adaption 

of' the original flying platform t o  lunar rovers (30). 

Grumman Aircraft Engineering Corporation followed up the 

ork of Zimmerman described earlier with preliminary experi- 

ments designed to provide more information about the human 

balancing reflex, Keller and 09Hagan reported development 

of a hydraulically-driven carriage which permits a pilot t o  

make limited (ten feet) excursions in response to small tilting 



motions of a c o n t r o l  p l a t f o r m  on which he s t a n d s  (38)e Pro- 

v i s i o n  i s  made f o r  ad jus tment  o f  p l a t f o r m  height  r e l a t i v e  t o  

i t s  p i v o t  p o i n t  and f o r  s i m u l a t i o n  of  parameters such as 

s p r i n g ,  damping, and moment of  i n e r t i a ,  E a r l y  exper iments  

l o c a t e d  op t ima l  p o s i t i o n s  f o r  s y s t e m  g a i n  ( c a r r i a g e  acce l -  

e r a t i o n  p e r  u n i t  p l a t f o r m  t i l t) ,  p l a t f o r m  he igh t ,  and a pre- 

f e r e n c e  f o r  a c c e l e r a t i o n  ra ther  t h a n  v e l o c i t y  as a r e sponse  

t o  p l a t f o r m  tilt .  A second series o f  exper iments  dealt  w i t h  

o t h e r  parameters. The a d d i t i o n  of  p l a t f o r m  i n e r t i a ,  f o r  ex- 

ample, was found t o  b e  h i g h l y  d e t r i m e n t a l ,  c o n t r i b u t i n g  t o  

overshoot  and d i f f i c u l t  low f requency  o s c i l l a t i o n .  

The b a s i c  g o a l  toward which Grumman r e s e a r c h e r s  had 

worked was t h e  a d a p t i o n  of s u c c e s s f u l  one-g p l a t f o r m  c o n t r o l  

of f i v e  degrees-of-freedom t o  a zero-g environment,  The 

f i rs t  s i m u l a t e d  zero-g t e s t  of t h e  sys tem,  however, r e v e a l e d  

t h a t  l i t t l e  c o n t r o l  "feel" was expe r i enced  by  t h e  s u b j e c t s  

and, t h e r e f o r e ,  c o n t r o l  was d i f f i c u l t .  T h i s  was a t t r i b u t e d  

t o  1) t h e  low g a i n s  ( a n g u l a r  a c c e l e r a t i o n  p e r  degree of  a n k l e  

d e f l e c t i o n )  which were r e q u i r e d  t o  p reven t  b i z a r r e  motions,  

and 2 )  t h e  very  br ie f  p e r i o d s  o f  t h r u s t e r  "on-time" r e q u i r e d  

t o  produce r o t a t i o n .  These weaknesses e x i s t  as we l l  i n  t h e  

" je t  shoe" concept  d i s c u s s e d  above, and s t r o n g l y  s u g g e s t s  t h a t  

such a s y s t e m  would be r e s t r i c t e d  t o  accomplishing t r a n s l a t i o n -  

a l  t h r u s t s  wi thout  p r e c i s e  c o n t r o l l a b i l i t y ,  The use  of a 

s i n g l e  t h r u s t e r  t o  c o n t r o l  f i v e  degrees-of-freedom i n  a 

weightless environment does n o t  now appear p r a c t i c a l ,  
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New t es t s  were prepared and c a r r i e d  ou t  on a three  degree 

of freedom a i r - b e a r i n g  p l a t f o r m  (one r o t a t i o n a l ,  two t r a n s -  

l a t i o n a l  degrees i n  t h e  h o r i z o n t a l  p l a n e )  (37) ,  A s u b j e c t  

was p o s i t i o n e d  on h i s  s ide  i n  t h e  "zero-g s c o o t e r "  and tes ts  

i n  uncoupled p i t c h  r o t a t i o n  were conducted u s i n g  a n k l e  de- 

f e c t i o n  as a c o n t r o l l e r ,  T r a n s l a t i o n  a r t i f a c t s  due t o  un- 

balanced f o r c e  v e c t o r s  were c a n c e l l e d  by t h e  a d d i t i o n  of t h r u s -  

ters  t o  form a pure  c o u p l e r  R e s u l t s  were o p t i m i s t i c  and 

subsequent t e s t s  were performed on f o r e - a f t  t r a n s l a t i o n s  

(bending t h e  t o r s o  forward t o  cause forward motion) and up- 

down t r a n s l a t i o n s  ( legs  s t r e t c h e d  f o r  upward motion, semi- 

squat  f o r  downward), A l l  t h r e e  degrees-of-freedom were nex t  

t e s t ed  s imul t aneous ly ,  and t h e  r e s u l t s  were h i g h l y  encourag- 

ing ,  Y a w  c o n t r o l  was tes ted on a separate s t a t i o n a r y  p l a t f o r m  

capable  of  r o t a t i o n  on ly ,  Body t w i s t  was found t o  b e  a 

" n a t u r a l "  c o n t r o l  i n  yawo R o l l  motion c o n t r o l l e d  by d i f f e r e n -  

t i a l  f o o t  l i f t i n g  was a l s o  tes ted,  

The q u e s t i o n  of  whether p r o p o r t i o n a l  a c c e l e r a t i o n  c o n t r o l  

o r  on-off c o n t r o l  i s  h e s t  i n  such tes ts  i s  unanswered, On- 

o f f  c o n t r o l  is a s imple mechanisma The c o n t r o l  s t r a t e g y  as- 

sumed by s u b j e c t s  u s i n g  on-off c o n t r o l  has a tendency toward 

s e q u e n t i a l  a t t e n d a n c e  t o  t h e  v a r i o u s  degrees of freedom as 

opposed t o  the more smooth, s imul taneous  o p e r a t i o n  c h a r a c t e r -  

i zed  by p r o p o r t i o n a l  c o n t r o l ,  Also,  s imul taneous  o p e r a t i o n  

i n  three-degrees-of  freedom i n  a p lane  does no t  n e c e s s a r i l y  

mean t h a t  s p a t i a l  o p e r a t i o n  w i l l  be  feasible.  F i n a l l y ,  t h e  



q u e s t i o n  of  space  s u i t  i n t e r f e r e n c e  has y e t  t o  be s a t i s f a c -  

t o r i l y  addressed, Test r e s u l t s  i m p l y  t ha t  t h e  body d e f l e c t i o n s  

r e q u i r e d  f o r  motion are q u i t e  small, b u t  f u l l - d r e s s  s i m u l a t i o n s  

are c l e a r l y  c a l l e d  f o r .  Despi te  these  q u e s t i o n s ,  t h e  concept 

of  separate uncoupled c o n t r o l  of  s e v e r a l  degrees-of-freedom 

looks promising.  The d e s i r a b i l i t y  of  l o c a t i n g  t h r u s t e r s  

a d j a c e n t  t o  t h e  cor responding  " c o n t r o l  e lements"  of t h e  human 

body i s  e v i d e n t  from t h e  r e s u l t s  of  such tes ts ;  i n  t h i s  

p o s i t i o n  t h e y  f u n c t i o n  a l so  as  a means o f  p rov id ing  p ropr io -  

c e p t i v e  feedback (37) .  

A somewhat re la ted approach was t a k e n  by i n v e s t i g a t o r s  

a t  General  Dynamics/Convair. Wrench and G r e e n s i t e  proposed 

a s y s t e m  u s i n g  t w i n  two degree-of-freedom c o n t r o l  moment 

gyros ( 6 3 ) .  Shoe-mounted u n i t s ,  c o n t r o l l e d  by  muscle a c t i o n  

about t h e  a n k l e s ,  was env i s ioned .  

Two shortcomings c h a r a c t e r i z e  t h i s  s y s t e m  d e s p i t e  ex- 

t e n s i v e  t h e o r e t i c a l  development. Maneuvers are l i m i t e d  t o  

s e q u e n t i a l  r o t a t i o n s  if cross-coupl ing  i s  to b e  avoided a t  

large g i m b a l  a n g l e s ,  Momentum s a t u r a t i o n  i s  a lways  a l i m i t -  

i n g  f a c t o r  i n  such  s y s t e m s .  While t h e  CMG can hand le  c y c l i c  

t o r q u e s  f o r  extended p e r i o d s ,  a n  EVA a s t r o n a u t  i s  l i k e l y  t o  

encoun te r  c o n s t a n t  e x t e r n a l  t o r q u e s .  These,  i n  t u r n ,  produce 

a c o n s t a n t  gimbal a n g l e  ra te  and cause  t h e  CMG t o  r e a c h  max- 

imum c a p a c i t y .  Some a c t i v e  s o u r c e  is  r e q u i r e d  t o  d e s a t u r a t e  

t h e  CMG implying an  a d d i t i o n a l  weight p e n a l t y .  Reac t ion  con- 

t r o l  j e t s  might p o s s i b l y  perform t h i s  f u n c t i o n  b y  1) t o r q u i n g  
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t h e  s y s t e m  a t  t imes dependent on gimbal  a n g l e  o r  ra te ,  

o r  2 )  u s i n g  f ixed- t ime p u l s e s  i n i t i a t e d  by gimbal  a n g l e ,  

T h i s ,  of cour se ,  r e q u i r e s  t h e  i n t r o d u c t i o n  of  t h r u s t e r s  i n t o  

t h e  a t t i b u d e  c o n t r o l  s y s t e m  and makes q u e s t i o n a b l e  the advan- 

tage o f  C M G ' s .  Slow steady-state r o t a t i o n  rates and t h e  

p r e s e n t  u n c e r t a i n t y  of the  degree t o  which an a s t r o n a u t  

could " n a t u r a l l y "  o r  o t h e r w i s e  c o n t r o l  such a s y s t e m  make 

i t s  use i n  t h e  n e a r  f u t u r e  appear u n l i k e l y .  

2 , 2 , 4  Summary o f  Open-Loop Designs 

The p r e v i o u s l y  d i s c u s s e d  studies of a p a s s i v e  s y s t e m  f o r  

e x t r a v e h i c u l a r  a t t i t u d e  c o n t r o l  have demonstrated h i g h  poten-  

t i a l  f o r  f u t u r e  u s e ,  bu t  a l s o  some l i m i t a t i o n s .  Among t h e  

l a t t e r  i s  t h e  fundamental  s t a b i l i t y  problem encountered  

when a s y s t e m  i s  des igned  i n  t h e  "pusher  mode", w i t h  t h r u s t e r  

behind t h e  a s t r o n a u t ' s  c e n t e r  o f  g r a v i t y ,  I n  a d d i t i o n ,  

p a s s i v e  s y s t e m s  r e l y  on t h e  c a p a c i t y  of  t h e  human ves- 

t i b u l a r  s y s t e m  t o  a c c u r a t e l y  s e n s e  a n g u l a r  r a t e ,  s i n c e  one 

can expec t  t h a t  f r e q u e n t l y  v i s u a l  i n p u t s  w i l l  b e  minimal,  

The s e m i c i r c u l a r  c a n a l s  have dynamics similar t o  t h a t  o f  an  

sverdamped, second o r d e r  t o r s i o n  pendulum ( 6 4 ) ,  A s u b j e c t ' s  

s u b j e c t i v e  a n g u l a r  v e l o c i t y  as a f u n c t i o n  of time i s  shown 

i n  F i g u r e  1, Not ice  t h a t  were an  a s t r o n a u t  t o  encoun te r  a 

cons t an t  v e l o c i t y  s p i n  and subsequent ly  succeed i n  s t o p p i n g  

he would f e e l  t h a t  he had begun r o t a t i n g  i n  t h e  o p p o s i t e  

d i r e c t i o n ,  C o r r e c t i v e  a c t i o n  based on t h i s  fa lse  in fo rma t ion  

could cause  him t o  r e - e n t e r  t h e  o r i g i n a l  s p i n ,  
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a c t u a l  a n g u l a r  v e l o c i t y  of 
a s t r o n a u t  

5 10  1 5  20 

Time ( s e c )  

a n g u l a r  v e l o c i t y  as per-  
ce ived  by a s t r o n a u t  

appa ren t  r e v e r s a l  
of d i r e c t i o n  

F i g u r e  1 
Actua l  VS. S u b j e c t i v e  Angular V e l o c i t y  (64)  
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2,3,l The Astronaut Maneuvering Unit 

The limitations of a passive EVA maneuvering system 

emphasize the potential of active systems in providing a means 

for long range (less than one mile) translations, The term 

Astronaut Maneuvering Unit (AMU) has generally been associated 

with the attitude-stabilized backpack designed for this 

purpose. The AMU provides life support, propulsion, communi- 

cations, and automatic attitude stabilization; and it permits 

the astronaut t o  operate as an independent small maneuverable 

spacecraft system. A n  orthogonal arrangement of fixed 

thrusters located symmetrically about the astronaut/AMU 

center of gravity assures precise control., Combined with 

automatic stabilization, it provides great versatility, 

The Modular Maneuvering Unit (PIMU) and the AMU built 

by LTV Astronautics Division for the Gemini Program have 

been described extensively (4lS 45, 47, 48, 49). The oper- 

ational requirements and unit characteristics are listed in 

Tables 2 and 3. 

Table 2 

AMU Operational Requirements 

1) Extravehicular mission duration - 4 hours 
2) Multiple mission capability - 6 missions 
3) Maneuvering range - 1000 feet 
4) Payload weight - astronaut + 168 lbs, 
5) Total velocity change - 235 fps 
6) MMU redundancy philosophy 
7) Stabilization and control 

auto stabilization - 3 axes 
rate command orientation - 3 axes 
automat ic/manual mode 
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Table 3 

Gemini IV-A AMU C h a r a c t e r i s t i c s  (47)  1 
P r o p e l l a n t  . . . .  90 p e r c e n t  hydrogen peroxide  
T o t a l  t h r u s t  ( fore-and-af t  o r  

up-and-down), lb . . . . . . . . . .  4.6 
P i t c h  moment, in . - lb  . . . . . . . . .  63.5 
R o l l  moment, in . - lb  . . . . . . . . .  4 4 , 2  
Yaw moment, i n , - l b  . . . . . rn e 47.7 
S p e c i f i c  impulse,  s e c  . . . . . . . .  169 
T o t a l  impulse,  l bxsec  . . . . . . . .  3100 

Fore-and-aft ,  l b  . . . . . . . .  4.5 
Up-and-down, l b  . . . . . . . .  4.5 

T o t a l  a v a i l a b l e a v ,  f t / s e c  , . . . . 250 
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 :  

Breakout  : 

P i t c h ,  l b  6 e e e 0 s 4.0 

Yaw . . . . . . . . . . . . . .  small 
R O l l , l b  a 6 a 0 e e 4.0 

Maximum f o r c e :  
Fore-and-aft, l b  . . . . . . . .  9.75 
Up-and-down, l b  . . . . . . . .  9.75 
P i t c h ,  l b  0 0 e a 10.5 
R O l l , l b .  . 0 0 9 10.5 
Y a w ,  in.-lb . . . . . . . . . .  13.0 

Fore-and-aft . . . . . . . . . .  6 
Up-and-down . . . . . . . . . .  6 
P i t c h  4 6 
R o l l  e e 6 
Y a w  0 b 4 0 4 . b 0 . b b 4.5 

P i t c h  a 59 
Rol l  0 * b . . 50 
P a w .  b @ 4 b 4 b 3.2 

A t t i t u d e  deadband, deg . . . . . .  ( 3  axes) - +2.4 
Maximum c o n t r o l  rates,  deg/sec:  

P i t c h .  0 . . 0 18 
R o l l  e e e 0 27 
Yaw 18  

Maximum n i t r o g e n  t a n k  p r e s s u r e ,  p s i  . 3500 

p r e s s u r e ,  p s i  . . b . a . . a . . e 455 

Maximm d e f l e c t i o n ,  deg: 

A t t i t u d e - l i m i t  c y c l e  p e r i o d s ,  sec: 

. . . . . . . . . . . . . . . .  
Regulated hydrogen pe rox ide  

Nozzle-area r a t i o  . . . . . . . . . .  4 0 : l  
, Weight of p r o p e l l a n t ,  l b  . a . . e . . 24  

Weight of Astronaut  Maneuvering 
Un i t ,  lb . . . . . . . . . . . . . .  168 

Weight o f  e x t r a v e h i c u l a r  pilot, lb a a 407 



20 

The p ropu l s ion  s y s t e m  chosen was one of  hydrogen pe rox ide  

w i t h  a t o t a l  impulse of 3500 pound-seconds, Twelve t h r u s t  

chambers provided 2,3 pounds o f  t h r u s t  each ,  The f l i g h t  

c o n t r o l q s t e m  provided manual and au tomat ic  t h r e e - a x i s  

a t t i t u d e  c o n t r o l  and s t a b i l i z a t i o n  and manual t r a n s l a t i o n  

i n  two axes ,  Two redundant s y s t e m s  were a v a i l a b l e ,  Cont ro l  

commands were made manually through t h e  c o n t r o l  handles  

l o c a t e d  on t h e  c o n t r o l l e r  armsc The l e f t -hand  c o n t r o l l e r  

provided t r a n s l a t i o n  commands; t h e  r ight-hand c o n t r o l l e r  

provided a t t i t u d e  c o n t r o l ,  The l e f t -hand  c o n t r o l l e r  i nc luded  

a mode s e l e c t i o n  swi t ch  which was used t o  choose between 

au tomat ic  and manual c o n t r o l ,  I n  t h e  manual c o n t r o l  mode, 

t r a n s l a t i o n a l  i n p u t s  r e s u l t e d  i n  a c c e l e r a t i o n s  of ,35 f t / s e c 2  

f o r  t h e  d u r a t i o n  of t h e  i n p u t .  

Pure t r a n s l a t i o n  was d i f f i c u l t  because of  t h e  o f f s e t  of 

t h e  c e n t e r  of g r a v i t y  from t h e  c e n t e r  of t h r u s t ,  I n  t h e  au to-  

ma t i c  ( s t a b i l i z e d )  mode, pure  t r a n s l a t i o n s  could be ob ta ined  

from t r a n s l a t i o n  i n p u t s ,  bu t  t h e  a c c e l e r a t i o n  l e v e l  was ap- 

proximately ha lved  due t o  a t t i t u d e  c o n t r o l  requi rements  on 

t h r u s t e r s ,  The t r a n s l a t i o n  c o n t r o l l e r  would produce con- 

s t a n t  l i n e a r  a c c e l e r a t i o n  ( i n t e r r u p t e d  t o  make au tomat ic  

a t t i t u d e  c o r r e c t i o n s )  f o r  as long  as it was a c t i v a t e d ,  A 

p r i o r i t y  was i n c o r p o r a t e d  on t h e  j e t - s e l e c t  l o g i c  f o r  t h e  

forward and a f t - f i r i n g  t h r u s t e r s  which gave yaw f i rs t  p r i o r i t y ,  

p i t c h  second and t r a n s l a t i o n  t h i r d .  The AMU d i d  not  i n c l u d e  

la teral  t h r u s t e r s ,  Pu l se  w i d t h  modulat ion was u t i l i z e d  
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w i t h  t h r u s t e r  onetime d i r e c t l y  p r o p o r t i o n a l  t o  t he  i n p u t  

n a l ,  Above a c e r t a i n  e r r o r  l e v e l  ( c a l l e d  s a t u r a t i o n )  

sig- 

t h r u s t e r  f i r i n g  was cont inuous ;  below t h i s  l e v e l  t h r u s t e r  

f i r i n g  became i n t e r m i t t e n t  w i t h  t h r u s t e r  ON p u l s e s  becoming 

s h o r t e r  and f u r t h e r  apart as t h e  e r r o r  decreased u n t i l  below 

a c e r t a i n  l e v e l  ( t h r e s h o l d )  t h e  t h r u s t e r s  were o f f  con t in -  

uous ly ,  The r e s u l t a n t  motion was an  average  a n g u l a r  acce l -  

e r a t i o n  p r o p o r t i o n a l  t o  t h e  e r r o r  i n  t h e  r e g i o n  between t h e  

s a t u r a t i o n  and t h r e s h o l d  l e v e l s .  When a r o t a t i o n  was com- 

manded, t h e  e r r o r  was t h e  d i f f e r e n c e  between t h e  preset f i x e d  

rate f o r  t h e  commanded r o t a t i o n  and t h e  a c t u a l  ra te .  

R o t a t i o n a l  i n p u t s  i n  t h e  manual mode r e s u l t e d  i n  a n g u l a r  

a c c e l e r a t i o n s  of  11, 13, and 25 degrees /sec*  i n  r o l l ,  p i t c h ,  

and yaw r e s p e c t i v e l y  f o r  t h e  d u r a t i o n  of  t h e  i n p u t .  Pure 

r o t a t i o n  was n o t  p o s s i b l e  i n  t h e  manual mode but  could  be 

a t t a i n e d  i n  t h e  au tomat ic  mode. A c c e l e r a t i o n s  would occur  

on command a t  t h e  l e v e l s  s p e c i f i e d  u n t i l  an  a n g u l a r  ra te  of 

18 degrees / sec  i n  p i t c h  and yaw, o r  26 degrees /sec  i n  r o l l  

was achieved.  Angular a c c e l e r a t i o n  would t h e n  s t o p ,  and 

a cont inued  i n p u t  t o  t h e  a t t i t u d e  c o n t r o l l e r  would r e s u l t  

i n  t h i s  ra te  be ing  maintained.  Releas ing  the  c o n t r o l l e r  

head would a l low it  t o  r e t u r n  t o  a n e u t r a l  p o s i t i o n  and de- 

c e l e r a t i o n  would begin.  When r o t a t i o n  ceased ,  t h e  s y s t e m  

would go i n t o  a n  a t t i t u d e - h o l d  mode ma in ta in ing  a t t i t u d e  

w i t h i n  - +2,4 degrees /sec  i n  each a x i s ,  When t h e  sum of t h e  

a n g u l a r  d i sp lacement  and t h e  a n g u l a r  v e l o c i t y  about  a g iven  
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a x i s  exceeded 22 degrees (deg/sec)  an  a t t i t u d e  c o r r e c t i o n  

would be made about  t h a t  a x i s ,  Thus au tomat ic  a t t i t u d e  

c o r r e c t i o n s  were made dependent no t  on ly  on t h e  angu la r  

displacement  bu t  a l s o  on the  r a t e  o f  angu la r  d i sp lacement ,  

A s y s t e m  of ra te  and i n t e g r a t i n g  gyros sensed  these  para- 

meters about  a l l  t h r e e  axes ,  I n  t h e  absence  of e x t e r n a l  

t o r q u e s ,  t h e  pe r iod  of l i m i t  c y c l e  o p e r a t i o n  w i t h i n  t h i s  

deadband was greater t h a n  twenty  seconds ( 4 1 ,  4 8 ) ,  

2,3,2 A l t e r n a t e  C o n t r o l l e r s  

While t h e  AMU desc r ibed  above f u l f i l l e d  t h e  requi rements  

o f  t h e  scheduled  Gemini I X - A  EVA, it r e l i e d  upon t h e  use  of 

both hands f o r  s u c c e s s f u l  c o n t r o l .  I n  t h i s  r e s p e c t ,  it was 

less  p r a c t i c a l  f o r  u s e  i n  performing space  work than  some 

o t h e r  systems already d e s c r i b e d ,  I n  a d d i t i o n  t o  t h e  need 

t o  minimize u s e  of t h e  hands i n  c o n t r o l l e r  o p e r a t i o n ,  i t  i s  

a l s o  necessa ry  to prese rve  body and l i m b  d e x t e r i t y  

degree  t h a t  i s  p o s s i b l e  g iven  an  i n f l a t e d  s o f t  space  s u i t .  

C o n t r o l l e r  " a r m  rests" on e i t h e r  s i d e  of  t h e  AMU p i l o t  

l i m i t e d  arm motion; t h e y  could  a l s o  I n t e r f e r e  i n  a cramped 

work s i t e  c o n d i t i o n ,  The need e x i s t s  f o r  t h e  development 

o f  a l t e r n a t e  means o f  c o n t r o l ,  I n  a d d i t i o n  t o  t h e  r e q u i r e -  

ments already mentioned, a s y s t e m  cannot  e i t h e r  o b s t r u c t  

v i s i b i l i t y  o r  i n t e r f e r e  w i t h  normal vo ice  communication, 

W,E, Drfssel e t  a l ,  conducted a survey  o f  c o n t r o l l e r  

concepts  f o r  u s e  i n  an AMU (18). Hand,oral ,  eye, and body 

c o n t r o l l e r s  were s t u d i e d  .and compared f o r  such t r a i t s  as 



command c a p a b i l i t y  a c c e s s i b i l i t y ,  accu racyo  " n a t u r a l n e s s " o  

and r e l i a b i l i t y ,  Hand c o n t r o l l e r s  have a l r e a d y  been d i s -  

cussed ,  Oral c o n t r o l l e r s  o f f e r  a v a r i e t y ,  of a l t e r n a t i v e s  

because of t h e  number of  e lements  a v a i l a b l e  f o r  use:  t h e  

l i p s ,  tongue,  t h e  t ee th ,  b rea th ,  speech,  w h i s t l i n g ,  e t c .  

Only b r e a t h ,  t o n e  and v o i c e  c o n t r o l l e r s  appear a c c e p t a b l e  

t o  p i l o t s  and these are now cons ide red ,  

Breath c o n t r o l l e r s  p o s s e s s  a t t r a c t i v e  f e a t u r e s :  com- 

p l e t e  hand freedom, s i m p l e  mechaniza t ion ,  and t h e  on-off ,  

i nc remen ta l ,  o r  ( i n  t h e  c a s e  of a set o f  a c t u a l  mouthpieces) ,  

p r o p o r t i o n a l  commands, The d i sadvan tages  i n c l u d e  an i n c r e a s e d  

burden on t h e  environmental  c o n t r o l  s y s t e m  i n  terms o f  bo th  

oxygen supply and water removing c a p a b i l i t y ,  t h e  space l i m i t -  

a t i o n s  i n s i d e  a helmet ,  and t h e  a r t i f i c i a l i t y  of t h e  c o n t r o l  

code, T h i s  l a s t  f a c t o r  may n o t  be impor t an t ,  except  t h a t  

under c o n d i t i o n s  of  great stress r e g r e s s i o n  occur s ,  d u r i n g  

which h i g h l y  a r t i f i c i a l  r e l a t i o n s h i p s  are t empora r i ly  

f o r g o t t e n ,  S i m i l a r  d i sadvan tages  a t t e n d  t h e  u s e  of a s i n g i n g  

o r  humming t o n e  f o r  c o n t r o l  purposes .  

The o p e r a t i o n a l  s i m p l i c i t y  of a v o i c e  ( speech)  con- 

t r o l l e r  i s  a t  once a t t r a c t i v e ;  t e n  n a t u r a l  language words 

could conce ivably  s u f f i c e ,  T h i s  approach was chosen f o r  

a de ta i led  f e a s i b i l i t y  s t u d y  (1.8). T h i r t y - s i x  commands 

were determined as f u l f i l l i n g  r equ i r emen t s ;  s e v e r a l  of  

these u t i l i z e d  repeated words of t h e  vocabulary  t o  r e s t r i c t  

t h e  number o f  a c t u a l  words t o  t e n ,  T h i s  vocabulary i s  l i s t e d  

i n  Table  4, 
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Table 4 

1 Word 
' Roll 
~ Pitch 
Yaw 
' X  
Y 
2 
Plus 
Minus 
Stop 
Cage 

Vocabulary for Speech Controller (18: 

Primary Function 

Denotes roll rotation 
Denotes pitch rotation 
Denotes yaw rotation 
Denotes translation along X axis 
Denotes translation along Y axis 
Denotes translation along Z axis 
Denotes positive direction of motion 
Denotes negative direction of motion 
Removes all commands from A C S  

Places ACS in synchronous mode 

Two rules were established: 

1) In attitude, continuous utterances command continuous 

rotation. Silence commands constant attitude. 

2) In translation, continuous utterances command continuous 

acceleration; silence commands constant speed (a special case 

of which is zero speed relative to the astronaut's parent 

vehicle), An output logic was developed and the system 

was simulated using a computer to contn?ol an oscilloscope 

pattern, Voice commands were relayed to a human controller 

ho would enter the commands into the computer in normal 

fashion, Results were encouraging, Subsequent development 

has lead to the definition of a completely mechanized system 

hich is currently under assembly ( 2 9 ) *  The primary dis- 

advantage of this system lies in the need for a computer 

program to perform tasks in voice-recognition and logic, 
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The u s e  of t h e  e y e  

from three  approaches:  

i n  a t t i t u d e  

s e n s i n g  t h e  

l i g h t  r e f l e c t e d  o f f  some p o r t i o n  o f  

c o n t r o l  was i n v e s t i g a t e d  

d e f l e c t i o n  of  a beam of 

t h e  eye ;  s e n s i n g  t h e  

v e c t o r  p o s i t i o n  o f  t h e  front- to-back p o t e n t i a l  o f  t h e  eye ;  

and s e n s i n g  t h e  a c t i o n  p o t e n t i a l s  o f  t h e  eye musc les I  

S p e c i f i c  problems of t h e  f i rs t  approach are t h e  e x c e s s i v e  

equipment r e q u i r e d  and t h e  p r e c i s e  i n i t i a l  a l ignment  which 

must be maintained.  The second approach u t i l i z e s  t h e  f a c t  

t h a t  t h e  e y e  behaves l i k e  a small b a t t e r y ,  be ing  e l e c t r i c a l l y  

p o s i t i v e  a t  t h e  f r o n t  ( c o r n e a )  and n e g a t i v e  a t  t h e  back 

( fundus ) .  Pairs of  e l e c t r o d e s  p l aced  around t h e  e y e  w i l l  

s ense  its r o t a t i o n s  i n  terms of a l te red  p o t e n t i a l s .  The 

need f o r  f r e q u e n t  c a l i b r a t i o n  and t h e  v a r i a t i o n s  made p o s s i b l e  

by g a l v a n i c  s k i n  response  and o t h e r  ex t r aneous  s i g n a l s  make 

t h i s  approach q u e s t i o n a b l e  i n  va lue .  S i m i l a r  arguments are 

used a g a i n s t  s e n s i n g  e y e  muscle a c t i o n  p o t e n t i a l s .  The 

p r i m a r y  advantage o f  u s ing  t h e  eye  is t h a t  it a c t s  as an 

opt.ica1 s e l f - c o r r e c t i n g  e r r o r - d e t e c t i n g  dev ice .  It i s  n o t ,  

however, a c o n t r o l l e r  i n  t h e  s t r i c t  s e n s e  b u t  mere ly  a n  

aiming d e v i c e  tha t  could  p rov ide  s t e e r i n g  in fo rma t ion  t o  t h e  

AMU, The A C S  s t i l l  needs command i n p u t s  t o  remove o r  i n s e r t  

t h e  e y e  i n  t h e  c o n t r o l  loop ,  t o  provide  an "execute" s i g n a l  

a t  t h e  p rope r  t i m e ,  and t o  command a fas t  o r  slow speed of 

e x e c u t i o n e  More r e s e a r c h  i n  t h i s  area could  produce en- 

couraging r e s u l t s ,  however. 
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The use  o f  t h e  body as a c o n t r o l l e r  has already been 

cons idered  somewhat w i t h  an  ear l ie r  d i s c u s s i o n  of l e g  and 

foo t  c o n t r o l ,  I n  a d d i t i o n  t o  t h e  d i f f i c u l t i e s  c i t e d  ear l ier  

such a mechanism could  e n t a i l  a l o s s  of worker m o b i l i t y  a t  

t h e  work s i t e .  Torso c o n t r o l l e r s  appear to b e  i m p r a c t i c a l  

due t o  t h e  s t r o n g  mechanical i n t e r c o u p l i n g  between t h e  AMU 

and t h e  t o r s o ,  T h i s  l e a v e s  on ly  t h e  head as a p o s s i b i l i t y ,  

The head may be  used f o r  c o n t r o l  i n  two wags: w i t h  

and wi thout  a v i s u a l  s i g h t i n g  mechanism, When used i n  

conjunct ion  w i t h  s i g h t ,  t h i s  concept i s  s imilar  t o  e y e  con- 

t r o l l e r s ,  P i c k o f f s  s e n s i n g  the r e l a t i v e  p o s i t i o n  of t h e  

helmet t o  t h e  AMU would p rov ide  s i g n a l s  t o  t h e  ACS t r a n s -  

l a t i n g  t h e  a s t r o n a u t  t o  t h e  observed ta rge t .  A s  w i t h  t h e  

eye c o n t r o l l e r ,  a u x i l i a r y  c o n t r o l s  would b e  r e q u i r e d ,  

The second method of u s i n g  head p o s i t i o n  i s  t o  ins t rument  

t h e  helmet so t h a t  s i g n a l s  are gene ra t ed  by nods,  t u r n s ,  and 

t i l t s  o f  t h e  head, These could  be made t o  command p i t c h ,  

yaw, and r o l l ,  r e s p e c t i v e l y ,  Speed l e v e l ,  execu t ion ,  and . 
lockout  c o n t r o l s  would b e  r e q u i r e d ,  P o s s i b l e  i n t e r f e r e n c e  

w i t h  v i s u a l  c a p a b i l i t y  of a s u i t e d  a s t r o n a u t  i s  shown i n  

Tab le  5 and t h e  neck m o b i l i t y  i n  t h ree  axes i n  Table  6 ,  

Table 5 

I Range o f  V i s ion  ( S u i t e d )  (59)  1 
~ 

H o r i z o n t a l  p l a n e  120'1eft  , 120 ' r igh  
V e r t i c a l  p l a n e  105'down, 9O'up 
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T a b l e  6 

F lex ion  (forward-backward) 120' 
F l e x i o n  ( l e f t - r i g h t )  
Ro ta t ion  (Abduction-Adduction) 140' z e r o  t o r q u e  

S t i l l  a n o t h e r  p o s s i b l e  u s e  of  t h e  body l i e s  i n  the f i e l d  

of m y o e l e c t r i c s .  Most p r o c e s s e s  i n  l i v i n g  organisms are 

accomplished by  e l e c t r i c a l  changes,  Act ions of vo lun ta ry  

muscles i n  o p e r a t i n g  t h e  l i m b s  e x h i b i t  such changes.  The 

measurement of  these b i o c u r r e n t s  i s  c a l l e d  electromyography, 

and i s  be ing  used ncw p r i m a r i l y  i n  t h e  o p e r a t i o n  of pro- 

s t h e t i c  d e v i c e s  f o r  amputees. R a w  e lectromyographic  s i g n a l s  

are c h a r a c t e r i s t i c a l l y  sp iked ,  having ampl i tudes  i n  t h e  low 

m i l l i - v o l t  range .  A p r a c t i c a l ,  r e l i a b l e  t echn ique  must be  

found f o r  s e n s i n g ,  ampl i fy ing ,  f i l t e r i n g ,  c o n d i t i o n i n g ,  and 

decoding these v o l u n t a r y  s i g n a l s  f o r  command and c o n t r o l  

purposes ,  Such s i g n a l s  would undoubtedly be u s e f u l  f o r  com- 

mand and c o n t r o l  where t h e  human o p e r a t o r  f i n d s  normal 

manual c o n t r o l  i m p r a c t i c a l  due t o  r e s t r a i n t  o r  o t h e r  u se  of 

t h e  l imbs.  

2.4 Con t ro l  Techniques 

Once a c o n t r o l l e r  has been chosen, it i s  necessa ry  t o  

determine t h e  t echn ique  by  which a t t i t u d e  w i l l  b e  main ta ined .  

If t h e  s y s t e m  i s  open-loop, a s i g n a l  w i l l  b e  gene ra t ed  

d i r e c t l y  by t h e  a s t r o n a u t ;  i f  a closed-loop o r  s tab le  s y s t e m  
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a s i g n a l  w i l l  a u t o m a t i c a l l y  be gene ra t ed  when c e r t a i n  chosen 

parameters exceed pre-set l i m i t s ,  Haeusserman has reviewed 

i n  d e t a i l  t he  t y p e s  of s e n s o r s  a v a i l a b l e  f o r  t h i s  purpose 

i n  au tomat ic  s y s t e m s  (27), The t r e a t m e n t  of  these s i g n a l s  

must be determined to op t imize  a chosen set  of  parameters, 

The fo l lowing  paragraphs w i l l  make n o t e  of  t h e  s y s t e m s  which 

have been sugges ted  both  f o r  au tomat ic  and manual c o n t r o l ,  

2,4,1 Cont ro l  A l t e r n a t i v e s  

S e v e r a l  t r a d i t i o n a l  c o n t r o l  t echn iques  are  a v a i l a b l e  

f o r  use (18,  3 4 ) ,  Simple a c c e l e r a t i o n  command a p p l i e s  t h e  

s i g n a l  d i r e c t l y  t o  t he  r e a c t i o n  t h r u s t e r s  which a p p l y  a 

to rque  p r o p o r t i o n a l  t o  s i g n a l  s t r e n g t h ,  The r e s u l t i n g  

r o t a t i o n a l  a c c e l e r a t i o n  i s  l ikewise  p r o p o r t i o n a l  from t h e  f o r -  

mula 

T = I M  

Angular r a t e  command o r  ra te  feedback i s  t h e  t r a d i t i o n a l  

t echn ique  used i n  a i r p l a n e  a u t o p i l o t s  bu t  i s  s u b j e c t  t o  a 

high power requi rement ,  Another t echn ique  i s  known as t h e  

o r b i t  mode which uses f i x e d  p u l s e  w i d t h s  of r o c k e t  t h r u s t  

cor responding  t o  a set  o f  predetermined a n g l e  e r r o r s ,  

ThSs method p rov ides  f o r  low r e s i d u a l  ra tes  and low p r o p e l l a n t  

consumption a t  t h e  c o s t  of complex c i r c u i t r y  and large e r r o r s  

i n  t h e  p re sence  o f  d i s t u r b i n g  t o r q u e s ,  Derived r a t e  c o n t r o l  

employs a lead netwo k t o  feed a ra te  p l u s  a t t i t u d e  s i g n a l  

t o  j e t s ,  Disadvantages i n c l u d e  t h e  n o i s e  s e n s i t i v i t y  which 
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I s  produced 

s a t u r a t i o n .  

by  t h e  lead network and t h e  p o s s i b i l i t y  of 

Pseudo-rate feedback lags a s i g n a l  propor- 

t i o n a l  t o  angu la r  a c c e l e r a t i o n  i n  a p e u d o - i n t e g r a t i o n  process  

and sums t h i s  s i g n a l  w i t h  t ha t  of a t t i t u d e ,  The r e s u l t  is  

a pseudo-rate c o n t r o l  s i g n a l  which i s  less n o i s e  s e n s i t i v e  

than  r a t e  feedback and capable  of reducing  l i m i t  c y c l e  rates 

t o  a low f i g u r e  w i t h  small impulses ,  

A s t u d y  conducted by Honeywell, Inc ,  f o r  an AMU r e s u l t e d  

i n  s e l e c t i o n  of  a combination of o r b i t  mode c o n t r o l  and 

pseudo-rate c o n t r o l ,  t h e  l a t te r  be ing  i n i t i a t e d  when t h e  

e r r o r  cont inued beyond a c e r t a i n  range  deemed wholly w i t h i n  

t h e  c a p a b i l i t y  o f  o r b i t  mode (18). 

2 , 4.2 Comparative S t u d i e s  

The a n a l y t i c  t echn iques  through which a comparison of 

approaches can be  made i s  based on n o n l i n e a r  feedback c o n t r o l  

theory .  Seve ra l  s t u d i e s  have been performed i n  t h i s  f i e l d  

(12, 16,  56, 22, 211, 

S e l e c t i o n  of a n  optimum c o n t r o l  technique  f o r  an  auto- 

mat ic  a t t i t u d e  c o n t r o l  system depends on which parameters 

are t o  be maximized o r  minimized and t o  what va lues ,  For a 

manual, open-loop c o n t r o l  s y s t e m ,  s e l e c t i o n  must r e l y  heav i ly  

on how each cand ida te  s y s t e m  "feels" t o  t h e  p i l o t  and how h i s  

performance compares. 

very dependent,  as w e l l ,  on t h e  minimum impulse t h a t  a p i l o t  

c a n a c t i v a t e ,  Recent s t u d i e s  of remote manipula tors  have 

The response  of a manual system i s  



been made t o  de te rmine  an  op t ima l  system ( 3 3 ) .  Crawford 

and Kana conducted f o u r  groups of experiment's des igned  t o  pro- 

duce an  o rde red  l i s t  of preferred manipula tor  c o n t r o l  tech-  

n iques  based upon performance o f  a human o p e r a t o r  a t  a 

given task (15)* The r e s u l t s  demonstrated a p r e f e r e n c e  f o r  

p r o p o r t i o n a l  ra te  s y s t e m s  ove r  a f i x e d  ra te  on-off c o n t r o l l e r ,  

A comparison between p o s i t i o n  c o n t r o l  and ra te  c o n t r o l  was 

d i f f i c u l t  t o  assess, and more r e s e a r c h  was deemed necessa ry  

which would c o n s i d e r  such f a c t o r s  as o p e r a t o r  f a t i g u e .  

Con t ro l  o f  a remote man ipu la to r  i s  d i f f e r e n t  from 

c o n t r o l  o f  one ' s  own a t t i t u d e  and work must be done i n  t h i s  

area t o  de te rmine  the op t ima l  manual s y s t e m ,  S imula t ions  

conducted b y  Emerson demonstrated t h a t  a n g u l a r  a c c e l e r a t i o n  

command would ma in ta in  adequate  a t t i t u d e  c o n t r o l  i f  c e n t e r  

of g r a v i t y  t h r u s t e r  misal ignments  were small and a c c e l e r a t i o n s  

were n o t  large (20 ) ,  A ra te  command s y s t e m  i s  s u f f i c i e n t  

accord ing  t o  t h e s e . s t u d i e s  u n l e s s ,  a t  great r anges  from t h e  

t a r g e t ,  d r i f t  rates i n  t h e  A C S  are m i s i n t e r p r e t e d  as r e a l  

t r a n s l a t i o n a l  v e l o c i t i e s  of  t h e  target and "co r rec t ed"  

acco rd ing ly ,  The i n c o r p o r a t i o n  of  an a t t i t u d e - h o l d  fea ture  

such as a f f o r d e d  by  ine r t i a - exchange  d e v i c e s  o r  a s y s t e m  of  

r e a c t i o n  ,jets was found b y  s i m u l a t i o n  t o  be  an e f f e c t i v e  

means of overcoming t h e  need f o r  p r e c i s e  ra te  c o n t r o l .  

F u r t h e r  experiments  i n v o l v i n g  human o p e r a t o r s  are  c a l l e d  f o r ,  

f e a t u r i n g  a v i s u a l  s i m u l a t i o n  o f  v a r i a b l e  r ange ,  
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CHAPTER 111 

ELECTROMYOGRAPHY 

3 . 1  I n t r o d u c t i o n  

An e lec t romyographic  s i g n a l  ( E M G )  i s  a m a n i f e s t a t i o n  

a r i s i n g  from t h e  t r a n s f e r  of ne rve  impulses  t o  muscle impulses. 

Galvani  was t h e  f i rs t to  observe  and r e c o r d  t h e  phenomenon 

i n  t h e  l a t e  E igh teen th  Century i n  h i s  famous experiments  

w i t h  f r o g s '  legs. I n t e r e s t  i n  t h e  f i e l d  was not  a p p r e c i a b l e  

u n t i l  t h e  ear ly  1950's when Norbert  Weiner sugges ted  t h e  

u se  o f  these s i g n a l s  i n  a r t i f i c i a l  l i m b s  o r  p r o s t h e s e s ,  Sub- 

s e q u e n t l y ,  American r e s e a r c h  and development lagged behind 

t h a t  o f  England and t h e  S o v i e t  Union. I n  1955 B r i t i s h  sc i en -  

t i s t s  r e p o r t e d  t h e  use  o f  EMG's f o r  on/off  c o n t r o l  of a 

n r o s t h e t i c  hook ( 5 ) .  Around a year l a t e r ,  a Russian pros- 

t h e t i c  hand was announced which opened o r  c l o s e d  a t  a cons t an t  

v e l o c i t y  o r  could remain i n  any i n t e r m e d i a t e  p o s i t i o n .  T h i s ,  

t o o ,  was c o n t r o l l e d  b y  EMG's. (11) 

During t h e  p e r i o d  1962-1966 work proceeded at t h e  Mass- 

a c h u s e t t s  I n s t i t u t e  of Technology on development of  a p ros th -  

e t i c  "Boston A r m "  (1). S imi l a r  e f f o r t s  were i n i t i a t e d  b y  

Reswick, e t  a l .  a t  Case I n s t i t u t e  (50).In 1964 3ottomle.y and 

Cowell announced c r e a t i o n  of a p r o s t h e t i c  hand whose v e l o c i t y  
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was c o n t r o l l e d  by EMG ampl i tude ,  

an  o b j e c t ,  t hen  a f o r c e  feedback 

When t h e  hand 

loop dominated 

became p r o p o r t i o n a l  t o  EMG ampl i tude  ( 8 ) ,  T h i s  

encountered  

and f o r c e  

des ign  

w i t h  t ha t  of the Boston A r m ,  were t h e  f i r s t  t o  use  EMG's 

p r o p o r t i o n a l l y ;  a l l  o t h e r  p r o j e c t s  employed t h e  s i g n a l  as 

a two-s ta te  on/off  o r  three-state forward/of f / reverse  con- 

t r o l ,  The development o f  p r o p o r t i o n a l  c o n t r o l  r e q u i r e d  

measuring t echn iques  which could  d i s t i n g u i s h  l e v e l s  of 

muscular  a c t i v i t y  from a r e l a x e d  s ta te  t o  one o f  maximum 

e f f o r t  ( 4 4 ) .  

O the r  u ses  besides  p r o s t h e t i c  l i m b s  have been sugges ted  

and explored .  These  i n c l u d e  c o n t r o l  of h igh  a c c e l e r a t i o n  

a i r c r a f t  where a p i l o t  cannot p h y s i c a l l y  move h i s  l i m b s ,  and 

t h e  f i e l d  o f  o r thoped ic  a n a l y s i s  and d i a g n o s i s  ( 2 4 ) ,  

Two kinds  o f  muscles  are found i n  man, Ske le ta l  muscles  

are r e s p o n s i b l e  f o r  a l l  vo lun ta ry  movement, Card iac  o r  smooth 

muscles are most ly  invo lun ta ry  and i n c l u d e  t h e  h e a r t  and 

o t h e r  v i s c e r a l  bod ie s ,  

The connec t ion  between t h e  body's thousands  o f  nerve  

f ibers  and i t s  thousands  of muscle f ibers  fo l low a b a s i c  

p a t t e r n ;  and t h e r e f o r e  a b a s i c  fumt iona l  u n i t  may b e  d e f i n e d ,  

Each ske le ta l  muscle c o n t a i n s  thousands  of muscle f ibers ;  

nerves  are l i k e w i s e  comprised of 1) motor nerve  f i b e r s  

(axons)  and 2 )  sensory  nerve  f i b e r s  (bo th  a f f e r e n t  and 
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e f f e r e n t ) ,  Each motor ne rve  o r  

f i b e r  i n  t h e  s p i n a l  cord  c a l l e d  

axon arises from a nerve  

a neuron. Each axon, i n  

t u r n ,  b ranches  and i n n e r v a t e s  s i n g l e  muscle f ibers .  The 

combination of one neuron,  i t s  axon and axon branches ,  and 

t h e  muscle f ibers  s t i m u l a t e d  by t h o s e  branches comprise a 

b a s i c  f u n c t i o n a l  u n i t  c a l l e d  a motor u n i t  ( 6 2 ) .  One should 

n o t e  t h a t  a l l  muscle f i be r s  i n  a s i n g l e  motor u n i t  need not  

be e f f e c t e d  each t i m e  an  axon r e c e i v e s  a s i g n a l .  

The t r a n s m i s s i o n  of  a ne rve  impulse t o  a muscle i m -  

p u l s e  i s  chemical  (62), The appearance  o f  a nerve  impulse 

i n  t h e  v i c i n i t y  of a muscle f i b e r  l ibera tes  a c e t y l c h o l i n e  

which d e p o l i a r i z e s  t h e  muscle f i b e r  membrane. T h i s  de- 

p o l a r i z a t i o n  i s  propagated  down the  l e n g t h  o f  t h e  muscle 

f i b e r  r e s u l t i n g  i n  an impulse l o n g e r  i n  s p i k e  d u r a t i o n  

t h a n  t h e  nerve  impulse b u t  t r a v e l i n g  a t  a comDarable speed 

( f i v e  meters p e r  second) .  T h i s  t r a v e l i n g  d e p o l a r i z e d  impulse 

causes  a mechanical  t w i t c h  t o  b e g i n  which con t inues  i n  t h e  

muscle f i b e r  a f t e r  t h e  f i r s t  i s  gone. A s k e t c h  comparing t h e  

three t y p e s  of  impulses  i s  shown i n  F i g u r e  2. 
* 

Each muscle f i b e r  produces a maximum c o n t r a c t i o n  i f  a t  

a l l .  The re fo re  t h e  s t r e n g t h  of c o n t r a c t i o n  i s  determined 

by 1) t h e  number of  motor u n i t s  i n  a c t i o n  and 2 )  t h e  r a t e  

of motor u n i t  d i s c h a r g e ,  If two impulses  t o  the same muscle 

f i b e r  are separated b y  more t h a n  f i v e  m i l l i s e c o n d s ,  two sep- 

arate mechanical  t w i t c h e s  can be p e r c e i v e d ,  I f ,  however, t h e  

ra te  of d i s c h a r g e  i s  such t h a t  impulses  are separated b y  
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I c 

Figure 2 

Nerve, Muscle, and Mechanical Impulse (1) 
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less  t h a n  f i v e  m i l l i s e c o n d s ,  t h e  e f f e c t  w i l l  be  t o  combine 

t h e  two and produce a larger  response .  The motor u n i t s  

of a s i n g l e  muscle f i r e  i r r e g u l a r l y  which a l lows  some 

average rest  p e r i o d  f o r  each. If t h e  s t i m u l u s  ra te  of  

a s i n g l e  muscle f i b e r  exceeds f i f t y  per second, t h e  muscle 

t w i t c h e s  t h u s  superimpose to cause  a maximum t e n s i o n  con- 

s i d e r a b l y  exceeding maximum t w i t c h  t e n s i o n .  T h i s  s t a t e  i s  

known as t e t a n u s .  

The uniform t e n s i o n  of  g r o s s  muscle i s  an ave rage  of  

"random" motor u n i t  e x c i t a t i o n s .  Any motor u n i t  whose 

average  e x c i t a t i o n  frequency i s  below tha t  cor responding  t o  

t e t a n u s  produces an  average  t e n s i o n  which can be v a r i e d  by  

vary ing  t h e  e x c i t a t i o n  ra te .  

A s i n g l e  muscle impulse i s  measured on t h e  s k i n  s u r f a c e  

as a p u l s e  o f  about  a m i l l i v o l t  ampl i tude  and f i v e  m i l l i -  

second d u r a t i o n ,  Such a p u l s e  c o n s t i t u t e s  the b a s i c  e l e c t r o -  

myographic s i g n a l ,  An EMG i s  a c t u a l l y  a measure of t h e  poten- 

t i a l  g e n e r a t e d  by  t h e  e l e c t r i c  f i e l d  which cor responds  to 

a muscle f i b e r  d e p o l a r i z a t i o n ,  Any p a i r  o f  e l e c t r o d e s  i n  

t h e  v i c i n i t y  o f  t h i s  muscle a c t i v i t y  w i l l  measure t h e  com- 

bined e f f e c t s  o f  f i e l d s  o f  a l l  muscle f i b e r s  i n  a muscle.  

3 . 3  EMG Measurement 

An EMG as measured from t h e  s k f n  s u r f a c e  resembles t h e  

output of a n o i s e  g e n e r a t o r  and can r e a c h  an ampl i tude  of  

a f e w  m i l l i v o l t  r m s e  The s imples t  means to measure t h i s  

s i g n a l  i s  w i t h  s u r f a c e  e l e c t r o d e s  i n  which t h e  ou tpu t  i m -  
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pedance o f  s k i n  and e l e c t r o d e s  i s  as high as 50Kdbto 

100KL 

P r e c i s e  measure of  a p a r t i c u l a r  muscle o r  muscle area 

can be achieved  by  e l e c t r o d e  implan ta t ion ,  Here t h e  aim i s  

t o  implant  w i t h i n  a muscle,  bu t  no a t t empt  i s  made t o  go 

i n s i d e  a muscle f i be r .  S u r g i c a l  imp lan ta t ion  has been 

performed as w e l l  as t h e  i n s e r t i o n  of a p a i r  o f  t h i n  wires 

i n t o  t h e  muscle through t h e  s k i n  by any o f  v a r i o u s  tech-  

n iques ,  There are monopolar, c o a x i a l ,  and b i p o l a r  need le  

e l e c t r o d e s  (54,  3 ) .  

Severa l  d i f f i c u l t i e s  e x i s t  w i t h  implanted  e l e c t r o d e s .  

They are much more s e n s i t i v e  t o  s i g n a l s  from a small number 

o f  motor u n i t s  w i t h  which t h e y  are i n  c l o s e  proximi ty  and 

less s e n s i t i v e  t o  o t h e r s  far ther  away, One r e p o r t  s t a t e s  

t h a t  t h e  s i g n a l  a t t e n u a t e s  i n  a s i n g l e  motor u n i t  t o  one 

t e n t h  o f  i t s  maximum va lue  a t  a d i s t a n c e  of  ,38 millimeters 

from t h e  c e n t e r  area of  f i b e r  d i s t r i b u t i o n  ( 6 0 ) .  Given t h e  

random n a t u r e  o f  motor u n i t  f i r i n g s ,  i t  i s  l i k e l y  t h a t  c e r t a i n  

muscle c o n t r a c t i o n s  would r e g i s t e r  l i t t l e  o r  no a c t i v i t y  as 

measured b y a h i g h l y  l o c a l i z e d  e l e c t r o d e ,  Work i s  con t inu ing ,  

however, on t h e  des ign  and f a b r i c a t i o n  t echn ique  f o r  mul t i -  

channel ,  p h y s i o l o g i c a l l y  imp lan tab le  t e l e m e t r y  s y s t e m s  f o r  

bio-measurements i n c l u d i n g  EMG's ( 3 1 ) .  

Sur face  e l e c t r o d e s  o f f e r  s e v e r a l  obvious advantages .  

No s k i n  p i e r c i n g  i s  r e q u i r e d ,  The r a t i o  of d i s t a n c e  from 
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e l e c t r o d e s  t o  t h e  far thest  motor u n i t  v e r s u s  n e a r e s t  i s  no t  

as grea t ,  One should  expec t  a less biased average  measure- 

ment, A major problem, however, i s  t h e  n o i s e  a r t i f a c t  i n -  

duced by s k i n  motion, I n  r e c e n t  years, t h i s  problem has 

been minimized by development of r e c e s s e d  e l e c t r o d e s  and 

t h e  u s e  of  e l e c t r i c  paste t o  make t h e  s i g n a l  t o  n o i s e  r a t i o  

h igher  and p e r m i t  fu l l -day  u s e  wi thout  d ry ing .  

The s e p a r a t i o n  d i s t a n c e  between two s u r f a c e  e l e c t r o d e s  

a f f e c t s  t h e  s i g n a l  measured. A greater bandwidth r e s u l t s  

i n  a smaller t i m e  c o n s t a n t  r e q u i r e d  t o  measure a c c u r a t e l y  

t h e  r o o t  mean squa re  v a l u e  of a s i g n a l ,  It was found t h a t  

t h e  measured EMG a c t s  l i k e  f i l t e r ed  n o i s e  and a dec rease  

i n  e l e c t r o d e  d i s t a n c e  from twenty t o  one millimeter separa- 

t i o n  i n c r e a s e s  t h e  bandwidth from 100 t o  500 Hz, The r e s u l t -  

i n g  improvement i n  t i m e  c o n s t a n t  i s  seven ty  pe rcen t  (35 ) .  

Curren t  popu la r  models o f  s k i n  e l e c t r o d e s  r e q u i r e  f i rs t  

a thorough s k i n  c l e a n s i n g  w i t h  ace tone  i n  t h e  s e l e c t e d  area 

of s tudy  fo l lowed by s l i g h t  a b r a s i o n  w i t h  a p i n  t o  lower 

s k i n  r e s i s t a n c e ,  The m e t a l l i c  d i sc  which i s  t h e  e l e c t r o d e  

i s  a t  t h e  bottom of a c a v i t y  which must be f i l l e d  w i t h  a 

s a l i n e  e l e c t r o d e  paste,  Contact  i s  t h u s  from t h e  s k i n  to 

paste and t h e n  t o  t h e  e l e c t r o d e  i t s e l f .  A double-s ided 

adhes ive  i s  used to a p p l y  t h e  e l e c t r o d e  h o l d e r  t o  t h e  s k i n  

and s e r v e s  a l s o  t o  ma in ta in  a n  a i r t i g h t  pocket f o r  t h e  paste  

which p r e v e n t s  d r y i n g ,  After  use ,  s i m p l e  r i n s i n g  w i t h  d i s t i l -  

l e d  water i s  a l l  t h a t  i s  r e q u i r e d ,  



A s e a r c h  has cont inued  f o r  material and methods of  d r y  

e l e c t r o d e  technology (53) .  An obvious advantage t o  t h i s  

s y s t e m  would arise i n  c a s e s  o f  measuring t h e  EMG of a s t r o -  

n a u t s ,  aquanauts ,  burn  p a t i e n t s ,  and o t h e r  s i t u a t i o n s  i n  

which s k i n  p r e p a r a t i o n  i s  e i t h e r  imposs ib l e  or u n d e s i r a b l e ,  

3 e 4  EMG C h a r a c t e r i s t i c s  

An unders tanding  of t h e  r e l a t i o n s h i p  between t h e  EMG 

and muscle a c t i v i t y  i s  e s s e n t i a l  i f  one i s  t o  make u s e  of 

t h e  former as a v o l u n t a r y  c o n t r o l  s i g n a l .  Many s t u d i e s  have 

been conducted on this q u e s t i o n  and t h e i r  r e s u l t s  a r e  sum- 

marized here ,  When t h e  term "EMG" i s  used below, it i m p l i e s  

a p a r t i c u l a r  i n t e r p r e t a t i o n  o f  t he  raw EMG. All t h e  r e s u l t s  

t o  b e  p r e s e n t e d  are  based on t h e  same method of s ign81  i n t e r -  

p r e t a t i o n .  T h i s  i n t e r p r e t a t i o n ,  a long  w i t h  o t h e r s ,  i s  des- 

c r i b e d  i n  t h e  next  s e c t i o n ,  

The c o n d i t i o n  i n  which muscle l e n g t h  i s  c o n s t a n t  i s  

known as t h e  i s o m e t r i c  c o n d i t i o n ,  Fo r  t h e  i s o m e t r i c  con- 

d i t i o n ,  t h e  EMG i s  roughly  p r o p o r t i o n a l  t o  t e n s i o n .  The 

r e l a t i o n  i s  n o n l i n e a r  ( 7 ,  43) .  The r e l a x a t i o n  pa th  depends 

on t h e  maximum t e n s i o n  achieved  and causes  a hys te res i s  

e f f e c t  as seen  i n  F i g u r e  3 .  

There i s ,  however, an  EMG component re la ted t o  muscle 

v e l o c i t y  as well. The re fo re ,  i f  f o r  some c o n s t a n t  t e n s i o n ,  

there i s  a v e l o c i t y  t e n d i n g  t o  s h o r t e n  t h e  muscle,  t h e n  t h e  

EMG rises as t h e  v e l o c i t y  becomes greater. A l t e r n a t i v e l y ,  

i f  f o r  c o n s t a n t  t e n s i o n  there  i s  a v e l o c i t y  which t e n d s  t o  
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, "INTEGRATED" 
EMG 

Figure 3 

Isometric Tension Level in the Bicep-Tricep 

Muscle Pair Versus Surface Electrode EMG (1) 
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l eng then  t h e  muscle,  t h e n  t h e  EMG drops  w i t h  i n c r e a s e d  

v e l o c i t y  ( 7 ) a  

The frequency spectrum of t h e  EMG f o r  most normal 

muscles l i e s  between t e n  and 1000 Her t z .  Excess ive  

muscular demand leads t o  f a t i g u e  which causes  a s h i f t  

t o  lower f r e q u e n c i e s ,  presumably due t o  synchron iza t ion  

o f  muscle f i b e r  d i s c h a r g e s  ( 2 ,  13 ) .  The frequency r e m o n s e  

of t h e  t r a p e z i u s  muscle i s  shown i n  F i g u r e  4 ,  

For s h o r t  muscle requirements, t h e  mean frequency as 

well  as t h e  average  power r ises w i t h  t e n s i o n  i n  t h e  i s o -  

m e t r i c  c a s e ,  See F i g u r e  5 (9). 

Krei fe ld t  has shown t h a t  t he  EMG n o i s e  t o  s i g n a l  r a t i o  

i s  high f o r  low-level  s i g n a l s  and monotonica l ly  d e c r e a s e s  

t o  a minimum a t  25% of maximum v o l u n t a r y  c o n t r a c t i o n  ( 3 9 ) .  

Although t h e  EMG i s  n o n l i n e a r l y  re la ted t o  i s o m e t r i c  

t e n s i o n ,  t h e  f u n c t i o n  i s  monotonic. A human be ing  can t o l e -  

ra te  t h e  n o n l i n e a r i t i e s  and l e a r n  t o  c o n t r o l  h i s  own s i g n a l .  

S u b j e c t s  who "hear" o r  view t h e i r  own EMG can b e  t r a i n e d  t o  

f i r e  i n d i v i d u a l  motor u n i t s  i n  skeletal  muscles (4), Later 

these feedbacks can be removed and s u b j e c t s  are  able t o  

c o n t r o l  d e v i c e s  such as small motors  which are be ing  oper- 

ated from an EMG, On such exper iments  are based t h e  v a r i e t y  

of r e c e n t  developmetns i n  p r o s t h e t i c  d e v i c e s  as wel l  as 

t h e  exper iments  d e s c r i b e d  i n  t h e  nex t  c h a p t e r ,  

Once t h e  EMG has been s u c c e s s f u l l y  d e t e c t e d ,  the 
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Figure 4 

EMG Frequency Response (Trapezius Yusc le )  ( 2 8 )  
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Figure 5 

EMG Power Densi ty  and Mean Frequency 

as a Funct ion  of Muscle Tension ( 9 )  



4 3  

problem remains of how t o  decode o r  i n t e r p r e t  i t ,  The 

desired o u t p u t  i s  a s t a t emen t  of e l e c t r i c a l  a c t i v i t y ;  t h e  

u s u a l  approach i s  t o  c o n s i d e r  some average  measure of i t s  

a c t i v i t y .  The two most common methods e i the r  count the 

frequency of r e l a t i v e  maxima o r  de te rmine  an " i n t e g r a t e d "  

EMG . 
The f irst  method o f  c o n d i t i o n i n g  raw EMG's i s  tha t  

of c a l c u l a t i n g  t h e  number of r e l a t i v e  maxima per u n i t  t i m e .  

T h i s  method produces an  ou tpu t  e q u i v a l e n t  t o  t h e  i n t e g r a t e d  

method except  when f a t i g u e  and motor u n i t  s y n c h r o n i z a t i o n  

occur .  Then i t  d e t e r i o r a t e s  i n  i t s  accuracy  as a measure of 

o v e r - a l l  a c t i v i t y  ( 6 ) .  F i g u r e  6 d e p i c t s  t h e  sys t em.  

The Ynteqrated" EMG i s  a r r i v e d  a t  by r e c t i f y i n g  t h e  raw 

s i g n a l  and t h e n  low pass f i l t e r i n g  i t  w i t h  some t i m e  c o n s t a n t  

which i s  long r e l a t i v e  t o  t h e  dominant f requency of t h e  

s i g n a l .  The t i m e  c o n s t a n t  is normally around 300 m i l l t -  

seconds.  T h i s  method has been used bo th  i n  t h e  B r i t i s h  mgo- 

e l e c t r i c  hand and i n  the Boston A r m .  The problem of s i g n a l  

c r o s s - t a l k  between t w o  e l e c t r o d e  s i tes  is  e l i m i n a t e d  by  t a k i n g  

s i g n a l s  from two opposing groups ,  r e c t i f y i n g  and smoothing 

t o  get a D.C. l e v e l  r e p r e s e n t i n g  i n t e n s i t y  of t h e  o r i g i n a l  

A . C ,  s i g n a l ,  t h e n  s u b t r a c t i n g  i n  a d i f f e r e n t i a l  a m p l i f i e r ,  

Because a muscle produces s t r o n g e r  s i g n a l s  th rough e l e c t r o d e s  

on i t s  s u r f a c e  t h a n  through i t s  a n t a g o n i s t  muscle,  t h e  

r e l a t i v e  magnitudes de te rmine  whether  t h e  ou tpu t  i s  p o s i t i v e  

o r  n e g a t i v e ,  A s i m p l e  diagram of t h i s  s y s t e m  i s  s e e n  i n  



Put  e l e c t r o d e  

F igu re  6 

EMG Process ing  based on mean frequency (23) 



Figure  7 ;  i t  i s  seen  t o  be a s i g n a l  ou tpu t  based on t h e  

power o f  t h e  raw EMG, 

A problem w i t h  t h e  " i n t e g r a t e d "  s i g n a l  i s  tha t  of 

smoothing t h e  r e c t i f i e d  o u t p u t ,  Random f l u c t u a t i o n s  e x i s t ,  

even w i t h  l o n g e r  t i m e  c o n s t a n t s ,  Given any EMG one can 

estimate tha t  it v a r i e s  ove r  about  twenty p e r c e n t  of i t s  

average v a l u e ,  So i n  one experiment ,  a c l o s e d  loop  f o r c e  

se rvo  was developed wherein e r r o r  between t h e  last  i n -  

s t an taneous  va lue  of  raw s i g n a l  and i t s  c u r r e n t  v a l u e  i s  

ignored  u n l e s s  t h a t  e r r o r  exceeds a c e r t a i n  minimum v a l u e  

which i t s e l f  w i l l  i n c r e a s e  w i t h  t h e  s ignal  (lo), The 

t e c h n i a u e  i s  t h e  e l e c t r i c a l  c o r r e l a t i o n  t o  t h e  backlash  

phenomenon and. i s  c a l l e d  "au togenic  backlash".  F i g u r e  8 

i s  a s k e t c h  o f  t h e  s y s t e m ,  

The f i n a l  stage i n  making u s e  o f  an EMG as a c o n t r o l  

s i g n a l  i s  t h a t  of d e s i g n i n g  some c o n t r o l  l o g i c  which w i l l  

a c t  on t h e  basis of  t h e  cond i t ioned  s i g n a l .  The s i m p l e s t  

such l o g i c  s y s t e m  i s  an on/of f  c o n t r o l  i n  which any l e v e l  

o f  EMG above some p r e s e t  t h r e s h o l d  causes  a s y s t e m  t o  t u r n  

on t o  some c o n s t a n t  and s i m i l a r l y  p rese t  v a l u e ,  

Next i n  complexi ty  i s  a t h r e e  s t a t e  c o n t r o l  w i t h  t h e  

des ign  o b j e c t i v e  o f  having on/off c o n t r o l  of two f u n c t i o n s  

us ing  t h e  same EMG c o n t r o l  s i t e  ( 5 8 ) .  Here two t h r e s h o l d s  

would be r e q u i r e d .  A s i g n a l  s t r e n g t h  below t h e  lowest  

t h r e s h o l d  would cor respond t o  t h e  " o f f "  p o s i t i o n  o f  bo th  

f u n c t i o n s ;  a l e v e l  between t h e  f i r s t  and second t h r e s h o l d  



ut elect rod 

Figure 7 

EMG Processing based on Power ( 9 )  
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i n p  t 
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IDifference = 1-0 

c o r r e c t i o n  + i f  d i f f e r e n c e  
exceeds 20%- 

Figure  8 

The Autogenic Backlash (10)  
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would cause  one f u n c t i o n  t o  be on, t h e  o t h e r  o f f ,  Above 

t h e  second t h r e s h o l d  t h e  two f u n c t i o n s  would r e v e r s e  s t a t u s ,  

S t i l l  a t h i r d  c o n t r o l  s y s t e m  i s  tha t  o f  th ree  s t a t e  

v a r i a b l e  c o n t r o l .  Again two t h r e s h o l d s  are used ,  A s i g n a l  

l e v e l  between t h e  two’would r e s u l t  i n  p r o p o r t i o n a l  c o n t r o l  

o f  one f u n c t i o n  w h i l e  t h e  second f u n c t i o n  would remain 

o f f ,  Above t h e  second t h r e s h o l d ,  t h e  s i g n a l  would s i m p l y  

cause t h e  f i rs t  f u n c t i o n  mentioned t o  be  o f f ,  t h e  second on, 

Such a s y s t e m  p e r m i t s  c o n t r o l  of parameters such as c l o s i n g  

f o r c e  and speed of a p r o s t h e t i c  dev ice ,  f o r  example ( 1 7 ) .  

A f i n a l  c o n t r o l  v a r i a t i o n  has been sugges ted  i n  which 

ra te  c o n t r o l  i s  used. Whereas t h e  p rev ious  exarnDle em- 

ployed s i g n a l  ampl i tude ,  t h i s  s y s t e m  would be  s e n s i t i v e  t o  

t h e  r a t e  of  s i q n a l  growth, Beyond a c e r t a i n  l i m i t ,  c o n t r o l  

would swi t ch  from a p r o p o r t i o n a l  t o  a d i g i t a l  channel .  The 

d i g i t a l  p u l s e  would have a preset v a l u e  greater  t h a n  t h a t  

normally a t t a i n a b l e  by  p r o p o r t i o n a l  c o n t r o l  ( 1 4 ) .  
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CHAPTER I V  

THE EXPERIMENT 

4 . 1  The Goals 

I n  seek ing  t o  answer t h e  b a s i c  q u e s t i o n  o f  t h i s  s t u d y ,  

i t  was necessa ry  t o  de te rmine  expe r imen ta l ly  s e v e r a l  f e a t u r e s  

i n h e r e n t  i n  a n  EMG-based a t t i t u d e  c o n t r o l  sys t em.  

F i r s t ,  one o r  more pa i r  of muscles  had t o  be i d e n t i f i e d  

which would p rov ide  t h e  desired e l e c t r i c a l  response  and 

which would be a c c e p t a b l e  f o r  a t t i t u d e  c o n t r o l  i n  space. 

To t h e  e x t e n t  t h a t  more t h a n  one set  was souqht ,  each  p a i r  

had t o  be r e l a t i v e l y  independent  of  t h e  o t h e r s  i f  confus ing  

commands were t o  b e  avoided. 

Second, althouFzh s a t i s f a c t o r y  methods of " i n t e g r a t i n g "  

t h e  raw EMG s i g n a l  had been developed,  no knowledge was 

a v a i l a b l e  as t o  t h e i r  u s e f u l n e s s  i n  such a c o n t r o l  task.  

Therefore ,  an  a p p r o p r i a t e  s i g n a l  c o n d i t i o n i n g  p rocess  had t o  

be found, 

T h i r d ,  t h e  use  o f  i n d i v i d u a l  l i m b s  o r  muscle parts t o  

c o n t r o l  one ' s  a t t i t u d e  cou ld ,  conce ivably  i n t r o d u c e  second 

o r d e r  e f f e c t s  of  p h y s i c a l  motion which would have t o  be  

n u l l e d ,  Thus, an a c t u a l  experiment i n  a t t i t u d e  c o n t r o l  was 

deemed a n e c e s s i t y .  



4,2 Muscle location 

Preliminary experiments were performed t o  seek appropriate 

muscle sets for control purposesI As was stated earlier in 

the discussion of EVA attitude control, several advantages 

of head control made this area the prime point of study. 

Surface electrodes were applied t o  a number of proposed sites 

on the neck, facial area, and upper back. Signals were re- 

ceived and rough processed by filtering, rectifying, and low- 

pass filtering, The resulting curve was portrayed on a 

chart recorder in view of the subject being tested, In this 

way, visual feedback was provided by which one could attempt 

to learn control of a muscle. 

Proceeding in this fashion, three independent sets of 

muscles were located which, in addition t o  satisfyim the 

requirements of decoupled and controllable EMG signal output, 

also were somewhat logical choices for attitude control, The 

sites of these three sets are depicted in Figures 9 ,  10, and 

11, They are 1) the left and right sterno-cleido-mastoideus 

at a point just above the common carotid artery (Fig. 9 1 ,  

2) the left and right trapezius at a point along the t o p  of 

the shoulder and at the base of the neck (Fig. l o ) ,  and 3 )  

the combination of the facial muscle of the forehead and that 

of the platysma immediately above the collarbone (Fig. 11). 

Signals for the first set were independently induced by simple 

left-right flexion of the head; a leftward motion generated 

an output from the right sterno-cleido-mastoideus. Motions 
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Figure 9 

EMG Muscle Si tes :  Yaw and Roll Contro l  

( P i c t o r i a l  from 25)  
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\ 

BACK VIEW 

Figure  1 0  

EMO Muscle S i t e s :  R o l l  Con t ro l  

( P i c t o r i a l  from 25) 
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Figure 11 

EMG Muscle Sites: Pitch Control 

(Pictorial from 25) 
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as s l i g h t  as f i f t e e n  degrees would be regis tered as EMG 

o u t p u t ,  The l e f t  and r i g h t  t r a p e z i u s  recorded  s i g n a l s  when 

e i ther  t h e  l e f t  o r  r i g h t  s h o u l d e r s ,  r e s p e c t l v e l g ,  were yaised 

upward toward t h e  neck. These two s i g n a l s  were found t o  be 

independent of  each o t h e r  and o f  t h e  motions which gene ra t ed  

an ou tpu t  from t h e  p r e v i o u s l y  d i s c u s s e d  pa i r ,  Theforehead 

source  was a c t i v e  when t h e  s u b j e c t  "wrinkled" h i s  fo rehead  

by r a i s i n g  h i s  eyebrows, The p l a t y s m a  gene ra t ed  a response  

when t h e  s u b j e c t  e x e r c i s e d  h i s  lower neck as i f  i n  r e sponse  

t o  a t i g h t  c o l l a r ,  Needless t o  say,  these motions are  inde-  

pendent of  each o t h e r  and of t h o s e  p r e v i o u s l y  desc r ibed .  

P r o p o r t i o n a l  c o n t r o l  was roughly Doss ib l e  f o r  a l l  s i x  

s i t e s ;  a s u b j e c t  could l e a r n  t o  c o n t r o l  t h e  p o s i t i o n  o f  

t h e  pen r e c o r d e r  f o r  any muscle be ing  tested.  As a r e s u l t  

of these tes t s ,  it seemed r e a s o n a b l e  t o  sugges t  t h a t  use  of 

t h e  sterno-cleido-mastoideus be made f o r  l e f t - r i g h t  a t t i t u d e  

c o n t r o l  (yaw)  because o f  t h e  desirable  self-compensat ing 

e f f e c t  of t h i s  p a r t i c u l a r  head motion w i t h  r e s p e c t  to ax i s  

c o n t r o l l e d .  T rapez ius  c o n t r o l ,  which i s  t o  s a y  shou lde r  

f l e x i o n  upward, was regarded as p r a c t i c a l  t o  assume f o r  r o l l  

c o n t r o l ,  The "upward eyebrow" would be a s s igned  c o n t r o l  o f  

p i t c h  up; t h e  platysma would g e n e r a t e  p i t c h  down. All s i x  

motions are w i t h i n  c o n s t r a i n t s  o u t l i n e d  ear l ie r  f o r  an EVA 

a s t r o n a u t ,  However, t h e  best p r o p o r t i o n a l  c o n t r o l  f o r  t h e  

s t e r n o  p a i r  ( l e f t - r i g h t )  was found f o r  a n g l e s  above t h i r t y  

degrees, t h e  maximum head motion des igned  f o r  t h e  EVA helmet, 
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This constraint was not considered further in the actual 

testing because it was felt that improved signal measuring 

techniques, including the possible use of implantable elect- 

rodes, would make wide-range control possible with head 

motions below the maximum design limitations. 

4.3 Motion Cues 

In view of the complexities of signal conditioning 

circuits and the limited facilities available for experimen- 

tation, the decision was made to test one axis control only. 

This would provide data from which the feasibility of EMG 

attitude control as a concept could be measured but not as 

an overall, three-axis operational system, The axis chosen 

for testing was yaw. Motions in yaw were provided by a 

rotating chair designed and built by staff at MIT's Man- 

Vehicle Laboratory, The chair is supported through its 

center of mass by a shaft which is attached t o  a torque motor, 

Signals to the motor provide left-right rotation of the chair. 

The combined chair and motor combination acts as a poorly 

damped second order system. With a one hundred-sixty pound 

subject riding the chair, the system is represented in the 

bbck diagram of Figure 12, 

A pseudo-random input made from the sum of ten sine 

functions at frequencies from w1 = ,019 rad/sec to 

= .83 rad/sec was supplied to the system in which the wlo 
human operator was controller, This input is displayed in 

Figure 1 3 .  The subject was provided with a pencil-stick with 
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Figure 12 

Block Diagram of Rotating Chair Dynamics 
with one hundred-sixty pound passenger 
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Figure 13 

Graph of  pseudo-random i n p u t  
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which t o  compensate f o r  t h e  random i n p u t  t o  ma in ta in  a 

cons t an t  yaw a t t i t u d e ,  T h i s  conven t iona l  means of c o n t r o l  

was a l s o  s u b s t i t u t e d  by  EMG c o n t r o l ,  The e r r o r  was d i s -  

p l ayed  t o  t h e  s u b j e c t  as some a n g l e  from a known n u l l  c h a i r  

p o s i t i o n .  

A long  p e r i o d  of t r i a l  and e r r o r  was r e q u i r e d  t o  opt imize  

t h e  pa th  which changed raw EMG's i n t o  re l iab le  c o n t r o l  s i g n a l s .  

Because of the p rev ious  experiments  which had been success -  

f u l l y  performed bo th  by t h i s  a u t h o r  and o t h e r s  u s i n g  " in t eg -  

rated" p r o c e s s i n g  t echn ique ,  t h i s  method was chosen f o r  t h e  

a c t u a l  c o n t r o l  exper iment ,  

S i g n a l s  were measured u s i n g  Beckman s u r f a c e  e l e c t r o d e s  

(Type 331429).  The a p p l i c a t i o n  procedure  was d e s c r i b e d  

earlier and i s  shown i n  F i g u r e s  1 4  and 15. The s i g n a l s  

were c a r r i e d  b y  wire t o  a B i o l i n k  T e l e m e t r y  System (Biocom, 

I n c a  Model 334 PWM) p i c t u r e d  i n  F igu re  1 6 ,  Attached t o  t h e  

s u b j e c t ' s  waist ,  t h e  u n i t  i n c l u d e s  a Dulse w i d t h  modulator ,  

FM r a d i o  t r a n s m i t t e r ,  and b a t t e r y  pack,  S i g n a l s  e n t e r i n g  

t h e  s y s t e m  were subsequen t ly  d i f f e r e n t i a l l y  a m p l i f i e d ,  super-  

imposed on a high f requency  aud io  o s c i l l a t o r ,  p u l s e  wid th  

modulated and t r a n s m i t t e d  v i a  a r a d i o  t r a n s m i t t e r  tuned  t o  

t h e  s t a n d a r d  FM band, 

T h e o r e t i c a l l y ,  t h e  s i g n a l  can be r e c e i v e d  and p r o p e r l y  

i n t e r p r e t e d  from as f a r  as cne hundred y a r d s ,  For  t h i s  

experiment ,  it was r e c e i v e d  roughly t e n  y a r d s  away by a 
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F i g u r e  1 4  

Appl ica t ion  of E lec t rode  Paste t o  Beckman Surface  E l e c t r o d e  

F igu re  1 5  

Skin  P r e p a r a t i o n  
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Figure 16 

Biolink Telemetry System 

Figure 17 

FM Receiver and Demodulator 
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s t anda rd  FM r e c e i v e r  and demodulated, The receiver/demodu- 

l a t o r  s y s t e m  i s  seen i n  F igu re  17. From here,  t h e  s i g n a l  

was c a r r i e d  ove r  convent iona l  t r u n k  l i n e s  t o  an ad jacen t  

f a c i l i t y  f o r  f u r t h e r  work. To have c a r r i e d  t h e  weak EMG 

d i r e c t l y  b y  wire was p r o h i b i t i v e  due t o  t h e  excess ive  no i se  

induced b y  s e v e r a l  large p i e c e s  of  e l e c t r i c a l  equipment i n  

t h e  area. The FM t e l e m e t r y  s y s t e m  provided immediate ampli-  

f i c a t i o n  and e f f e c t i v e  low-pass ( l ag )  f i l t e r i n g .  The r e s u l -  

t a n t  s i g n a l  was of s u f f i c i e n t  s t r e n g t h  as it was rece ived  

and tiemodulated t o  a l low normal t r ea tmen t  by t r u n k  l i n e s .  

The demodulated s i g n a l  was routed  i n t o  t h e  patchboard 

of  a GPS Corp, 290 h y b r i d  computer f a c i l i t y  which i s  i n t e r -  

faced  w i t h  a D i g i t a l  Equipment Corporat ion PDP-8 d i g i t a l  

computer (F igu res  18 and 19). The PDP-8 i s  a s i n g l e  address, 

f i x e d  word l e n g t h ,  1 2 - b i t  a r i t h m e t i c  computer w i t h  a c y c l e  

t ime of  a 1 1 / 2  microseconds,  The ana log  computer con ta ins  

i n t e g r a t o r s ,  amplifiers, po ten t iome te r s ,  comparators,  mul t i -  

p l i e r s ,  e l e c t r o n i c  switches, l imiters ,  and a d i g i t a l  v o l t -  

meter. Each i n t e g r a t o r  may be separately wired f o r  a ra te  

of  1, 10,  100 ,  o r  1000 v o l t s / s e c .  The d i g i t a l  l o g i c  inc ludes  

NAND gates, f l i p - f l o p s ,  i n v e r t e r s ,  NOR gates,  Schmitt  t r i gge r s ,  

and p u l s e  de l ays ,  

Seven channels  respond t o  a programmed command t o  convert  

o r  t r a n s f e r  data from t h e  d i g i t a l  t o  t h e  analog computer. 

S i m i l a r l y ,  eight channels  convey informat ion  from t h e  analog 

t o  t h e  d i g i t a l .  
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Figure  18 

GPS Corp, 29OT Hybrid Computer 

F igure  19 

D i g i t a l  Equipment Corporat ion PDP-8 D i g i t a l  Computer 



EMG s i g n a l s  r e c e i v e d  b y  t he  ana log  p o r t i o n  were ampl i f ied  

and high-pass ( lead) f i l t e r e d  w i t h  a c o r n e r  f requency  o f  

t e n  Hz, A second c o r n e r  f requency  o f  one hundred Hz was 

provided by t h e  t e l e m e t r y  u n i t ,  Together  t h e  two a c t e d  as a 

"window f i l t e r "  i n  t h e  a p p r o p r i a t e  range  f o r  EMG r e sponse ,  

Pull-wave r e c t i f i c a t i o n  fo l lowed,  A low pass f i l t e r  

was nex t  i n s t a l l e d  and tes ted  a t  v a r i o u s  t i m e  c o n s t a n t s ,  

The des i red  e f f e c t  was a smooth i n t e g r a t e d  envelope r e s u l t i n g  

from f i l t e r i n g  t h e  r e c t i f i e d  s i g n a l .  The "smoother" t he  en- 

ve lope ,  t h e  l o n g e r  was t h e  r e q u i r e d  t i m e  c o n s t a n t ,  A trade- 

o f f  between smoothness and response  t i m e  r e s u l t e d  i n  an ex- 

p e r i m e n t a l l y  determined optimum time c o n s t a n t  of  300 m i l l i -  

seconds , 

A t  t h i s  p o i n t ,  t h e  c o n d i t i o n e d  s i g n a l  was a c c e p t a b l e  

if a l l  c o n d i t i o n s  were c o r r e c t ;  t ha t  i s ,  i f  a s t r o n g  e l e c -  

trode-muscle c o n t a c t  e x i s t e d ,  i f  no s i g n i f i c a n t  s k i n  o r  o t h e r  

a r t i f a c t s  were m a n i f e s t ,  and i f  accumulated n o i s e  l e v e l s  were 

low, T h i s ,  however, was no t  a lways  t h e  c a s e ,  w i t h  the  r e s u l t  

t h a t  there  was i n  g e n e r a l  a n  o v e r l a y  of n o i s e  approaching 

anywhere from t e n  t o  t h i r t y  p e r c e n t  of average  s i g n a l  v a l u e ,  

Work was r e p o r t e d  ear l ie r  on t h r e s h o l d  f i l t e r s  i n c l u d i n g  t h e  

"autogenic  backlash"  ( l o ) ,  A v a r i a t i o n  of t h i s  method was 

employed by  d e v i s i n g  a d i g i t a l  t h r e s h o l d  f i l t e r  program, 

The main f e a t u r e  of  t h i s  program was t h e  a b i l i t y  t o  s e t ,  i n  

a pseudo on- l ine  procedure ,  th ree  separate a b s o l u t e  th re sho lds .  

For  a s i m p l e  ramp f u n c t i o n  i n t o  t h e  d i g i t a l  computer, a s tep  
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func t ion  would b e  t h e  o u t p u t ,  w i t h  s t e p  s i z e  equa l  t o  t h e  

programmed t h r e s h o l d ,  For  an  EMG s i g n a l  o v e r l a i d  w i t h  n o i s e ,  

t h e  ou tpu t  would b e  a smooth s i g n a l  which would no t  change 

u n l e s s  the i n p u t  exceeded a c e r t a i n  v a l u e ,  presumably upon 

vo lun ta ry  command of t h e  s u b j e c t ,  Note t h a t  t h i s  d i d  no t  

s e r v e  t o  improve t h e  s i g n a l  t o  n o i s e  r a t i o ;  it d i d ,  however, 

p rovide  a r e l a t i v e l y  smooth c o n t r o l  s i g n a l  and one which 

could much more eas i ly  be  v o l u n t a r i l y  c o n t r o l l e d  w i t h i n  any 

a rb i t ra ry  set  of v a l u e s ,  The d i g i t a l  p r o p a m  appears i n  t h e  

Appendix. A de ta i l ed  s k e t c h  o f  t h e  c o n d i t i o n i n g  process  

is  on F igu re  20, 

4.5 P l a n t  Dynamics 

S u b j e c t s  were asked t o  c o n t r o l  t h e  motion of t h e  r o t a t i n g  

c h a i r  u s inq  both  t h e  p e n c i l - s t i c k  provided  and EMG c o n t r o l .  

Cascaded t o  t h e  dynamics of t h e  c h a i r  were e i t h e r  p r o p o r t i o n a l  

o r  1/S p l a n t s ,  The random i n p u t ,  s t o r e d  on magnetic t ape ,  

was s u p p l i e d  to t h e  s y s t e m  through t h e  ana log  computer,  A 

f u l l  schemat ic  o f  t h e  c o n t r o l  loop  appears i n  F iqu re  2 1 ,  

4.6 T e s t  Procedure 

Four  male s u b j e c t s  i n  t h e i r  ea r ly  t o  m i d  t w e n t i e s ,  were 

tes ted,  two of whom were eng inee r s  familiar w i t h  c o n t r o l  

systems,  The nominal t es t  t ime  f o r  each s u b j e c t  was two 

three-hour  p e r i o d s ,  S u b j e c t s  were prepared f o r  EMG c o n t r o l ;  

t h e n  fol lowed a p e r i o d  of EMG observance  and t h r e s h o l d  v a l u e  

d e c i s i o n s ,  The s u b j e c t  was t h e n  seated i n  t h e  r o t a t i n g  
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Figure 21 

Block Diagram of EMG/Stick Control System 
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c h a i r ,  I n s t r u c t i o n s  were g i v e n  t o  m a i n t a i n  t he  chair ' s  

p o s i t i o n  w i t h  r e s p e c t  t o  a v i s u a l  r e f e r e n c e  established 

i n  t h e  room, The f o u r  combinat ions of EMG o r  s t i c k  

c o n t r o l  w i t h  p r o p o r t i o n a l  o r  1/S p l a n t  were each tested. 

A random sequence was established by  which t h e  o r d e r  of  these 

tes ts  v a r i e d  f o r  each s u b j e c t  t o  e l i m i n a t e  any p o s s i b l e  over- 

a l l  e f f e c t  on r e s u l t s  due t o  t e s t  o r d e r ,  

For  each of t h e  f o u r  t e s t s ,  t h e  s u b j e c t  was g iven  s e v e r a l  

p r a c t i c e  runs  o f  two minutes  d u r a t i o n .  As w i t h  t h e  data runs  

t o  f o l l o w ,  r e c o r d s  were made of random i n p u t ,  f u l l y  treated 

EMG s i g n a l s  o r  t h e  cor responding  s t i c k  c o n t r o l  s i g n a l ,  c h a i r  

p o s i t i o n ,  i n t e g r a t e d  squared  random i n p u t ,  and i n t e g r a t e d  

squared  c h a i r  p o s i t i o n  e r r o r ,  The l a s t  parameter was d i v i d e d  

by  t h e  i n t e g r a t e d  squared i n p u t  t o  a r r i v e  a t  a performance 

index by  which t o  compare runs  and i n t r a - s u b j e c t  performance. 

A sample of t h e  recorded  o u t p u t  i s  i n  F i g u r e  22. 

When t h e  performance index  v a l u e s  l e v e l e d  t o  a cons t an t  

a f te r  s e v e r a l  t r i a l  r u n s ,  i t  was assumed tha t  t h e  s u b j e c t  had 

reached t h e  l e v e l  r e g i o n  of h i s  l e a r n i n p  cu rve ,  Data were 

t h e n  t a k e n  f o r  t h e  next  f i v e  runs .  Each run  was of two 

minute  l e n g t h ;  however, data was recorded  only  f o r  t h e  

l as t  n i n e t y  seconds t o  avoid  i n i t i a l  t r a n s i e n t  a r t i f a c t s ,  

The pseudo-random i n p u t  was found t o  b e  s u f f i c i e n t l y  c l o s e  

t o  z e r o  mean a long  any two minute  segment; t h u s ,  t h e  s t a r t i n g  

p o i n t  of  t h e  random i n p u t  v a r i e d  w i t h  each r u n r  Between any 

two r u n s ,  t h e  s u b j e c t  was g iven  two minutes  t o  r e s t ,  A t  t h e  
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conclus ion  o f  each complete t e s t ,  a break  of f i v e  t o  f i f t e e n  

minutes  was s t a n d a r d ,  

A l l  r uns  were s c a l e d  so  t ha t  t h e  maximum i n p u t  ampl i tude  

corresponded t o  8 r o t a t i o n  of no more t h a n  two f u l l  revolu-  

t i o n s ,  The r e s u l t  was a t y p i c a l  maximum a n g u l a r  v e l o c i t y  

of t e n  t o  f i f t e e n  degrees p e r  second, w i t h i n  t h o s e  l i m i t s  

o f  EVA a t t i t u d e  c o n t r o l  recommended, 

V i e w s  o f  a s u b j e c t  and t h e  r o t a t i n g  c h a i r  appear i n  

F igu res  23 and 24 ,  



Fiqure  23. Sub jec t  Prepared f o r  EMCI Yaw Contro l  

F igu re  24 

Subjec t  I n s i d e  Ro ta t ing  
C h a i r .  (Note an tenna  
above and a l t e r n a t e  s i d e  
s t i c k  c o n t r o l l e r )  



CHAPTER V 

RESULTS 

5.1 P r e s e n t a t i o n  of t h e  Data 

The data gathe>ed from t h e  experiments  o u t l i n e d  i n  t h e  

las t  chapter appear i n  T a b l e  7. The mean performance index 

and s t a n d a r d  d e v i a t i o n  of t h e  mean i s  l i s t e d  f o r  each s u b j e c t  

a long  w i t h  composite s c o r e s ,  

5.2 Data Analys is  

A comparison of t h e  composite r e s u l t s  f o r  t h e  f o u r  tes ts  

c l e a r l y  i n d i c a t e  t ha t  EMG c o n t r o l  r e s u l t e d  i n  poore r  p e r f o r -  

mance t h a n  s t i c k  c o n t r o l  f o r  bo th  K and 1/S p l a n t  dynamics. 

T h i s  was, i n  f a c t ,  t h e  c a s e  f o r  each of t h e  f o u r  s u b j e c t s .  

The mean performance index  of t h e  comDosite f o r  T e s t  "Brt 

was roughly 1 4  times that  of "A" , i n d i c a t i n g  poore r  pe r fo r -  

mance e I? D ?I , however, was less t h a n  6 times t h a t  of  ''C''. 

s t r i k i n g  d i f f e r e n c e  i n  comparat ive l e v e l s  of d i f f i c u l t y  r e q u i r e s  

e x p l a n a t i o n ,  A l l  o f  t h e  r u n s  f o r  "Btt were conducted w i t h  

l e v e l s  of  maximum EMG s i g n a l  r ang ing  between .35 v o l t  t o  

.5O v o l t .  T h i s  was adequate  t o  c o u n t e r a c t  t h e  maximum v a l u e  

of  t h e  random i n p u t  ( . 3 3  volt), 

cons ide red  more d i f f i c u l t  f o r  a l l  s u b j e c t s  and so  t h e  deckion 

was made to h e l p  o f f s e t  t h e  d i f f i c u l t y  by i n c r e a s i n g  t h e  

T h i s  

r u n s ,  however , were VtD 11 



72 

T a b l e  7 

I Data I 

maximum EMG s i e n a l  a p p l i c a b l e  t o  between .75 and 1,25 v o l t s  

f o r  t h e  same magnitude random i n p u t .  T h i s  i n c r e a s e  i n  

c o n t r o l  s i g n a l  g a i n  may account  f o r  t h e  smaller jump i n  

d i f f i c u l t y  between "C" and I'Dt9 and would, t h e r e f o r e ,  p rovide  

u s e f u l  in format ion  on ease o f  o p e r a t i o n  as a f u n c t i o n  of 

s i g n a l  g a i n ,  Such i s  a l s o  t h e  c a s e  i n  comparing composi te  

r e s u l t s  between "A" and "C" and "Br9 and "D". The f i r s t  

set  r e p r e s e n t  a growth i n d i f f i c u l t y  by a f a c t o r  of f o u r ;  

t he  second,  a f a c t o r  o f  1,6, S t i c k  g a i n  was c o n s t a n t  i n  

t h e  f irst  set ;  EMG a v a i l a b l e  g a i n  grew f o r  "D" a T h i s  

func t ion  o f  s i g n a l  g a i n  was no t  e x p l i c i t l y  sought  i n  these 

exper iments  bu t  may have been,  i n  par t ,  i m p l i e d  by t h e  

observed r e s u l t s ,  

I n  g e n e r a l ,  performance f o r  '!!A1' was b e t t e r  t h a n  t h a t  

f o r  "C"; '*Ba b e t t e r  t h a n  I'D" T h i s  i s  as expec ted ,  Sub jec t  

J A  d i d  no t  comply w i t h  t h i s  p a t t e r n ;  however h i s  p a r t i c u l a r  
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d i f f i c u l t y  i n  becoming accustomed t o  t h e  normal ttDt' p l a n t  

s y s t e m  caused t h e  a u t h o r  t o  reduce  t h e  s y s t e m  g a i n  t o  one- 

ha l f  t h a t  f o r  a l l  o t h e r  " D " ' s  and " C t t t s .  T h i s  makes it  

d i f f i c u l t  t o  compare h i s  "C" and I'D" r uns  w i t h  t ha t  o f  o t h e r  

s u b j e c t s .  (Composite s c o r e s  f o r  ttC't and "Dt' were based on 

three s u b j e c t s  o n l y , )  Sub jec t  CHG l i k e w i s e  d i d  no t  comply 

w i t h  t h e  g e n e r a l  r u l e  stated above, bu t  t h e  expec ted  cause  was 

unusual  d i f f i c u l t y  w i t h  t h e  EXG s i g n a l  on t h e  "Bo run  which 

may have l e d  t o  poore r  performance on "B" t h a n  would o the rwise  

have been t h e  c a s e ,  

F i n a l l y ,  s u b j e c t s  PHL and KT sco red  s i g n i f i c a n t l y  worse 

i n  t h e  "C" and "D" tes ts  t h a n  the o t h e r  s u b j e c t s .  T h i s  i s  i n -  

t e r e s t i n g  because these two were t h e  inexpe r i enced  s u b j e c t s  

who had no knowledge of  c o n t r o l  t h e o r y  o r  t h e  n a t u r e  of a 

1/S p l a n t ,  f o r  i n s t a n c e ,  I n t e r e s t i n g l y  enough, such com- 

p a r i s o n  does no t  ho ld  f o r  t h e  "A" and rtBtc runs  which used t h e  

s imple r  p r o p o r t i o n a l  dynamics. 

5.3 Eva lua t ion  o f  t h e  System 

Close s c r u t i n y  of  t h e  above f i g u r e s  i s  less i n f o r m a t i v e  

t o  t h i s  t y p e  of s y s t e m  f e a s i b i l i t y  s tudy  t h a n  a g e n e r a l  

a n a l y s i s  of t h e  sys tem's  weak and s t r o n g  p o i n t s .  

The most appa ren t  d i f f i c u l t y  w i t h  t h e  method was one 

obvious t o  t h e  c a s u a l  o b s e r v e r ,  T h i s  was t h e  need f o r  t h e  

s u b j e c t ,  whoever i t  was, to e x e r c i s e  extreme head motions 

t o  r e t a i n  c l o s e  c o n t r o l  of c h a i r  a t t i t u d e .  Head motions i n  

excess  of seventv  degrees from f r o n t a l  p o s i t i o n  were not  
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uncommon, I n  f a c t ,  f e w i f  any runs  were performed i n  which 

t h e  s u b j e c t  d i d  n o t  have t o  t u r n  h i s  head a t  least  s i x t y  

degrees t o  evoke a c o n t r o l l e d  response.  

The q u e s t i o n  arises as t o  t h e  source  o f  t h i s  problem. 

Earl ier ,  i t  was r e p o r t e d  t h a t  EMG t r a c e s  were p icked  up f o r  

head movements o f  about  f i f t e e n  degrees, T h i s  success  was 

never  repeated i n  exper imenta l  c o n d i t i o n s ,  w i t h  t h e  r e s u l t  

t h a t  no EMG t r ace  was e v e r  recorded  f o r  less t h a n  about  

t h i r t y - f i v e  t o  f o u r t y - f i v e  degrees. Atop t h i s  s i g n a l  was 

t h e  n o i s e  l e v e l  d i s c u s s e d  ea r l i e r ;  t h u s ,  t h e  remaining. 

dead-zone o f  o p e r a t i o n  can b e  a t t r i b u t e d  t o  t h e  backlash  

s y s t e m  o f  d i g i t a l  t h r e s h o l d s ,  It should  be  emphasized, 

however, t h a t  t h e  l o s s  i n  l inear  c o n t r o l  was cons ide red  

an  a c c e p t a b l e  Dr i ce  f o r  t h e  e l i m i n a t i o n  o f  o c c a s i o n a l l y  spur-  

i o u s ,  u n i n t e n t i o n a l  EMG s p i k e s  which were o f t e n  due t o  such 

a r t i fac ts  as t h e  c h a i r  motion o r  t h e  movement o f  a n o t h e r  per- 

son i n  t h e  exper imenta l  room, 

S u b j e c t s  seldom complained o f  t h i s  d i f f i c u l t y .  Gene ra l ly ,  

t h e y  were s u f f i c i e n t l y  s u r p r i s e d  and i n t r i g u e d  by t h e  unfque- 

nes s  o f  t h e  c o n t r o l  t echn ique  t h a t  t h e y  w i l l i n g l y  p u t  up w i t h  

t h e  added p h y s i c a l  requi rements  i n h e r e n t  i n  t h e  s y s t e m ,  Each 

s u b j e c t  r e p o r t e d  t h a t  as h i s  head t u r n e d ,  he would s i m p l y  keep 

h i s  eyes d i r ec t ed  t o  t h e  r e f e r e n c e  l i n e  a t  t h e  f r o n t  of  t h e  

c h a i r ,  I n  rare c a s e s  when t h e  s u b j e c t  l o s t  s i q h t  of t h e  

r e f e r e n c e  due t o  extreme head t u r n i n g ,  performance dec reased  

immediately,  T h i s  a lmost  neve r  happened, however, and sub- 

j e c t s  were g e n e r a l l y  sat isf ied w i t h  t h e  s y s t e m ,  
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary of Accomplishments 
- -~ ~ - ~ 

In response t o  a documented need to find a control system 

for EVA astronauts which was both natural and did not require 

the use of arms or h,ands, experiments were designed to test 

the use of EMG's for such applications, Three objectives 

were cited earlier: the identification of one o r  more muscle 

pairs which would provide the desired response in a natural 

way, development of an appropriate signal conditioning 

process, and actual experiments in control using the proposed 

system. 

The first objective was met, it can be stated, with un- 

qualified success, Three decoupled muscle sets were found 

with EMG response to acceptable motions of the head and 

shoulder. It is also believed that a successful signal con- 

ditioning process was utilized, 

The third objective of experimental verification has 

begun, One muscle pair has been demonstrated to control one 

axis of rotation in a normal gravity environment. The major 

short-coming of the system tested was the need f o r  head motions 

in excess of sixty degrees. A system is undesirable if 



motions which are t o o  s t r enuous  o r  u n n a t u r a l  ape r e q u i r e d  

t o  make i t  work, It i s  t o o  soon t o  s t a t e  whether t h i s  i s  

t h e  c a s e  f o r  EMG head c o n t r o l ,  It i s  no t  u n l i k e l y  t ha t  par t  

of  t h e  problem stemmed from t h e  i n e x a c t  procedure  by which 

e l e c t r o d e  s i tes  were found. Also,  t h e  u s e  of  implantab le  

e l e c t r o d e s  which are developing  r a p i d l y  i n  s t a t e -o f - the -a r t  

may provide  p r o p o r t i o n a l  c o n t r o l  over  a much wider  range  t h a n  

t h a t  which was p o s s i b l e  u s i n g  s u r f a c e  e l e c t r o d e s ,  and t h e  

most r e c e n t  d e s i g n s  o f  implantab le  e l e c t r o d e s  could  prove 

comparable i n  convenience t o  s u r f a c e  e l e c t r o d e s  f o r  EVA 

miss ions  

Work should  con t inue  on t h e  c u r r e n t  exper imenta l  s e t u p  

t o  e v a l u a t e  t h e  performance as a f u n c t i o n  of  c o n t r o l  s i g n a l  

ampl i tude ,  Sub jec t  d e s c r i b i n g  f u n c t i o n s  f o r  bo th  EMG and 

s t i c k  c o n t r o l  should  be eva lua ted  and compared, A broad range  

of  dynamics should  be t e s t ed  t o  a s s u r e  adequate  knowledge of 

o p e r a t o r  response  t o  t h e  va r ious  e x t e r n a l  cond i t ions .  And, 

perhaps,  modes of c o n t r o l  l o g i c  o t h e r  t h a n  t h e  t h r e s h o l d  s tep 

f u n c t i o n  should  b e  eva lua ted  f o r  f i n a l  s i g n a l  t r ea tmen t .  

C e r t a i n l y  be fo re  such a s y s t e m  could  b e  o f  p r a c t i c a l  

va lue  i n  space ,  a l l  three axes  would n e c e s s a r i l y  be  tes ted 

s imul taneous ly  on ear th  i n  s i m u l a t o r s  cons ide rab ly  more 

complex t h a n  t h e  r o t a t i n g  c h a i r  employed f o r  these t e s t s ,  

Only i n  t h i s  c o n d i t i o n ,  could  t h e  f u l l  e f f e c t  o f  coupl ing  be- 

tween t h e  three muscle sets be eva lua ted .  
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6 * 2  Other  Approaches to Head Con t ro l  

Nothing has been mentioned h e r e t o f o r e  about  o t h e r  ap- 

proaches  t o  employing head motions t o  a t t i t u d e  c o n t r o l .  

Perhaps t h e  most obvious a l t e r n a t i v e  t o  EMG c o n t r o l  would 

a l s o  u s e  t h e  r e l a t i v e  freedom of  t h e  head w i t h i n  t h e  EVA 

helmet a s sembly .  By d e v i s i n g  a way i n  which head p o s i t i o n  

w i t h  r e s p e c t  t o  a s t a t i o n a r y  helmet could  b e  measured phys ica l -  

l y  i n  three axes, one could  g e n e r a t e  s i g n a l s  p r o p o r t i o n a l  t o  

displacement  from some normat ive  p o s i t i o n ,  

O f  t h e  s e v e r a l  d e v i c e s  f o r  measuring d isp lacement ,  t h e  

s i m p l e  r e s i s t i v e  p o t e n t i o m e t e r  would probably  prove most 

eas i ly  adaptable t o  t h e  g iven  s i t u a t i o n ,  By des ign ing  

c i r c u l a r  r e s i s t i v e  e lements  which would be a t t a c h e d  t o  t h e  

i n n e r  s u r f a c e  o f  t h e  EVA helmet,  one could  t h e n  d e s i g n  a s o f t  

i n n e r  hat to which t h e  w i p e r s  could be  a t t a c h e d ,  Such a 

soft h a t  could  be made of conven t iona l  c l o t h  and provided 

w i t h  p r o t r u s i o n s  made of a conduct ing  a l l o y  which would make 

c o n t a c t  w i t h  each of t h e  three c i r c u l a r  e lements ,  While 

such a s y s t e m  would not  work i f  t h e  a n t i c i p a t e d  a n g l e s  of  

o p e r a t i o n  were large,  t h e  g a i n  could  b e  a d j u s t e d  t o  a s u f f i c -  

i e n t  l e v e l  t o  p e r m i t  a l l  r e q u i r e d  c o n t r o l  s i g n a l s  t o  be  gen- 

erated w i t h  a minimum of head motion i n  any one a x i s ,  Thus, 

t h e  o the rwise  d i f f i c u l t  problem o f ,  f o r  example, combined 

p i t c h  and yaw head motions which could  cause  one o r  bo th  of  

t h e  sl iders t o  l e a v e  t h e  e lements  of r e s i s t a n c e  would b e  

avoided,  Such a s y s t e m  has obvious  advantages  over  t h e  EMG 

p, 
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method a t  i t s  c u r r e n t  s t a t e  of  development bu t  could ,  however, 

Fenerate s e r i o u s  problems of i t s  own i n c l u d i n g  a c o n s t a n t  

a l i g n i n g  Droblem a f te r  each r e l a t i v e l y  long  head e x c u r s i o n  

i n  any ax i s ,  Nonethe less ,  t h e  s y s t e m  i s  worth f u r t h e r  

e x p e r i m e n t a l  s t u d i e s ,  

Other d e v i c e s  f o r  measuring displacement  are  Doss ib l e  

which o p e r a t e  on t h e  p r i n c i p l e  of  i n d u c t i o n  f o r c e s ,  A 

p r i m a r y  c o i l  th rough which an a l t e r n a t i n g  c u r r e n t  i s  passed 

w i l l  induce a v o l t a g e  i n  a secondary c o i l .  A movable i r o n  

co re  l o c a t e d  w i t h i n  t h e  secondary c o i l  p rov ides  t h e  mechanical  

i npu t  which i s  t o  b e  coupled t o  head motion,  If t h e  second- 

a r y  c o i l  i s  cen te r - t apped ,  e s s e n t i a l l y  two c o i l s  are formed. 

With t h e  c o r e  a t  t h e  n u l l  p o s i t i o n ,  t h e  induc tance  of bo th  

c o i l s  w i l l  b e  e q u a l ,  and t h e  d i f f e r e n c e  between t h e  two 

induced v o l t a g e s  i s  z e r o ,  A c o r e  motion from n u l l  causes  

a p r o p o r t i o n a l  change i n  induc tance  f o r  each c o i l  and, t h u s ,  

a d i f f e r e n t i a l  ou tpu t  v o l t a g e  r e s u l t s ,  A r o t a r y  c o i l  and 
P 

core  i s  a v a i l a b l e  which p rov ides  less t h a n  one p e r c e n t  non- 

l i n e a r i t y  ove r  - + 4 5 O  r ange ,  

A r o t a t i o n a l  motion may a l s o  be used t o  change t h e  capa- 

c i t a n c e  of  a v a r i a b l e  c a p a c i t o r ,  The r e s u l t i n g  c a p a c i t a n c e  

change can be  conver ted  t o  a u s e f u l  e l e c t r i c a l  s i g n a l .  Out- 

p u t  v o l t a g e  can be made d i r e c t l y  p r o p o r t i o n a l  t o  t h e  p l a t e  

s e p a r a t i o n  of  a c a p a c i t o r ,  The i n n e r  s u r f a c e  of t h e  helmet 

could c o n t a i n  conduct ive  s u r f a c e s  t o  a c t  as one set of p la tes ,  

The second set could  be  des igned  i n t o  a s o f t  helmet worn 
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directly over the astronautps head, Because of the high 

sensitivity of small voltages to plate separation, scaling 

to the desired limits of head motion in each axis would 

require thoughtful attention, 

Other,rnore exotic displacement-measuring devices could 

be envisioned using piezoelectric or electro-optical prin- 

ciples. 
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APPENDIX 1 

The following i s  t h e  d i g i t a l  t h r e s h o l d  program for f i l t e r i n g  

n o i s e  from t h e  i n t e g r a t e d  EMG s i g n a l ,  It was w r i t t e n  for 

the PDP-8 i n  t h e  PAL machine language assembler, 
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* 2 0  / R E V I S E D  EMG F I L T E R  

/MAN-VEHICLE LAB# MITI JANUARY# 1970 

/ SAplIP RATE = 1000 PER S E C  

L A S  
C I A  
DCA A / SET AMP THRESHOLD l i  
HLT / 0@8@ = 001v 

LAS 
C I A  
DCA B / SET AMP THRESHOLD 2 
HLT 

L A S  
C I A  
DCA C / SET AMP THRESHOLD 3 
HLT 

CONTaTAD O U T l  /OUTPUT DATA FROM P R E V I O U S  SAMPLE 
DAL 1 
CLA 
TAD OUT2 
DAL2 
CLA 
TAD O U T 3  
DAL3 
CLA 
SKI F 
SKP CLA 
JMP 0-2 
DACX 
DACY 
ADCC A D I C  /SAMPLE EMG AMP 1 
ADCV 
CLAF 
ADSF 
JMP 0-1 
ADRB 
DCA N P U T l  
TAD O U T l  JCALC’AMP D I F F E R E N C E  1 
C I A  
TAD N P U T l  
SPA 
C I A  
TAD A IABSVALCAMP D I F  1) > A? 
SPA CLA /YES* OUTPUT LAST VALUE 
JMP **3 /NO9 NO CHANGE9 CONTINUE 
TAD NPUTl 
DCA O U T l  



8873 
a874 
@a75 
0@74 
01877 

0122 

(a130 

A 
B 
c 
CONT 
NPWT B 

OUT2 

6544 
6532 
66154 
6531 
5076 
6534 
3145 
1142 

7518 
704 1 

6544 
6532 
6454 
6531 

3146 

1140 
7710 
5034 

46 
43 
34 

BBQlB 

8100a 
008 
88lB 
000lB 

B 
8 
0 ~ ~ 0  

0645 
0146 
0141 
0142 

8 2  
AD%C ~ S A M P ~ E  EMG 

DCA NPUT2 

TAD NPUT2 

ADCV 
GLAF 
ADSF 
JMP e -  

ADRB 
DCA NPUT3 

TAD NPUT3 
SPA 
C I A  

a, 0 
B B  e 
C O 0  

OUT3 
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