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I, THE H U M  VESTIBULAR SYSTE3-I 

Research on the function and importance of the vestibular 

system continues to be central to the Man-Vehicle Laboratory. 

Our research efforts fall under the following broad categories: 

1, quantitative modelling of vestibular function includ- 

ing interaction with the visual system. 

2, the underlying physiological and neurophysiological 

mechanisms responsible for observed vestibular and visual 

responses. 

3 .  clinical diagnosis of disorders based on our research 

on vestibular function. 

I,1 Models for Thresholds in the Vestibular System (C, Oman) 

One of the persistent conceptual difficulties with the 

mathematical models for the dynamic characteristics of the 

vestibular system is the representation of the threshold of 

perception, This operator relates the applied angular or 

linear acceleration to the measured human response and defines 

the range of input stimuli which will be undetected. Ciearly 

a simple dead zone applied directly to the input acceleration 

has to'be ruled out since this presentation will imply onset of 

sensation immediately after the stimulus exceeds the magnitude 

of the dead zone, Massive experimental evidence classified 

as the Muelder product supports the notion that the onset of 

sensatLon is related to the magnitude of the angular acceleration 
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input .  To r econc i l e  t h e s e  experiments w i th  t h e  tendency to 

desc r ibe  th re sho lds  as dead zones Meiry i n  h i s  1 9 6 5  vers ion  

of v e s t i b u l a r  models included a dead zone on t h e  cupula 

d e f l e c t i o n  although he noted t h a t  t h i s  r ep resen ta t ion  should 

n o t  be taken l i t e r a l l y .  The 1968 v e s t i h u l a r  adapta t ion  

model of Young and Oman r e i n t e r p r e t e d  t h e  threshold  t o  be a 

dead zone ope ra to r  a c t i n g  on t h e  cupula s i g n a l  af ter  an adap- 

t a t i o n  o p e r a t o r ,  w i th  t h e  inpu t  t o  the dead zone having t h e  

dimension of angular  ve loc i ty .  This  conf igura t ion  c e r t a i n l y  

f a c i l i t a t e s  t h e  c o r r e l a t i o n  of model p red ic t ion  wi th  a v a i l a b l e  

la tency  t i m e  d a t a  however cannot account f o r  t h e  experiments 

of M a l c o l m ,  Outerbridge, and Jones on secondary nystagmus 

which show t h a t  p o s t r o t a r y  slow phase nystagmus v e l o c i t y  de- 

cays smoothly t o  zero wi th  no evidence of  th reshold ,  

One of  our primary problems i n  formulating a v i a b l e  

model f o r  th reshold  is  t h a t  c o n s i s t e n t  d a t a  is  lacking ,  and 

is  only gradual ly  becoming ava i l ab  e, Clark has pointed 

out  t h a t  measured thresholds  vary from ,035 deg/sec2 t o  

8 . 2  deg/sec2, b u t  t h a t  a l a r g e  amount of t h e  v a r i a b i l i t y  i n  

t h e  measurements may i n  f a c t  be r e l a t e d  t o  i f f e r e n c e s  i n  

the . expe r imen te r s s  d e f i n i t i o n  of th re sho ld ,  and t h e  modality 

used t o  measure it. It is  gen l l y  conceded t h a t  the most 

r e l i a b l e  estimator of semicirc r cana l s  th reshold  may be 

r e s u l t s  from tests of oculogyra l  i l l u s i o n ,  bu t  t h e r e  is  s o m e  

inconsis tency i n  measured values  f~ 
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One must also keep in mind the fact that threshold is a 

statistical measure, and not a sharp physical boundary. 

If indeed the endolymph could be classified as non-Newtonian 

fluid the finding will h.ave an enormous effect on the vesti- 

bular models especially when used to describe response to 

inputs in the vicinity of a threshold, 

The correct mathematical quantification of the threshold 

phenomenon is of great importance to the analytical design of 

appropriate motion cues for moving base simulators - Current 

methods of applying washout to motion cues indicate require- 

ments for overdesign of motion capability in many cases. Pre- 

cise descriptions of vestibular thresholds are required to 

use the vestibular models in the analytical design procedure 

of simulators, however. With this target objective we have 

initiated a comprehensive series of investigations to provide 

a consistent and viable vestibular threshold model. 

Our program has commenced with an extensive effort to 

accumulate and classify all experimental data which has any 

bearing on the threshold phenomenon. This data base has 

been categorized according to modality of input, measured 

variable and method of measurement. We have concluded that 

the base has to be supplemented with a series of new experi- 

ments involving measurements of subjective, nystagmus, and 

postural reflex thresholds with open and closed eyes moving 

and stationary visual fields, The experimental design effort 
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specifically uses "hypothesis testing" to validate or negate 

data and models. With .the completion of this effort we in- 

tend to carry out an investigation into the properties of the 

endolymph since the validation of the non-Newtonian hypothesis 

will have a significant impact on the measurement methods 

used to determine thresholds. Viscosity measurements ex- 

tending those which Steer performed in our laboratory will 

be attempted. 

1.2 Eye Movements and Visual Perception (S. Yasui) 

The relation between eye movements and the visual per- 

ception of motion can be regarded as a process described by 

one of the following alternatives: 

1. Mutual interaction, i.e., the eye movement command 

is generated an the basis of the visually perceived word 

and in turn the resulting eye movements affect the subjective 

perception of the target. 

2.  Unidirectional interaction where visual perception 

commands eye movements. 

3 .  Unidirectional connection with eye movements affect- 

ing. perception, 

4. The oculomotor system and the perceptual process 

are completely decwpled. 

The experimental verification of the prevailing alterna- 

tive involves the simultaneous acquisition of eye movements, 
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psychophysical response and o b j e c t i v e  t a r g e t  behavior. 

c o r r e l a t i o n  af d a t a  has t o  be c a r r i e d  o u t  during a r a t h e r  

ex tens ive  r e p e r t o i r  of v i s u a l  racking of r e a l  t a r g e t s  and 

a f t e r  images, A r a t h e r  a t t r a c t i v e  method of a t t a c k  would 

be t o  employ i l l u s o r y  t a r g e t s  such as the oculogyrala  e l eva to r  

and o t h e r  i l l u s i o n s  with t h e  a c t u a l  v i s u a l  t r ack ing  task .  

However we b e l i e v e  t h a t  t h e  mechanism of t h e s e  i l l u s i o n s  and 

the i r  r e l a t i o n  t o  t h e  oculomotor system is  n o t  c l e a r l y  under- 

stood. Thus our  experimental  program seeks t o  e s t a b l i s h  a 

s o l i d  basis of understanding v i s u a l  i l l u s i o n s  w h i l e  i n v e s t i -  

ga t ing  t h e  r e l a t i o n  between eye movements and v i s u a l  per- 

cept ion of m o t i w .  On t h e  basis of prel iminary experiments 

we favor  t h e  propos i t ion  t h a t  the oculomotor system and the  

perceptua l  process  are decoupled. 

This  

Another aspec t  of th i s  i n v e s t i g a t i o n  is t h e  study of 

t h e  op tok ine t i c  nystagmus, of p a r t i c u l a r  importance i s  t h e  

eva lua t ion  determining what po r t ion  of t h e  oculomotor system 

is shared by t h e  slow phase op tok ine t i c  nystagmus and t h e  

smooth p u r s u i t  t r ack ing  eye movement. 

W e  have c a r r i e d  out  an experiment where a v i s u a l  f i  

target of a s m a l l  s t a t i o n a r y  d o t  w a s  superimposed onto t h e  

s t r i p e d  p a t t e r n ,  Contrary t o  some previous f ind ings  the eye 

movement record has shown t h a t  t h e  f i x a t i o n  e f f o r t  e l imina te s  

almost any trace of t h e  op tok ine t i c  nystagmatic eye movement 

un l ike  f i x a t i o n  du i n g  v e s t i b u l a r  s imulat ion,  I f  the  f ixa-  
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t i o n  t a r g e t  i s  moved t o  t h e  d i r e c t i o n  oppos i te  t o  t h e  mot+on 

of the f i e l d  p a t t e r n ,  the eye movements become somewhat 

d i f f e r e n t  from the case of t h e  o rd ina ry  v i s u a l  t r ack ing  with 

no such background p a t t e r n ,  i n d i c a t i n g  the p e r s i s t e n t  pre- 

sence of some degree of the op tok ine t i c  nystagmus command 

and i ts  i n t e r f e r e n c e  wi th  the t.rackj.ng eye movement, 

1-3 Extravehicu lar  A t t i t u d e  Control by U s e  of Head 

Motions (LI Von Renner) 

Desp i t e . a  vast  expendi ture  of t i m e  and t a l e n t  i n  t h e  

f i e l d  of EVA ope ra t ions ,  a f e w  important problems remain, 

One of  these is  c l e a r l y  t h e  need f o r  a simple c o n t r o l l e r  by 

which an a s t ronau t  could o rde r  a change i n  h i s  a t t i t u d e  o r ,  

a l t e r n a t i v e l y ,  could resist change i f  he so des i red .  Those 

c o n t r o l l e r s  which a r e  c u r r e n t l y  r ece iv ing  most a t t e n t i o n  

r equ i r e  t h e  use  of one o r  both 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 scope ,  fo r  example, O r  they  inc lude  i n  t h e i r  design 

"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, restrict motion, Of 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 conceived, t h a t  of t he  head provides 

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 ine ty  degree l e f t  t u r n  

by, f o r  example, simply tu rn ing  t h e  head l e f t  would be a 

simple, n a t u r a l  c o n t r o l  which, when provided wi th  a lockout 

device f o r  t hose  t i m e s  when head motions are no t  f o r  t h e  



purpose of attitude changec appears attractive. Can,the 

head be utilized effectively as a controller of one's atti- 

tude? The concept for this system stems from our work on 

the human vestibular system and space orientation, in which 

it is clear that all the postural control loops act to sta- 

bilize the head and body in space, Thus a system which would 

drive the astronaut's trunk to a given position with respect 

to his head should be quite satisfactory. 

Preliminary experiments were performed to seek appro- 

priate muscle sets for control purposes. Surface electrodes 

were applied to a number of proposed sites on the neck, facial 

area, and upper back, Signals were received and rough pro- 

cessed by filtering, rectifying, and low-pass filtering, 

Proceeding in this fashion, three independent sets of 

muscles were located which, in addition to satisfying the 

requirements of decoupled and controllable EMG signal output, 

also were somewhat logical choices for attitude control. 

They are 1) the left and right sterno-cleido-mastaideus at 

a point just above the common carotid artery, 2) the left 

and right trapezius at a point along the top of the shoulder 

and at the base of the neck, and 3)  the combination of the 

facial muscle of the forehead and that of the platysma imme- 

diately above the collarbone, 

were independently induced by simple left-right flexion of 

the head; a leftward motion generated an output from the 

right sterno-cleido-mastoideus, Motions as slight as fifteen 

Signals for the first set 
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degrees would be r e g i s t e r e d  a s  EMG output ,  The l e f t  and r i g h t  

t r apez ius  recorded s i g n a l s  when either the l e f t  o r  r i g h t  

shoulders ,  r e spec t ive ly ,  were r a i s e d  upward toward the necko 

These two s i g n a l s  were found t o  be independent of each o the r  

and of the motions w h i c h  generated an output  from t h e  pre- 

v ious ly  discussed p a i r .  The forehead source was a c t i v e  

when t h e  sub jec t  "wrinkledff h i s  forehead by r a i s i n g  h i s  eye- 

brows, The platysma generated a response when t h e  sub jec t  

exerc ised  h i s  lower neck as i f  i n  response t o  a t i g h t  c o l l a r ,  

Needless t o  say, t hese  motions a r e  independent of each o the r  

and of t hose  previously descr ibed,  

Propor t iona l  con t ro l  w a s  roughly poss ib l e  f o r  a l l  s i x  

sites; a sub jec t  could l e a r n  t o  con t ro l  t h e  pos i t i on  of t h e  

pen recorder  f o r  any muscle being t e s t e d .  As a r e s u l t  of 

these tests, it seemed reasonable  t o  suggest  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  

con t ro l  ( y a w )  because of t h e  d e s i r a b l e  self-cornpensating e f f e c t  

of t h i s  p a r t i c u l a r  head motion wi th  r e spec t  t o  a x i s  cont ro l led ,  

Trapezius con t ro l ,  which i s  t o  say shoulder  f l s 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  con t ro l ,  The 

"upward eyebrow'' would be assigned con t ro l  of p i t c h  up; t h e  

playtsma would gene ra t e  p i t c h  down, 

Experiments were performed i n  w h i c h  sub jec t s  attempted 

t o  con t ro l  their yaw a t t i t u d e  w h i l e  s ea t ed  i n  a chair f r e e  

t o  r o t a t e  ahout i t s  ver t ical  a x i s ,  A random inpu t  s i g n a l  
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w a s  s e n t  t o  th.e chair 's torque  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  counterac t  t h i s  

motion and keep the chair s t a t i o n a r y  by sending a compensat- 

i ng  c o n t r o l  s i g n a l  t o  the c h a i r ,  Control s i g n a l s  w e r e  

generated by b o t h  a conventional s t i c k  and by electromyo- 

graphic  impulses induced by l e f t - r i g h t  head movements, 

Subjec ts  were a b l e  t o  con t ro l  t h e i r  a t t i t u d e  using 

electromyographic s i g n a l s -  While performance w a s  worse than  

w i t h  simple 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 orde r  of magnitude i n  both 

cases. 

On t h e  b a s i s  of  c o l l e c t e d  da ta  i n  one a x i s p  a t t i t u d e  

con t ro l  by means of head motions appears f e a s i b l e ,  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 e45 degrees t o  -45 degrees of 

head angle.  

De ta i l s  a r e  given i n  t h e  M,Sc. thesis by Lonnie C. Von 

Renner, e n t i t l e d  "Extravehicular  A t t i t u d e  Control by U s e  of 

Head Motions 'r 

1-4 Galvanic S t imula t ion  and t h e  Percept ion of Rotation 
(J, Tole) 

C l i n i c a l  i n t e r e s t  i n  t h e  v e s t i b u l a r  system cen te r s  around 

t h e  responses of t h e  system t o  r o t a t i o n  and d i so rde r s  r e l a t e d  

t o  r o t a t i o n  o r  movement, I n  the c l i n i c  the most comon st i-  

muli t o  the v e s t i b u l a r  system have been r o t a t i o n  and c a l o r i c  

s t imu la t ion  wi th  t he  former allowing only b inaura l  e x c i t a t i o n  
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while c a l o r i c  i r r i g a t i o n  can be used t o  examine the response 

of one labyrinth a t  a time, 

Another means of s t imu la t ion  has been observed t o  produce 

d i s o r i e n t a t i o n  e f f e c t s  s i m i . l a r  t o  those  experienced during 

r o t a t i o n .  It has been known f o r  some t i m e  t h a t  direct  cur- 

r e n t  passed through the head g ives  rise t o  a swaying or  

r o t a r y  sensa t ion .  T h e  ga lvanic  v e s t i b u l a r  r eac t ion  as t h i s  

effect i s  called has been s t u d i e d  w i t h  varying i n t e r e s t  s i n c e  

the l a t e  1880's- However, due t o  problems of ins t rumenta t ion  

and l o c a l i z a t i o n  of t h e  a c t i o n  s i t e  of the c u r r e n t  t h i s  

method of s t imu la t ion  has not  gained acceptance, 

Although the a c t i o n  s i t e  is no t  known exac t ly ,  it is 

c u r r e n t l y  be l ieved  t h a t  ga lvanic  s t i m u l i  do n o t  a c t  a t  the 

same p o i n t s  a s  r o t a t i o n a l  or  c a l o r i c  inputs .  Rather the 

cu r ren t  is  thought t o  act c l o s e r  t o  t he  c e n t r a l  nervous 

system than  on t h e  pe r iphe ra l  organ, To f a c i l i t a t e  the 

eva lua t ion  of t h e  s u i t a b i l i t y  of ga lvanic  s t imu la t ion  as a 

c l i n i c a l  t o o l  w e  have conducted a s tudy t o  e s t a b l i s h  quant i -  

t a t i v e l y  the  effects of c u r r e n t  i n t e n s i t y  and p o l a r i t y  an 

s u b j e c t i v e  sensa t ion  and on nystagmus, The primary o b j e c t i v e  

of the experiments w a s  t o  determine whether galvanic  stimu- 

l a t i o n  can indeed bias the threshold  f o r  r o t a r y  sensa t ion ,  

Secondary o b j e c t i v e s  w e r e  t o  determine how c u r r e n t  i n t e n s i t y  

l e v e l s  and e l e c t r o d e  loca t ions  inf luenced  the aforementioned 

measurements e 
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1.4.1 T h e  ExDerken ta l  Method 

T h e  i n t e n t  of tEs  r e s e a r c h w a s  t o  s tudy the r e l a t i o n s h i p s  

between modes of a p p l i c a t i o n  and i n t e n s i t i e s  of galvanic  

s t i m u l i  and a s u b j e c t s '  percept ion of r o t a t i o n ,  Thus an 

experiment was sought which would employ bo th  r o t a t o r y  and 

ga lvanic  s t i m u l i  administered independently of one another.  

T h e  experiment w h i c h  was used cons is ted  of t h e  following. 

The s u b j e c t  w a s  placed i n  a darkened r o t a t a b l e  c h a i r  and a 

zero-mean random p o s i t i o n  input  w a s  appl ied  t o  the cha i r .  

The s u b j e c t  was provided with a three s t a t e  c o n t r o l l e r  and 

was given t h e  t a s k  of counter ing any sensa t ions  of motion 

which he experienced. T h a t  i s ,  i f  he f e l t  he was moving t o  

t h e  r i g h t  he should p re s s  h i s  c o n t r o l l e r  t o  t h e  lef t  u n t i l  

he no longer  sensed motion and so on. Assuming that  t h e  

random s i g n a l  indeed has a zero mean and t h a t  the sub jec t  

has no d i r e c t i o n a l  preponderance, one would expect ,  t h e o r e t i -  

c a l l y ,  t h a t  t h e  s u b j e c t  would counter  any motion above h i s  

th reshold  and t h a t  t he  c h a i r  would n o t  move more than s l i g h t l y  

away from t h e  r e fe rence  pos i t i on .  

If a ga lvanic  s t imulus i s  appl ied  t o  t he  s u b j e c t  t oge the r  

with the random inpu t  t o  the c h a i r l  one would expect the  

s u b j e c t ' s  motion sensa t ion  t o  be a l t e r e d  i n  some manner. 

T h i s  approach w a s  adapted with the p o s t u l a t e  that  t h e  ga lvanic  

s t imulus would b i a s  the threshold  f o r  r o t a t i o n  percept ion,  

The measure of response would be the dev ia t ion  of  t h e  c h a i r  

p o s i t i o n  over t h e  course of  a run. 
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The experiment t h u s  p l aces  the subject i n  an a c t i v e  r o l e  

as opposed t o  t h e  pas s ive  role  of s i m i l a r  experiments pre- 

v ious ly  conducted. T h e  three state c o n t r o l l e r  was  employed 

s i n c e  i.t appeared b p a r t a n t  that the s u b j e c t  respond on ly  

t o  a sensa t ion  of motion i n  the d i r e c t i o n  of  r o t a t i o n  and n o t  

t o  the magnitude as he might w e r e  a graded c o n t r o l l e r  such a s  

a joy  s t i c k  used. 

Each s u b j e c t  was t o  be run w i t h  each of t h e  s i x  poss ib l e  

modes, un ipolar  r i g h t  cathode and r i g h t  anode, un ipolar  l e f t  

cathode and s i g h t  cathode and b i p o l a r  l e f t  cathode and r i g h t  

cathode, and a t  s i x  d i f f e r e n t  i n t e n s i t y  Jevels.  

The lowest i n t e n s i t y  level w a s  chosen a t  1 0 0 u a ,  consis-  

t e n t  w i th  Dzendolet 's repor ted  o b j e c t i v e  threshold  f o r  l o w  

frequency s inuso ida l  v e s t i b u l a r  s t imu la t ion .  Successive 

i n t e n s i t y  va lues  w e r e  doubled up t o  a maximum of 3 ma. i n  

o rde r  t o  ccwec as wide a range as p o s s i b l e  and s t i l l  remain 

wi th in  pa in  and s a f e t y  levels. 

I n  add i t ion  t o  six runs w i t h  combined r o t a t i o n a l  and 

galvanic  s t imulus,  two c o n t r o l  runs,  one a t  t he  beginning and 

t h e  o t h e r  a t  t h e  end of t h e  se s s ion  w e r e  added t o  make a t o t a l  

o f ' e i g h t  runs pe r  s u b j e c t ,  The c o n t r o l s  w e r e  added no t  only 

t o  d iscover ,  i f  poss ib l e ,  any o v e r a l l  e f f e c t  on t h i s  norm 

a f t e r  the combined experiments. 

Eye movements w e r e  t o  be monitored i n  add i t ion  t o  the 

s u b j e c t i v e  response i n  an at tempt  t o  o b t a i n  an involuntary 

measure of response. 
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Once the b a s i c  experiment w a s  decided upon, a s u i t a b l e  

experimental  design w a s  requi red  i n  order  t o  s tudy a number 

of d i f f e r e n t  v a r i a b l e s  i n  a sys temat ic  way. A design was 

sought which would inco rpora t e  a l l  of the following f ea tu res :  

1.) a l l  s i x  poss ib l e  modes of  un ipolar  and b i p o l a r  ga&vanic 

s t imu la t ion ,  2 . )  a number of d i f f e r e n t  i n t e n s i t y  levels,  

3 . )  y i e l d  a s  much information as poss ib l e  about e f f e c t s  of 

ga lvanic  s t imulus,  4 . )  employ a s  few sub jec t s  a s  poss ib le ,  

5.) balanced f o r  the  e l imina t ion  of o rde r  effects. 

Since t h e r e  w e r e  s i x  poss ib l e  modes, it was decided 

a r b i t r a r i l y  t o  use s i x  i n t e n s i t y  l e v e l s  i n  t h e  experiments. 

I f  each s u b j e c t  w e r e  run a t  every mode and i n t e n s i t y ,  however, 

t h i r t y - s i x  runs  per  s u b j e c t  would have been required t o  include 

a l l  of t h e  p o s s i b l e  combinations. I n  order  ts reduce the  

number of runs requi red  p e r  s u b j e c t  and i n  order  t o  achieve 

t h e  randomness of a p p l i c a t i o n  des i r ed ,  a s l i g h t l y  modified 

form of t h e  Graeco-Latin square experimental  design was em- 

ployed. 

1 - 4 . 2  Galvanic S t imula t ion  Equipment 

Galvanic s t imu la t ion  was appl ied  through two s p e c i a l l y  

designed c i rcu lar  e l ec t rodes  approximately one inch i n  diameter 

a f f i x e d  t o  t h e  s u b j e c t s '  mastoid processes .  A l aye r  of wetted 

gauze inpregnated w i t h  e l e c t r o d e  p a s t e  was included i n  t h e  

e l e c t r o d e  i n  o rde r  t o  avoid m e t a l  t o  s k i n  contac t  and t o  

obta in  a r e l a t i v e l y  uniform c u r r e n t  d i s t r i b u t i o n ,  T h e  two 

e l ec t rodes  w e r e  mounted on a s tandard  headband, 
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An i n d i f f e r e n t  e l e c t r o d e  c o n s i s t i n g  of a 2 i n c h  by 3 

i nch  gauze pad was placed on the back of the subject’s neck 

and held i n  p l ace  w i t h  s u r g i c a l  t ape ,  T h i s  e l e c t r o d e  w a s  

used as t h e  common i n  unipolar  tests, 

All three con tac t  a r eas  on the s u b j e c t  w e r e  treated w i t h  

e l e c t r o d e  p a s t e  be fo re  t h e  runs i n  an e f f o r t  t o  achieve 

a nominal i n t e r - e l e c t r o d e  De C, r e s i s t a n c e  of  2-3K ohms, 

The pos i t i on ing  of t h e  t h r e e  e l ec t rodes  on the  s u b j e c t  

w a s  e i t h e r  across  t he  t w o  mastoid processes  o r  from one m a s -  

t o i d  p r o c e s s - t o  the nape of t h e  neck, D, C. c u r r e n t  w a s  

obtained from an E lec t ron ic s  for L i f e  Sciences Constant Cur- 

r e n t  S t imula tor  Model CCS-1A. This s t imu la to r  i s  b a t t e r y  

powered and has a maximum output  capac i ty  of 1 0  ma. a t  90 

vo l t s ,  The maximum c u r r e n t  t o  be used was 3 ma.  

1-4.3 Experimental Resul ts  

The experiments descr ibed above produced two types of 

da ta :  eye p o s i t i o n  and c h a i r  p o s i t i o n  versus  t i m e  f o r  each 

two minute run, I n  o r d e r  t o  estimate t h e  average d r i f t  away 

from t h e  zero r e fe rence  p o s i t i o n ,  it was decided t o  c a l c u l a t e  

the’mean va lue  of c h a i r  p o s i t i o n  and of cumulative slow phase 

eye p o s i t i o n  over  each run. 

r ep resen t s  t o t a l  amplitude of eye d e v i a t i o n  during the  experi-  

mental run, 

The l a t t e r  was  used s i n c e  it 

n, var iance l  an d dev ia t ion  f o r  chair p o s i t i o n  

and cumulative s l o w  phase eye p o s i t i o n  f o r  each run w e r e  ca l cu la t ed ,  
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I n  o rde r  t o  determine w h i c h  of th.e parameter grovps 

among s u b j e c t s ,  o r d e r r  modes, and i n t e n s i t i e s  had s i g n i f i c a n t  

i n f luence  on the da ta ,  a s tandard  a n a l y s i s  of va r i ance  was 

performed. 

The  d a t a  on chair p o s i t i o n  i n d i c a t e s  a s i g n i f i c a n t  d i f -  

fe rence  between anodic and ca thodic  mode e f f e c t s  w i th  anodic 

s t i m u l i  seemingly producing l a r g e r  e f f e c t s .  However, i f  con- 

t r o l  runs are taken i n t o  account, the e f f e c t s  of t h e  two mode 

types  become n e a r l y  equal.  

I n t e n s i t i e s  below t h e  800ya l e v e l ,  appear t o  have no 

e f f e c t  on t h e  results w i t h  responses being approximately t h e  

same a s  f o r  t h e  c o n t r o l  runs. A t  i n t e n s i t y  l e v e l s  a t  and 

above 800pa  s i g n i f i c a n t  e f f e c t s  w e r e  apparent.  A th reshold  

f o r  c u r r e n t  e f f e c t  between 400  and 800ya  was thus  suggested. 

Analysis of  the  eye movement d a t a  w a s  r a t h e r  non-conclu- 

s i v e ,  Thus no d e f i n i t e  conclusions may be  drawn concerning 

t h e  inf luence  of t h e  experimental  condi t ions  on eye movements. 

One i n t e r e s t i n g  observa t ion  can be made on the  eye d a t a  

however. T h e  modes had t h e  h ighes t  var iance  r a t i o  and i n  

comparison of t h e  means of each mode wi th  t h e  corresponding 

means i n  t h e  c h a i r  d a t a  a n a l y s i s  c e r t a i n  s i m i l a r i t i e s  can be 

noted. A l l  r i g h t  cathodic  modes have negat ive  (toward t h e  

cathode) mean responses  while  a l l  r i g h t  anodic modes have 

p o s i t i v e  mean responses,  I n  add i t ion ,  the anodic e f f e c t s  

have l a r g e r  magnitudes than  t h e  ca thodic  as i n  t h e  c h a i r  da t a .  

This sugges ts  t h a t  a s i m i l a r  n e t  e f f e c t  due t o  modes i s  being 

observed i n  both c h a i r  and eye movement d a t a ,  
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The p e c u l i a r i t i e s  o f  the experimental  scheme may w e l l ,  

have masked t h e  eye movement da t a ,  Only r e l a t i v e l y  l o w  angu- 

l a r  acce le ra t ions ,  were p re sen t  w h i c h  would n a t u r a l l y  decrease 

eye dev ia t ions  due t o  r o t a t i o n ,  Eye d r i f t  [other  than t h a t  

due t o  t h e  ga lvanic  s t imulus)  may have decreased the a b i l i t y  

t o  measure t h e  dev ia t ions  due t o  t h e  cu r ren t ,  It i s  poss ib l e  

t h a t  a f i x a t i o n  p o i n t  might a i d  t h i s  l a t t e r  problem, o r  it 

might f u r t h e r  i n h i b i t  ga lvanic  nystagmus. 

1.4.4 Sub jec t ' s  Reported Sensat ions 

The s u b j e c t s  repor ted  s e v e r a l  s ensa t ions  during t h e  

experiments, These included d i s o r i e n t a t i o n ,  head tilt, and 

one r e p o r t  of t h e  sensa t ion  of "spinning i n  two d i r e c t i o n s  

simultaneously," Severa l  s u b j e c t s  a l s o  repor ted  an a f t e r -  

e f f e c t  following s t imu la t ion  a t  3 m a .  This manifested i t s e l f  

i n  a spinning sensa t ion  but  d ied  o u t  before  t h e  beginning of 

t h e  next  run f i v e  minutes l a t e r .  

D e t a i l s  a r e  given i n  t h e  M.S. thesis by John R, Tole,  

e n t i t l e d  "Galvanic S t imula t ion  and t h e  Percept ion of Rotation" e 
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11, CONTROL O F  POSTUm I N  MpiN (La NASHNER) 

Current models f o r  phys io logica l  components and a 

series of  experiments on human s u b j e c t s  form the b a s i s  f o r  

a mult i loop c o n t r o l  model which desc r ibes  how a human uses  

mul t ip l e  feedback sensors  t o  con t ro l  h i s  o r i e n t a t i o n .  Par- 

t i c u l a r  emphasis i s  placed on de f in ing  func t iona l  i n t e r f a c e s  

between t h e  feedback sensors  and p o s t u r a l  responses. Because 

of t h e  inhe ren t  complexities w i th in  t h e  pos ture  con t ro l  

system, a n a l y s i s  i s  s i m p l i f i e d  by consider ing only c o n t r o l  

of forward and backward r o t a t i o n a l  motions about t h e  ankle  

j o i n t s  during q u i e t  s tanding  tasks .  

Because of the inhe ren t  complexity of t h e  pos ture  con t ro l  

system, a n a l y s i s  i s  s impl i f i ed  by consider ing only c o n t r o l  

of forward and backward r o t a t i o n a l  motions of t h e  body about 

the ankle  j o i n t ,  h e r e a f t e r  termed body sway o r  body angle  

motion, Body sway motion r ep resen t s  t h e  c r i t i ca l  mode i n  

con t ro l  of pos ture  because of the inhe ren t ly  uns tab le  

" inver ted  pendulum" c h a r a c t e r i s t i c s  of t h e  body. Therefore,  

t h i s  s i m p l i f i c a t i o n  is j u s t i f i e d .  Rela t ive  motion between 

upper body segments i s  of considerably less consequence 

during q u i e t  s tanding  and may be neglected here ,  Hence, t h e  

goal of t h e  p o s t u r a l  c o n t r o l  system i n  t h i s  simple t a s k  is 

t o  a s s e s s  t h e  c u r r e n t  s t a t u s  of body sway motion and genera te  

appropr ia te  ankle  r e a c t i o n  torques t o  maintain s t a b i l i t y ,  
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T h e  research i s  divided i n t o  three segments, F i r s t ,  a 

genera l  pos ture  c o n t r o l  model is  assembled, given c u r r e n t  

models for  motor and sensory components and t h e  general  pro- 

p e r t i e s  of neu ra l  processing descr ibed i n  the  l i t e r a t u r e .  

T h i s  genera l  model then  forms the b a s i s  for  a series of 

experiments, F i n a l l y ,  experimental  observa t ions  are combined 

w i t h  t h e  genera l  phys io logica l  model t o  develop s p e c i f i c  

models f o r  t h e  sensory-motor i n t e r f a c e ,  

I n  both t h e  design of t h e  experiments and development 

of the f i n a l  models, t h e  h ighly  adaptable  and non-stationary 

c h a r a c t e r i s t i c s  of t h e  system a r e  recognized. Experiments 

use t r a n s i e n t  d i s turbances  i c h  probe t h e  s t a t e s  of t h e  

system a t  s p e c i f i c  i n s t ances  i n  t i m e  o r  during very short  

per iods i n  w h i c h  c h a r a c t e r i s t i c s  remain r e l a t i v e l y  constant .  

T h e  models a l s o  d e f i n e  t r a n s i e n t  rather than continuous 

con t ro l  processes .  

Sensory depr iva t ion  techniques a r e  employed during 

experiments t o  i s o l a t e  c h a r a c t e r i s t i c s  of t h e  ind iv idua l  

sensory feedback modes. These methods a l l o w  observat ion of 

a number of con t ro l  s t r a t e g i e s  and enable  a more complete 

determination of t he  range of a d a p t a b i l i t y  of the  var ious 

sensory feedback modes 

II*L Refle  Control of Posture  

Two d i r e c t  mechanical mechanisms resist length  changes 

i n  f l e x o r  and ex tensor  muscles. During cons tan t  s t imu la t ion ,  
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muscle t ens ions  vary i n  proport ion t o  s m a l l  l eng th  changes 

about a median length  (13, 1 7 ) .  Rate of  s t r e t c h  a l s o  a f f e c t s  

t ens ion  of t h e  muscle under cons tan t  s t imu la t ion  (5)- Both 

the  length-change and v e l o c i t y  induced t ens ions  a c t  t o  

resist o v e r a l l  change i n  muscle length ,  It  should be noted 

t h a t  t h e  s e n s i t i v i t y  of both of t h e s e  mechanisms v a r i e s  i n  

response t o  t h e  a c t i v a t i o n  l e v e l  of t h e  muscle i t s e l f ,  

I n  add i t ion  t o  t h e  "mechanical" mechanisms varying 

t ens ion  t o  resist muscle l eng th  change, there i s  a c t i v e  

r e s i s t a n c e  i n i t i a t e d  by muscle sp ind le  r e f l exes .  

S t r e t ch ing  s k e l e t a l  muscle produces a corresponding 

s t r e t c h  of t h e  muscle sp ind le  fibers in t e r spe r sed  throughout 

t h e  muscle. S t r e t ch ing  a muscle sp ind le  increases  i t s  a f f e r -  

e n t  discharge,  which then  acts through t h e  alpha motoneuron 

pool t o  con t r ac t  skeletal  muscle f i b e r s  i n  t h e  region of t h e  

s t r e t c h e d  sp indle .  Increase of muscle tens ion  i s  achieved 

by a combination of t h e  recrui tment  of a d d i t i o n a l  motor 

u n i t s  and increased  a c t i v a t i o n  of u n i t s  a l ready f i r i n g .  

Higher center a c t i v i t y  inf luences  t h e  r e f l e x  feedback 

func t ions  i n  t h e  following ways: 

1. 

2, 

3 .  

Muscle "mechanical" p r o p e r t i e s  a r e  dependent on the 

l e v e l  of muscle a c t i v a t i o n  ( 1 0 ,  13). 

Muscle s p i n d l e  feedback "gains'* a r e  con t ro l l ed  by 

h igher  c e n t e r  commands ( 8 )  

Higher c e n t e r s  may a c t  on t h e  alpha-motoneuron 

pool,  exe rc i z ing  d i r e c t  c o n t r o l  over t h e  a c t i v a t i o n  

l e v e l  of t h e  muscle, 
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In describing control mechanisms of the reflex arc, 

physiologists have recognized its likeness to a position 

servomechanism. Only recently, however, have investigators 

integrated functional descriptions of the individual phy- 

siological components into models of the reflex control 

system ( 7 ,  9, 13) e 

These studies demonstrate the validity of mathematical 

reflex control models. Most importantly, they show that 

linearized component models and equivalent bilateral muscle 

models can predict postural responses. Further investiga- 

tions of posture control mechanisms described in this paper 

begin with these premises. 

The reflex control mechanism, including proprioception 

feedback pathways and higher center inputs, is illustrated 

in Figure 1 Components include postural muscles respon- 

sive to both active neural stimulation and to mechanical 

stretch and position feedback via the muscle spindles which 

respond in proportion to length and rate of stretch, The 

higher centers excercise independent control of both phase 

and position feedback gains. 

Reflex Responses Durins Quiet Standins 

The following is a description of the experiment conducted 

to determine specific values of the parameters for the ankle 

stretch reflex control loop, The refle response parameters 

obtained are then formulated into a model ich quantifies 
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t h e  con t r ibu t ion  of the ankle  r e f l e x  c o n t r o l  loop t 9  o v e r a l l  

p o s t u r a l  s tab i l i ty ,  providing the b a s i s  f o r  f u r t h e r  experi-  

ments explor ing t h e  s t r a t e g y  of r e f l e x  parameter adapta t ion  

t o  changing c o n t r o l  condi t ions.  

The s u b j e c t  s tands  relaxed on t h e  experimental  platform, 

arms folded above t h e  wa i s t  and f e e t  t e n  t o  twelve inches 

a p a r t .  The platform d e t e c t s  t h e  s u b j e c t ' s  r eac t ion  torques 

and h i s  sway angle  about t h e  ankle  j o i n t ,  A hydraul ic  

p o s i t i o n  servo allows r o t a t i o n s  of the  platform about an 

a x i s  c o l i n e a r  w i th  t h a t  of t h e  s u b j e c t ' s  ankle  j o i n t s ,  The 

ankle  s t r e t c h  r e f l e x  is exc i t ed  by small  s t e p s  of t h e  

platform. 

During each test run t h e  s u b j e c t  is  asked t o  s t and  

relaxed wi th  h i s  eyes opened. To prevent  f a t i g u e ,  each 

tes t  run is l i m i t e d  t o  1 6  s t e p  samples, o r  approximately 

3 minutes. Seven tes t  runs are conducted f o r  each of f i v e  

s t e p  s i z e s :  1 /10 ,  1/4, l / 2 ,  and 1 1 / 2  degrees. A t es t  

run c o n s i s t s  of one s t e p  s i z e  only. T h e  order ing  of  s t e p  

s i z e  test  runs i s  random, Responses a r e  charac te r ized  by a 

peak wi th in  80-125 mil l i seconds ,  a compensatory response 

peak a t  400-800 mi l l i seconds ,  then gradual  r e t u r n  t o  e q u i l i -  

brium. 

T h e  r e f l e x  response amplitude, def ined as t h e  maximum 

response occurr ing  wi th in  80 t o  125 mill iseconds a f t e r  

i n i t i a t i o n  of t h e  s t e p  d is turbance ,  is determined f o r  each 

s t e p  response. Reflex ga in  i s  def ined as response amplitude 
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divided by t h e  ankle  s t e p  s i z e .  The composite average ga in  

as a func t ion  of s t e p  s i z e  i s  shown is Figure 2 e Varia t ion  

among s u b j e c t s  is  s t a t i s t i c a l l y  i n s i g n i f i c a n t ,  p > 0.1, 

To examine the  la te r  compensatory phase, average res- 

ponses of each s u b j e c t  t o  t h e  1/4 and 1 / 2  degree s t e p s  a r e  

computed- These response groups are f u r t h e r  subdivided 

according t o  i n i t i a l  r e f l e x  ga in  i n t o  three l e v e l s ,  V a r i a -  

t i o n s  among t h e  t h r e e  s u b j e c t s  are s t a t i s t i c a l l y  i n s i g n i f i c a n t ,  

p > 0 .1 .  As an example, Figure 3 shows the  response averages 

f o r  one tes t  case. 

A s i g n i f i c a n t  f e a t u r e  of t h e  r e f l e x  con t ro l  loop is  the  

l a r g e  inc rease  i n  ga in  f o r  d i s turbances  of  very small  ampli- 

tude,  While ga ins  f o r  s t e p s  of 1 / 4  t o  1/2 degrees are 

considerably below t h a t  necessary for  p o s t u r a l  s t a b i l i t y  

( 2  f t - lb/degree versus  7 ft-lb/O) suggests  t h a t  r e f l e x  

con t ro l  a lone may f u l l y  s t a b i l i z e  t h e  body f o r  d i s turbances  

below l / l O o l  This i s  s u b s t a n t i a t e d  by c u r r e n t  phys io logica l  

evidence 

Evidence of l a r g e  ga in  inc reases  i n  muscle responses 

t o  s m a l l  l ength  changes i s  found i n  t h e  work of H i l l  ( 6 )  

and Joyce e t  a1 (11) e Simi lar  ga in  inc reases  i n  r e f l e x  

responses are shown by Brown e t  a1 (1) and Matthews ( 1 4 ) .  

Recordings of ankle  torque  and body angle  responses 

during q u i e t  s tanding  i n d i c a t e  tha t  t h e  r e f l e x  loop f u l l y  

s t a b i l i z e s  very small amplitude sway motions, All s u b j e c t s  
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e x h i b i t  f requent  per iods  o f  f i v e  o r  more seconds du ra t ion  

i n  which no motion wi th in  measurement r e s o l u t i o n  (T  = +0.10 

f t - l b  OB - +0002 degrees)  can be observed, A l l  h igher  

c e n t e r  feedback c o n t r o l s  are l i m i t e d  by thresholds  consider- 

ably l a r g e r  than  t h e  measurement r e s o l u t i o n s ,  (Resul t s ,  

Sec t ions  3 and 4)- Therefore,  r e f l e x  feedback con t ro l  must 

be respons ib le  f o r  t h e s e  s t a b l e  per iods,  

- 

On t h e  b a s i s  of forementioned phys io logica l  and experi-  

mental evidence, a r e f l e x  gain func t ion  i s  def ined i n  which 

both muscular and r e f l e x  responses show ga in  inc reases  due 

t o  s t i c t i o n  f o r  d e f l e c t i o n s  less than 0.15O. Reflex feedback 

gain is  s u f f i c i e n t  f o r  complete p o s t u r a l  s t a b i l i t y  f o r  

d e f l e c t i o n s  less than  0,05O, 

The compensatory response i s  i n i t i a t e d  by h igher  cen te r  

commands. Observed delay t i m e ,  about 200 mi l l i seconds ,  

agrees  wi th  phys io logica l  evidence f o r  h igher  c e n t e r  response 

delay; it a l s o  agrees  w i t h  v e s t i b u l a r  response delays measured 

by t h e  author.  

Figure 4 shows t h e  compensatory response n a t u r a l  f r e -  

quency as a func t ion  of t h e  i n i t i a l  r e f l e x  d is turbance  

amplitude. Included i n  t h e  f i g u r e  f o r  comparison i s  t h e  

response c h a r a c t e r i s t i c s  as a func t ion  of gain f o r  t h e  

following system: an inve r t ed  pendulum s t a b i l i z e d  wi th  a 

rate compensated feedback, with system dynamics roughly 

equiva len t  t o  those  of t h e  body r e f l e x  con t ro l  system, Resul ts  

suggest  t h a t  h igher  c e n t e r s  enhance t h e  t o t a l  r e f l e x  gain 
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during a transient disturbance in proportion to the per- 

ceived disturbance amplitude, Reports of several inves- 

tigators also indicate reflex gain control as a likely 

higher center control mechanism, 

Kim and Partridge (12) show that total reflex gain 

( A  tension/h length) in cat soleus muscle is enhanced 

by factors of two to three times when the vestibular nerve 

is stimulated continuously. They note that neck rotations 

also enhance reflex gain. In a further study, Partridge 

and Kim (16) find that isometric tension varies less than 

1% of maximum muscle tension during sinusoidally modulated 

vestibular stimulation- 

Gernandt et al. (4) have shown that vestibular stimu- 

lation in anesthetized cats strongly effects the dorsal to 

ventral root response amplitude at the cervical and lum- 

brosacral levels of the spine, 

In summary, vestibular and extereoceptive stimulation 

is shown to enhance reflex responses, establishing this 

mechanism as a probable method for higher center control 

of postural disturbances, The fact that vestibular res- 

ponses do not act as length commands gives further support 

to this conclusion, Two physiological mechanisms for reflex 

enhancement are proposed; multiplicative increase in the 

dorsal to ventral reflex gain, and control of the tension 

levels of muscle, Functionally the mechanisms are equivalent. 
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The s t r a t e g y  of ga in  enhancement shows an exqe l l en t  

combination of h igher  and lower l e v e l s  of sensory informa- 

t i o n .  The h igher  cen te r  ga in  command involves  no complex 

processing and can be e f f e c t e d  w i t h  a minimum of delay. 

Addit ional  corrective computation t akes  p l a c e  a t  the  s p i n a l  

l e v e l  through enhanced r e s i s t a n c e  of body displacements. 

This mechanism is a crude one, bu t  i n  most s i t u a t i o n s  a 

good "first guess." More complex higher  l e v e l  mechanisms 

r equ i r ing  longer  processing time may in te rvene  somewhat 

la ter  t o  f ine- tune t h e  i n i t i a l  crude co r rec t ions  e 

The  R o l e  of Ankle Reflexes i n  Pos tu ra l  S t a b i l i t y  

T h e  ankle  s t r e t c h  r e f l e x  feedback he lps  s t a b i l i z e  

body sway motion, I n  many circumstances,  however, inde- 

pendent r e f l e x  c o n t r o l  cannot perform t h i s  funct ion.  On 

non-rigid s u r f a c e s ,  i n e r t i a l  information i s  l o s t  and the 

h igher  c e n t e r  sensory loops (eyes and v e s t i b u l a r  organs) 

must mediate o r  o v e r r i d e  the r e f l e x  responses t o  provide 

p o s t u r a l  s t a b i l i t y . .  

The following experiments explore  f u l l y  t he  r e l a t i o n s h i p  

of r e f l e x  and h igher  c e n t e r  c o n t r o l  s t r a t e g y ,  i l l u s t r a t i n g  

r e f l e x  gain during a v a r i e t y  of circumstances which a l te r  

t h e  e f f e c t i v e n e s s  of the r e f l e x  c o n t r o l  loop- T e s t  condi- 

t i o n s  are designed t o  determine the  effects of  t h e  following 

on feedback parameters: 

1. v i s u a l  feedback; enhancement and e l imina t ion  

2 ,  conscious pos ture  set 
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3 ,  random ankle  angle  d is turbances  

4 ,  e l imina t ion  of ankle  p o s i t i o n  feedback 

All, s u b j e c t s  c l e a r l y  demonstrate adapta t ion  of t h e  

r e f l e x  ga in  i n  response t o  changes i n  pos ture  con t ro l  con- 

d i t i o n s .  Subjec ts  are able t o  i n c r e a s e  r e f l e x  gain when 

asked t o  e x e r t  s p e c i a l  e f f o r t  t o  minimize sway. They a l l  

repor ted ,  however, t h a t  t h i s  condi t ion  w a s  q u i t e  uncomfor- 

table i f  maintained f o r  more than  a few minutes, 

When given a high s e n s i t i v i t y  v i s u a l  d i sp l ay  of body 

angle ,  s u b j e c t s '  r e f l e x  ga in  decrease only s l i g h t l y  compared 

t o  normal gain,  Subjec ts  repor ted  t h a t  t h i s  condi t ion  too  

w a s  t i r i n g  after s e v e r a l  minutes. 

When s m a l l  random dis turbances  a r e  introduced, reflex 

ga in  decreases  t o  nea r ly  one-half t h e  normal gain,  

The median ga in  i s  n e a r l y  zero when the r e f l e x  c o n t r o l  

loop is  f u l l y  suppressed by opening the  p o s i t i o n  feedback 

loop * 

Eliminat ion Qf v i s u a l  feedback has l i t t l e  e f f e c t  on 

r e f l e x  c o n t r o l  s t r a t e g y  under any of t h e  tested condi t ionso  

The a v a i l a b i l i t y  of t h e  suppor t ing  su r face  f o r  body 

and i n e r t i a l  r e f e rence  information determines the  r e f l e x  

gain s e t t i n g -  Reflex ga in  i s  reduced as the r e f l e x  c o n t r o l  

loop becomes a less e f f e c t i v e  mode of  s t a b i l i z a t i o n ,  

Changes i n  the  s ta te  of h igher  c e n t e r  feedback sensors  

s e e m  t o  have no e f f e c t  on t h e  s t r a t e g y  fo r  r e f l e x  ga in  

s e t t i n g o  
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IIe2. Vestibular Control of Posture 

The vestibular organs, the utricles, the saccules, 

and the semicircular canals are the prime motion sensors 

in the human- Vestibular cues contribute important sen- 

sory information for the regulation of posture. 

Characteristics of the vestibular system are well 

documented (15, 19, 20)- A complete description can be 

found in the references listed above; a review of the 

details pertinent to posture control is given here, 

Angular acceleration in three dimensional space is 

sensed by three approximately orthQgona1 semicircular 

canals in each inner ear. The utricle otoliths, one in 

each inner ear, are multi-dimensional linear accelerometers. 

They sense specific forces (linear acceleration plus 

gravity) in a plane rotated 30 degrees with reference to 

the horizontal plane of the head. Hence, combined canal 

receptors sense all relevant angular motions of the body: 

utricle otoliths sense the summation of all linear and 

gravitational forces I 

The canals are heavily damped accelerometers, with 

perceived output corresponding to angular velocity. The 

threshold of perception of angular velocity is heavily 

dependent on the sensory mode in which it is measured, A 

discussion of this point is included in the following 

paragraphs, The utricle otoliths are also heavily damped 

accelerometersp sensing both tilt angle and linear velocity, 
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Angular acce le ra t ion  threshold values  f o r  t h e  s e m i -  

c i r c u l a r  cana ls  repor ted  i n  the l i t e r a t u r e  vary over a 

w i d e  range, Meiry (15) estimates a l i n e a r  acce le ra t ion  

threshold  of Oe005g, equiva len t  t o  a 0,30° th reshold  f o r  

s u b j e c t i v e  o r i e n t a t i o n .  Clark and Stewart  ( 2 )  f i n d  detec- 

t i o n  of  s teady  skate anqular  a c c e l e r a t i o n s  w i t h  t h e  oculo- 

gy ra l  i l l u s i o n  a t  values  ranging from 0,04 t o  0 ,28O/sec  

T h e  i l l u s i o n  does no t  involve  a direct sensa t ion  of move- 

2 

ment, r a t h e r  t h e  subject ,  s ea t ed  i n  a dark enclosure during 

angular  a c c e l e r a t i o n ,  perce ives  movement of a l i g h t  spo t  

which i s  a c t u a l l y  f ixed  wi th  r e spec t  t o  him, The i l l u s i o n  

of movement is be l ieved  t o  be caused by the ac t ion  of 

cana l  output  responses on the  v i s u a l  system, Thei r  r e s u l t s  

s h o w  t h a t  cana l  responses in f luence  v i s u a l  sensa t ion  a t  

l e v e l s  of  angular  a c c e l e r a t i o n  s i g n i f i c a n t l y  below the  

l e v e l s  which can be de tec t ed  sub jec t ive ly .  

Ves t ibu la r  S t imula t ion  by Body Angle Motion 

Angular a c c e l e r a t i o n  of a r i g i d  human body about t h e  

ankle  j o i n t s  i s  d i r e c t l y  equiva len t  t o  the acce le ra t ing  

input  t o  t h e  p i t c h  a x i s  s emic i r cu la r  cana ls ,  S ince  t h e  

pos ture  c o n t r o l  model t o  be developed here cons iders  only 

q u i e t  s tanding  during which the  upper body remains r e l a -  

t i v e l y  r i g i d ,  equivalence of body angle  and p i t c h  angular  

acce le ra t ions  may be  assumed, 

St imulat ion of t h e  u t r i c l e  o t o l i t h  organs by body 

sway motions is considerably more comple s ince both 
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g r a v i t a t i o n a l  and l i n e a r  acce le ra t ion  r eac t ion  fo rces  act  

as inpu t s ,  During uncontrol led sway divergence of the  

body, g r a v i t a t i o n a l  (f ) and t a n g e n t i a l  acce le ra t ion  reac- 

t i o n  f o r c e  ( f t )  act  i n  oppos i te  d i r e c t i o n s ,  Figure 5. 
g 

T h e  n e t  r e a c t i o n  f o r c e  on t h e  o t o l i t h  is: 

3.1 

3*2 

'Because t h e  u t r i c l e  o t o l i t h  organs are loca ted  w e l l  

above t h e  c e n t e r  of mass of  t h e  body, t h e  n e t  r eac t ion  

fo rce  on t h e  o t o l i t h  i s  negat ive  during f r e e - f a l l  sway 

divergence of the  body, (ice. it is  oppos i te  t o  t h e  fo rce  

on t h e  o t o l i t h  due t o  g r a v i t y  a l o n e ) ,  

w i t h  p a r t i a l  r e s i s t e n c e  from p o s t u r a l  responses,  the  n e t  

fo rce  a c t i n g  on t h e  o t o l i t h  may be negat ive,  zero,  or 

p o s i t i v e  depending on the i n t e n s i t y  of p o s t u r a l  r e s i s t e n c e ,  

Recal l ing tha t  re f lex  responses oppose body sway wi th  a 

torque  roughly propor t iona l  t o  angular  d e f l e c t i o n  of t h e  

ankle  j o i n t ,  t he  following r e l a t i o n s  demonstrate t he  

ambiguity of t h e  s i g n  of t h e  l i n e a r  motion sensor:  

I f  t h e  body diverges  
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Using body parameter values  (18) w e  f i n d  t h a t :  

f o  > .O i f  K > 4 f t - lb/degree 

f o  < 0 i f  K < 4 f t - lb/degree 

During s t a b i l i z a t i o n  p o s t u r a l  responses,  t a n g e n t i a l  and 

g r a v i t a t i o n a l  fo rces  on t h e  o t o l i t h  are always of t h e  

same s ign .  

Pos tu ra l  Response t o  Ves t ibu la r  St imulat ion 

The s u b j e c t  s t ands  re laxed  on t h e  experimental p l a t -  

form. Sway is induced using s m a l l  forward o r  backward 

platform displacements a t  cons tan t  v e l o c i t y ,  introduced 

by t h e  experimenter when t h e  s u b j e c t  shows no movement, 

The platform dis turbance  induces a s t e p  change i n  body 

angular ve loc i ty .  

El iminat ion of a l l  o t h e r  modes of sensory feedback 

i s  necessary t o  i n s u r e  t h a t  p o s t u r a l  responses t o  t h e  in-  

duced sway are v e s t i b u l a r  i n  o r i g i n ,  To remove r e f l e x  

responses and ex tereocept ive  cues,  t h e  platform i s  r o t a t e d  

t o  t r a c k  t h e  motions of t h e  body; t hus ,  maintaining an 

ankle  angle  of  zero,  Null ing ankle  angle  during body 

angle  motion e f f e c t i v e l y  opens t h e  r e f l e x  p o s i t i o n  feed- 

back loop bu t  does no t  i n t e r f e r e  wi th  t h e  s u b j e c t ' s  

a b i l i t y  t o  genera te  i somet r i c  ankle  c o n t r o l  torques,  

Removal of r e f l e x  feedback a l s o  e l imina te s  any advanced 

ex tereocept ive  cues,  Subjec ts  are t e s t e d  with eyes open 

and eyes closed t o  determine e f f e c t s  of v i s u a l  cues on 

v e s t i b u l a r  d e t e c t i o n  of body sway. 
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Figure 6 shows t y p i c a l  p o s t u r a l  responses t o , r a p i d  

and t o  s l o w  induced body motion s t i m u l i ,  Responses are 

charac te r ized  by an i n i t i a l  per iod during which t h e  body 

angle  begins t o  inc rease  while t h e  ankle  torque remains 

unchanged, When the motion is de tec t ed  by t h e  v e s t i b u l a r  

sensgrs ,  ankle  r e a c t i o n  torque increases r ap id ly ,  re turn-  

ing  t h e  body t o  a s t a b l e  pos i t i on ,  Threshold of t h e  

v e s t i b u l a r  feedback sensors  i s  def ined i n  terms of t h e  

t h e  a f t e r  i n i t i a t i o n  of motion a t  which t h e  ankle torque 

1eve.l has increased  0.25 f o o t  pounds above i t s  i n i t i a l  

l e v e l  a 

Conclusions - The Ves t ibu lar  Model 

Threshold c h a r a c t e r i s t i c s  f o r  forward and f o r  back- 

ward sway are i d e n t i c a l .  Var ia t ions  among t h e  s u b j e c t s  

and among t h e  test  condi t ions  are s t a t i s t i c a l l y  in s ig -  

n i f i c a n t ,  p > 0 . 1  f o r  a l l  samples. Composite th reshold  

func t ions  f o r  t h e  t h r e e  test condi t ions  are compared t o  

t h e  semic i r cu la r  cana l  model th reshold  c h a r a c t e r i s t i c s  i n  

Figure 7 The following semic i rcu lar  canal  model pre- 

d i c t s  t h e  observed threshold  c h a r a c t e r i s t i c s  over  t h e  

complete range of  induced sway rates, 

(0,lS-t-1) (8.3S+l) 

DYNAMICS THRESHOLD DELAY 
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Linear  dynamic c h a r a c t e r i s t i c s  of  t h e  semic i r cu la r  

cana l  model compare c l o s e l y  wi th  Meiry's canal  model. 

The add i t ion  of  a very s m a l l  l ead  term is necessary t o  

p r e d i c t  t h e  minimum response t i m e  c h a r a c t e r i s t i c s  €or 

l a r g e  impulsive inpu t s .  This term has no e f f e c t  on 

threshold  response p r o p e r t i e s  w i th in  t h e  dynamic range 

of normal body angle  motions, New va lues  a r e  der ived 

f o r  t h e  p i t c h  semic i r cu la r  cana l  a c c e l e r a t i o n  threshold  

and response t ransmission t i m e  delay.  

acce le ra t ion  th re sho ld  is  considerably less than those  

observed with s u b j e c t i v e  r e p o r t s ,  

The 0.05"/sec2 

Linear  motion sensors  p l ay  no r o l e  i n  t h e  de t ec t ion  

of p o s t u r a l  responses during f r e e - f a l l  divergence, Simu- 

l a t i o n  of  t h e  o t o l i t h  dynamic model i n d i c a t e s  (19 )  t h a t  

t h e  l i n e a r  acce le ra t ion  threshold  must be an o rde r  of  

magnitude less than the lowest values  repor ted  i n  t h e  

l i t e r a t u r e ,  even i n  t h e  l i m i t ,  as t h e  i n i t i a l  body angle 

o f f s e t  amplitude approaches zero. The u t r i c l e  o t o l i t h  

organ threshold  i s  s u f f i c i e n t  t o  account f o r  observed 

response threshold  leve ls  only i n  t h e  s t a t i c  or  nea r ly  

s t a t i c  rangep s i n c e  the body f r e e - f a l l  divergence rate 

(aB = 3 r/sec) i s  f a s t  compared t o  t h e  very slow dynamics 

of t h e  o t o l i t h  organs.  

The  ro l e  of  l i n e a r  and angular  acce le ra t ion  cues i n  

pos ture  r egu la t ion  are made c l e a r  by observing t h e  f r e -  

quency ranges a t  which each component of  t h e  v e s t i b u l a r  
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apparatus  is  most e f f e c t i v e  i n  responding t o  s inuso ida l  

p o s t u r a l  sway. Figure 8 shows the s inuso ida l  body angle  

amplitude necessary t o  achieve d e t e c t i o n  of motion a s  a 

func t ion  of sway frequency. Note t h e  c l e a r  s epa ra t ion  

of t h e  func t iona l  range f o r  each sensor .  The thresholds  

f o r  each sensor  wi th in  i t s  frequency range of maximum 

s e n s i t i v i t y  a r e  approximately the same. 

Pos tu ra l  Regulation wi th  Ves t ibu lar  Feedback 

Pos ture  c o n t r o l  w i t h  v e s t i b u l a r  feedback alone i s  

observed. Sub jec t s  s t and  wi th  eyes closed on t h e  experi-  

mental platform. Ankle angle  is maintained a t  zero by 

r o t a t i n g  t h e  platform t o  t r a c k  body angle  motion. Ankle 

r e a c t i o n  torque  and body angle  a r e  recorded continuously. 

A t y p i c a l  response sequence, i s  composed c;f t he  following 

s tages :  

1. 

2, 

3. 

4. 

s t a b l e  per iod wi th  no movement l a s t i n g  s e v e r a l  

seconds 

sway divergence begins 

th re sho ld  i s  reached; ankle  torque  inc reases  t o  

r e s t a b i l i z e  body 

one o r  s e v e r a l  o s c i l l a t i o n s  occur before  q u i e t  

s tanding  is  re-establ ished.  

The t r a n s i e n t  response p a t t e r n s  are c o n s i s t e n t  among sub- 

jects, Average cana l  t h re sho ld  i s  0.36O- Varia t ions  among 

s u b j e c t s  a r e  i n s i g n i f i c a n t ,  p > 0,1, 



The inve r t ed  pendulum conf igura t ion  of  t h e  human body 

i s  s t a b i l i z e d  wi th  a combination of body sway and body 

angle and body angle  r a t e  feedback, Two modes of vest ibu-  

l a r  sensa t ion  provide dynamic feedback information of 

body angle.  The semic i r cu la r  cana ls  provide a good 

estimate of sway rate f o r  f requencies  above 0 . 1  cpsI  while  

t h e  o t o l i t h s  i n d i c a t e  sway angle  below 0-1 cps. Because 

of frequency response l i m i t a t i o n s  of  each sensor ,  t h e  

canal  feedback con t ro l  loop is  unable t o  respond t o  r ap id  

sway divergence. Thus, s t a b i l i t y  can only  be a t t a i n e d  

through t h e  combination of  two frequency s e l e c t i v e  feedback 

loops,  each of which i n  i s o l a t i o n  is  unable t o  provide 

s t a b i l i t y .  

I n  t h e  proposed v e s t i b u l a r  con t ro l  model, t h e  cana l  

ou tput ,  body angle  r a t e ,  is  used f o r  an i n i t i a l  estimate 

of both body angle  r a t e  and, through neura l  i n t e g r a t i o n ,  

body angle.  The l o w  frequency u t r i c l e  o t o l i t h  estimate of 

body angle  updates t h e  i n i t i a l  cana l  estimate. T h e  model 

conf igura t ion  i s  shown i n  Figure 9 e 

The goa l  of t h e  v e s t i b u l a r  con t ro l  model i s  t o  p r e d i c t  

t h e  response c h a r a c t e r i s t i c s  of  a s i n g l e  cyc le  i n  t h e  

r egu la t ion  process ,  

t h e  complete body-motor sensory model are shown i n  Figure 10 

The presence of cana l  feedback a lone  shows t h e  expected 

low frequency divergence. S t a b i l i t y  i s  achieved when 

u t r i c l e  o t o l i t h  feedback is included t o  correct t h i s ,  

Discrete response c h a r a c t e r i s t i c s  of 
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Note t h a t  t h e  s t imu la t ion  r e s u l t s  can be compared t o  a c t u a l  

responses on ly .du r ing  t h e  f i r s t  cyc le ,  s i n c e  no provis ion  

i s  made i n  t h e  model t o  "reset" t h e  v e s t i b u l a r  th resholds ,  

11.3. Visual  and Extereocept ive Senses 

General models f o r  v i s u a l  and ex tereocept ive  feed- 

back are developed which i n d i c a t e  t h e  ways tha t  these 

senses modify v e s t i b u l a r  responses.  Analysis i s  l i m i t e d  

t o  more genera l  models f o r  t h e  following reasons: 

1. In normal s u b j e c t s  v i s u a l  .and ex tereocept ive  

responses cannot be observed i n  i s o l a t i o n .  

2.  Present  physiology does n o t  permit cons t ruc t ion  

of d e t a i l e d  models of t h e  v i s u a l  and extereocep- 

t i v e  senses .  

Pos ture  Regulation with Ves t ibu lar ,  Visual and 

ExtereoceDtive Senses 

E f f e c t s  of inc luding  v i s u a l  and/or ex tereocept ive  cues 

during v e s t i b u l a r  con t ro l  of pos ture  a r e  considered. Sub- 

jects s tand  on t h e  experimental  platform under t h e  following 

condi t ions:  

1. eyes open; platform r o t a t e s  t o  maintain t h e  ankle  

angle  a t  zero degrees 

2 ,  eyes c losed;  platform r i g i d  

3. eyes open; platform r i g i d  

I n  each of t h e  above condi t ions ,  pos ture  c o n t r o l  

follows t h e  same b a s i c  p a t t e r n  seen during v e s t i b u l a r  

feedback con t ro l :  q u i e t  per iod ,  body divergence, t r a n -  

s i e n t  responses,  and re-establishment of q u i e t  s t a b i l i t y ,  
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The b a s i c  s t r a t e g y  of con t ro l  i n  case 1, v e s t i b u l a r  

and v i s u a l  cues onLy, is s i m i l a r  t o  c o n t r o l  s t r a t e g y  wi th  

v e s t i b u l a r  cues only,  Control s t r a t e g i e s  i n  cases  2 and 3 ,  

however, a r e  d i f f e r e n t ,  s i n c e  t h e  r i g i d  platform enables  

f u l l  a c t i v a t i o n  o f  t h e  r e f l e x  con t ro l  loop, H e r e  c o n t r o l  

follows t h e  p a t t e r n  observed i n  t h e  r e f l e x  response experi-  

ments - enhancement of r e f l e x  ga in  during t r a n s i e n t  d i s -  

turbances.  Subsequent a n a l y s i s  develops each of  t h e s e  

con t ro l  models t o  inc lude  e f f e c t s  of v i s u a l  and extereo-  

c e p t i v e  cues. 

Ves t ibu lar  and Visual  Control 

Average threshold  values  f o r  t h e  v e s t i b u l a r  response 

dur ing  divergence a r e  s l i g h t l y  smaller when eyes are open, 

0.29', than when eyes are closed,  0.36O. I n  both cases ,  

eyes open and eyes closed,  v a r i a t i o n ?  among t h e  t h r e e  

s u b j e c t s  are s t a t i s t i c a l l y  i n s i g n i f i c a n t ,  p > O 1 l O .  Visual 

cues,  however, do no t  appear t o  d i r e c t l y  e f f e c t  t h e  v e s t i -  

bu la r  response threshold ,  The body angle  threshold  f o r  

v e s t i b u l a r  response i s  dependent. on t h e  divergence ra te  of 

t h e  body, which i s  more r ap id  when eyes a r e  c losed,  This 

e f f e c t  i s  found t o  account f o r  t h e  d i f f e r e n c e  between eyes 

open and eyes closed response thresholds ,  

Extereoceptive/Ref lex Control 

Basic changes i n  con t ro l  a r e  ev ident  when ex tereocept ive  

cues and t h e  r e f l e x  feedback loop a r e  combined wi th  v e s t i -  

bu la r  r egu la t ion  of posture .  The fol lowing paragraphs 

expla in  t h e s e  changes, 
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When r e f l e x  feedback con t ro l  i s  included,  t h e  per- 

centage of t i m e  during which s u b j e c t s  show s t a t i c  s t a b i l i t y  

( i e e e ,  when changes i n  r e a c t i o n  torque  and body o r i e n t a t i o n  

cannot be de t ec t ed )  i nc reases  from an average of 2Q% t o  

40%. T h i s  i n c r e a s e  i s  t h e  r e s u l t  of " s t i c t i o n "  i n  t h e  

r e f l e x  loop. 

The threshold  f o r  de t ec t ion  of body sway decreases  

s i g n i f i c a n t l y  when ex tereocept ive  cues are added, (case  2), 

dropping from 0,36' t o  0.13O. Varia t ions  i n  t h e  extereo- 

c e p t i v e  threshold  value among s u b j e c t s  i s  s t a t i s t i c a l l y  

i n s i g n i f i c a n t ,  p >0.10. Amplitude of t h e  t r a n s i e n t  response 

is  reduced i n  propor t ion  t o  t h e  nea r ly  th ree fo ld  decrease 

i n  d e t e c t i o n  threshold ,  

Natural  frequency of t h e  t r a n s i e n t  response inc reases  

when t h e  r e f l e x  feedback loop is  added. Natural  frequency 

wi th  ref lex s t a b i l i z a t i o n  i s  0.35 H z ,  s i g n i f i c a n t l y  higher  

than  t h a t  w i t h  only  v e s t i b u l a r  feedback c o n t r o l ,  0 .20 Hz. 

Addition of v i s u a l  cuesp  (case 31 ,  shows s l i g h t l y  

improved damping c h a r a c t e r i s t i c s  during t h e  s l o w  phase 

co r rec t ion .  Threshold f o r  d e t e c t i o n  of sway remains 

v i r t u a l l y  unchanged, 

Models f o r  Extereocept ive and Visua l  Control 

The model f o r  re f lex /ex tereocept ive  con t ro l  follows 

t h e  s t r a t e g y  of  ga in  con t ro l  developed i n  Sect ion 1. The 

model i s  shown i n  Figure 11 

T h e  ex tereocept ive  sense i s  modeled a s  a low threshold  

sway d e t e c t o r  wi th  hab i tua t ion ,  O t o l i t h  cues provide slow 
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phase correction due to habituation of extereoceptive cues. 

Because quiet standing with reflex and extereoceptive cues 

is inherently very stable, little effect is noted when 

visual cues are added. 

The model is simulated. Figure12 compares responses 

predicted by the model with experimental observations, 

A visual feedback loop i s  added to the vestibular 

control model presented in Figure 9 e The visual sense 

is modeled as a linear Peedback controller with prediction 

(rate compensation) and transmission delay of 0.40 seconds- 

The model assumes that visual feedback participates in 

posture contra1 only intermittently. Visual control is 

suppressed during stable periods and activated only after 

vestibular detection of divergence, 

The basic strategy of separating dynamic and static 

feedback control functions applies to extereoceptive and 

visual senses. Extereoceptive cues prwide rapid, low 

threshold detection of body sway divergence. Visual cues 

effect well damped, high resolution correction of the 

slow phase drift, 

11.4, Posture Control Without Vestibular Cues 

Posture regulation of a subject with complete loss  of 

vestibular function is observed, The subject, age twenty 

yearsp has complete loss of vestibular and auditory 

function due to bilateral transection of the eighth nervec 

The subject's motor-sensory functions in the lower limbs 
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are normal, Vestibular loss  occurred about two years 

prior to the author's tests. Since loss of vestibular 

function, the subject has remained active and has com- 

pensated for the sensory deficiency to the extent possible. 

The Tests 

The subject was observed standing quietly with eyes 

open and eyes closed, The following test was performed: 

1. reflex response gains; eyes open and eyes closed 

2. induced sway threshold tests: eyes open only 

3 .  continuous recording of postural response and 

body angle motion. 

Ref lex Response Gains 

Recalling earlier conclusions, the average gain of 

the stretch reflex response induced by smali rotations of 

the ankle joint is shown to be about one-third that neces- 

sary for postural stability. During quiet standing with 

eyes open, the vestibular defective subject demonstrates 

reflex responses at gains somewhat larger than those of 

normal subjects, Figure 13 The level of gain, however, 

is still well below that necessary for postural stability. 

The subject is most likely using the same strategy for 

control as normal subjects e 

Average reflex gain of the vestibular defective 

subject increases markedly when eyes are closed, Figure 14 

The average reflex gain for extension, 12,35 ft-lb/deg, is 

large enough to achieve "rigid'* postural stability, 
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T h i s  experiment tests t h e  a b i l i t y  of t h e  s u b j e c t k o  

detect sway divergence of r e f l e x  con t ro l  and ex tereocept ive  

cues. Body sway is  induced using backward and forward 

d e f l e c t i o n s  of t h e  platform a t  cons tan t  ve loc i ty .  As sway 

is  induced, t h e  platform is  r o t a t e d  t o  track t h e  r o t a t i o n  

of t h e  body, t hus  e l imina t ing  r e f l e x  and ex tereocept ive  

de t ec t ion  of sway v i a  d e f l e c t i o n  of t h e  ankle  j o i n t s .  

The observed response i s  s i m i l a r  t o  t ha t  seen i n  

normal sub jec t s :  body angle  begins t o  inc rease  without 

a corresponding i n c r e a s e  i n  ankle  torque;  motion i s  de tec ted  

and to rque  i n c r e a s e s  rap id ly ;  s t a b i l i t y  i s  re-establ ished.  

Threshold f o r  Detection of Induced Sway 

The minimum body angle  subtended before  motion i s  

de tec ted  i s  about 0 . 3 5  degrees. The angle  threshold  

inc reases  cont inuously a s  t h e  ra te  of induced sway inc reases ,  

while  normal s u b j e c t s  wi th  t h e  a i d  of v e s t i b u l a r  cues show 

a cons tan t  t h re sho ld  of 0,29 degrees f o r  induced r a t e s  up 

t o  0.80 degrees  per  second. 

With eyes open, con t ro l  s t r a t e g y  of t he  v e s t i b u l a r  

d e f e c t i v e  s u b j e c t  is t h e  same as  t h a t  observed f o r  normal 

s u b j e c t s ,  Records show per iods  of  " s t i c t i o n m  s t a b i l i t y  

and f requent  d iverg ing  t r a n s i e n t s ,  Threshold f o r  de t ec t ion  

of t h e  divergence t r a n s i e n t s  'is about t h e  same a s  t h a t  

observed f o r  normal s u b j e c t s ,  0-10 degrees,  Correct ions 

of t h e  t r a n s i e n t  d i s turbance ,  however are less cons i s t en t .  

Resul t ing divergence body angles  a r e  l a r g e r ,  0 - 5  degrees 

versus  0.25 degrees  f o r  normals, and co r rec t ions  a r e  o f t e n  

underdamped. 
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When eyes are c losedB t h e  entire s t r a t e g y  of con t ro l  

changes s-Qnif ican N o  pe r iods  o f  F'stict20n'c s t a b i l i t y  

are p resen t  , rather small, higher freqyency o s c i l l a t i o n s  

(about 3/4 t o  1 are p resen t  almost contLnuaouly during 

q u i e t e r  per2ods- Dursng these q u i e t  per iods ,  hody angle  

d r i f t s  conti%usouly- a t  rates- s a n g h g  from 0 - 2  t o  1 . 0  degrees 

per  seconde A rough e s t lma te  of tke t k r e s b l d  f o r  de t ec t ion  

of t h i s  s l o w p h a s e  d r i f t  is about 2 t o  

Nhen s l o w  phase d r i f t  i s  de tec t ed ,  l a r g e r  t r a n s i e n t  res- 

ponses are i n i t i a t e d ,  Characteristics of t hese  responses a r e  

ve ry  erratic. Many o f  them a r e  very poorly damped, showing 

many l a r g e  o s c i l l a t 2 o n s  a t  f requencies  above 1 H z  I. 

Conclusions 

R v e s t i b u l a r  de fec t ive  sub jec t  is  able t o  r egu la t e  pos ture  

during a q u i e t  s tanding ,  eyes open t a s k  using t h e  same con t ro l  

s t r a t e g y  as normal subjects., A r a d i c a l  s h i f t  i n  s t r a t e g y ,  how- 

ever ,  i s  necessary t o  maintain s t a b i i i t y  when t h e  v e s t i b u l a r  

de fec t ive  sub jec t  c loses  his eyes. Resul ts  are cons i s t en t  w i t h  

t h e  re f lex /ex tereocept ive  con t ro l  model descr ibed i n  sec t ion  4 ,  

, They confirm t w o  major c h a r a c t e r i s t i c s  of t h e  model: 

1 e, Habituat ion of the extereoeept ive  ga in  con t ro l  mechan- 

i s m  results i n  poor s t a t i c  s t a b i l i t y  of the reflex/ 

c e p t i w  con t ro l  loop Br 

2 -  G a b  of the r e f l e x  loop may be  increased  t o  aahieve 

s t a t i c  'I r i g i d g B  s t a b i l i t y  . 
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I1 5 e Conclusions 

The pos ture  c o n t r o l  model can be subdivided i n t o  two 

basic p a r t s :  r egu la t ion  w i t h  stretch r e f l e x  p o s i t i o n  

feedback (s tanding on a r i g i d  s u r f a c e ) ,  and r egu la t ion  

r e l y i n g  on higher  cen te r  feedback sensors  (s tanding on 

a s u r f a c e  which r o t a t e s  t o  track body angle  motions, 

n u l l i n g  ankle  angle  continuously.)  

Posture  con t ro l  s t r a t e g y  i n  t h e s e  two extreme cases 

is  fundamentally d i f f e r e n t .  Evidence i s  presented,  however, 

which sugges ts  t h a t  f o r  a l a r g e  c l a s s  of condi t ions between 

these extremes of a p e r f e c t l y  r i g i d  f l a t  s u r f a c e  and a 

su r face  wi th  s p e c i a l  compliant p r o p e r t i e s ,  a combination 

of these two c o n t r o l  s t r a t e g i e s  can be expected. 

Pos ture  Control on a Rigid, F la t  Surface 

During q u i e t  s tanding  on a r i g i d ,  f l a t  sur face ,  t h e  

ankle  s t r e t c h  r e f l e x  ga ins  a r e  about one-third t h a t  neces- 

s a r y  for  pos ture  s t a b i l i t y .  Smal l  " s t i c t i o n "  fo rces  act- 

ing  between fibers wi th in  both i n t r a -  and ex t r a - fusa l  

muscle, however, supplement t h i s  r e f l e x  gain,  and toge the r  

t hey  provide a ga in  adequate for complete s t a b i l i t y  f o r  

very s m a l l  ankle  d e f l e c t i o n s ,  

Pos ture  Control w i t h  Ves t ibu la r  and Visual  Senses 

When re f lex /ex tereocept ive  feedback is  removed, the 

s u b j e c t  must re ly  completely on h igher  c e n t e r  motion sen- 

s o r s p  t h e  v e s t i b u l a r  and v i s u a l  systems. With eyes c losed,  

v e s t i b u l a r  cu'es are s u f f i c i e n t  t o  provide p o s t u r a l  s t a b i l i t y .  
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I n  t h i s  case, t h e  u t r i c l e  o t o l i t h s  and t h e  semic i rcu lar  

cana l s  ope ra t e  as frequency s e l e c t i v e  feedback sensors .  

Canals, t h e  higher  frequency motion sensors ,  d e t e c t  body 

divergence and i n i t i a t e  p o s t u r a l  responses,  

Pos ture  Control without  Ves t ibu la r  Senses 

Posture  con t ro l  without v e s t i b u l a r  funct ion i s  near ly  

normal when a d e f e c t i v e  s u b j e c t  s tands  on a r i g i d  su r face  

wi th  eyes open, Detection of body divergence, extereocep- 

t i v e  cues,  i s  normal. Reflex gains  a r e  somewhat higher  

than normal. It may be concluded t h a t  ex tereocept ive  

d e t e c t i o n  of divergence and v i s u a l  co r rec t ion  of s l o w  

d r i f t  are s u f f i c i e n t .  

When eyes a r e  c losed,  a r a d i c a l  change i n  con t ro l  

s t r a t e g y  i s  ev ident ,  Since n e i t h e r  v i s u a l  nor u t r i c l e  

o t o l i t h  s t a t i c  senses  are ava i l ab le ,  r e f l e x  gain i s  increased 

about s i x f o l d  t o  enable  " r i g i d "  s t a b i l i t y .  

An Overal l  Summary 

Posture  con t ro l  is  seen a s  a mult i loop system i n  

which a number of s p e c i a l i z e d  feedback sensors  con t r ibu te  

t o  t h e  genera t ion  o f  commands, Propr iocept ive  sensors  

c o n t r i b u t e  t o  t h e  genera t ion  of commands. Propriocept ive 

senso r s  and neura l  processing a t  t h e  lowest l e v e l s  enable  

crude but  f a s t  a c t i n g  responses based on information from 

body centered frames. 

'I I n e r t i a l ' '  sensors  and higher  center processing 

provide more accurate,. adaptable  con t ro l  b u t  with longer  

processing de lays ,  Hence, pos ture  c o n t r o l  i s  a h ighly  



non-stat ionary process  i n  which responses t o  t r a n s i e n t  

d i s turbances  a r e  i n i t i a t e d  a t  t h e  lowest levels, Alloca- 

t i o n  of c o n t r o l  then  " rad ia t e s "  upwards t o  t h e  h igher  

c e n t e r s  where success ive  c o r r e c t i o n s  based on more com- 

p l e t e  information,  f i n e  tune  t h e  i n i t i a l  responses. 
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Sensory Feedback 
i n  Human Pos ture  Control 

by 
L e w i s  Michael Nashner 

Sc.D. Thes is ,  M.I.T,,  June,  1 9 7 0  

Abstract  

Current models f o r  phys io logica l  components and a 
series of experiments on human s u b j e c t s  form t h e  basis 
f o r  a mult i loop c o n t r o l  model which desc r ibes  how a human 
uses  mul t ip l e  feedback sensors  t o  con t ro l  h i s  o r i e n t a t i o n .  
P a r t i c u l a r  emphasis i s  placed on de f in ing  func t iona l  
i n t e r f a c e s  between t h e  feedback sensors  and p o s t u r a l  
responses,  Because of the inhe ren t  complexi t ies  w i th in  
t h e  pos ture  c o n t r o l  system, a n a l y s i s  i s  s impl i f i ed  by 
consider ing only c o n t r o l  of forward and backward r o t a t i o n a l  
motions about the ankle  j o i n t s  during q u i e t  s tanding tasks. 

T h e  research e f f o r t  i s  divided i n t o  t h r e e  segments. 
F i r s t ,  a genera l  pos tu re  c o n t r o l  model is assembled 
given c u r r e n t  models f o r  motor and sensory oomponents. 
T h i s  genera l  model forms t h e  basis f o r  a series of experi-  
ments w i t h  human s u b j e c t s  using a s p e c i a l l y  designed 
two-degree-of-freedom simulator .  F i n a l l y ,  experimental 
observat ions are combined w i t h  the  genera l  model, develop- 
i n g  s p e c i f i c  models which p r e d i c t  t he  observed p o s t u r a l  
responses,  

During q u i e t  s tanding  on a r i g i d  s u r f a c e  ankle  r e f l e x  
ga in  i s  about one t h i r d  t h a t  necessary f o r  p o s t u r a l  
s t a b i l i t y ,  Ankle r e f l e x e s ,  however, are adequate t o  f u l l y  
s t a b i l i z e  very s m a l l  d e f l e c t i o n s  due t o  t h e  presence of 
" s t i c t i o n ' 8  forces a c t i n g  between fibers i n  i n t r a -  and 
ex t r a - fusa l  muscle fibers., Q u i e t  s tanding  i s  punctuated 
by f requent  t r a n s i e n t s  during which the  s u b j e c t  "breaks 
out" of s t a t i c  r e f l e x  s t a b i l i t y  and begins t o  diverge,  
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A kinesthetic threshold is reached, commanding a transient 
multiplicative increase in reflex gain proportional to 
disturbance amplitude- A static sense, either vision 
or utricle otolith is necessary to correct slow drift of 
this reflex/kinesthetic control loop. 

When reflex and visual feedback are removed, the 
vestibular sensors are able to fully stabilize posture. 
The utricle otoliths and semicircular canals act as fre- 
quency selective feedback sensors. The canals detect 
sway divergence and initiate corrective postural responses. 
The utricle otoliths provide a static vertical reference 
to stabilize slow drift of the canal control loop. Oto- 
lith cues are shown to be ambiguous at higher frequencies 
because of interactions between linear motion and gravi- 
tational stimuli. 

Control strategy is observed in one subject with com- 
plete loss of vestibular function but with normal motor 
control. When eyes are open, the subject shows reflex/ 
kinesthetic control strategy which is very nearly normal. 
The subject is also able to stand with eyes closed; 
however, this required great effort. Tests show eyes 
closed control strategy to be radically different. Ex- 
tensor reflex gains were increased six-fold, allocating 
almost complete control of function to reflex "rigidity". 

Extravehicular Attitude Control 
by Use of 

Head Motions 

by 
Lonnie Charles Von Renner 

M.S. Thesis, M.I.T., June, 1970 

Abstract 

On the basis of a survey conducted on existing tech- 
niques for astronaut extravehicular attitude control in 
space, experiments were performed to determine the use- 
fulness of bioelectric currents generated in muscle 
tissue as a control signal source. 

Muscle sites were identified on the neck and bio- 
currents (electromyographic signals or EMG's) were 
detected using surface electrodes- Raw signals were 
generated by turning the head right or left with respect 
to the body; subsequent conditioning was performed using 
a hybrid computer. Motion cues (yaw) were provided by 
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a rotating chair which a subject attempted to control 
by moving his head. Performance levels based upon inte-' 
grated squared error were compared for two separate plant 
dynamics between electromyographic and conventional pencil- 
stick control, 

Examination of the data revealed that control of 
yaw attitude using EMG's was a practical means of pro- 
viding hands-off control. However, EMG performance was 
in all cases poorer than equivalent tests conducted using 
a stick. This probably resulted from the large deadband 
(+45O normally) which existed in the physical angle of 
turn required of the head to produce a measurable signal. 
Recommendations are made for describing function analysis 
of the data and the investigation of other, mechanical 
methods for using head position as a control signal source. 

Galvanic Stimulation 
and the Perception of Rotation 

by 
John Roy Tole 

M.S. Thesis, M.I.T., June, 1970 

Abstract 

The influence of galvanic vestibular stimulation 
on the perception of rotation was investigated. The 
study was intended to lay the groundwork for future, 
more detailed study of the galvanic reaction. Of 
particular interest are possible clinical applications 
in the treatment of vertigo and the diagnosis of certain 
vestibular disorders, 

A set of experiments were designed to measure the 
gross effects of current intensity and point of appli- 
cation on a subject's perception of rotation. An approxi- 
mate threshold for the intensity effect was determined, 
Among points of application only polarity differences 
could be shown to be significant, A tentative linear 
relation between the bias in perception threshold and 
the intensity of current was found, The galvanic reaction 
of one vestibularly abnormal subject is also discussed, 

Comparisons were made between galvanic stimulation 
and other common means of vestibular stimulation. Cur- 
rent mathematical models of vestibular function were 
reviewed and the extension of these models to include the 
galvanic reaction was examined, 

Possible future directions for research in this area 
are also discussed, 



The papers whose abstracts are given below presented 

some of the experimental efforts of the Man-Vehicle 

Laboratory in the area of vestibular and postural research,, 

Nodel for Vestibular Adaptation 
to Horizontal Rotation 

by 
Laurence R. Young and Charles M e  Oman 

Presented at the 4th Symposium on the Role of the 
Vestibular Organs in Space Exploration, Pensacola, 
Florida, September 1968; Aerospace Medicine I October, 1969. 

Sbort term adaptation effects are seen in subjective 
sensation of rotation and vestibular nystagmus. The 
mathematical model for semicircular canal function is 
impmoved by the addition of two adaptation terms (approxi- 
mately one-half minute time constant for sensation and 
two minute time constant for nystagmus) to the overdamped 
second order description, Adaptation is represented as 
a shift of reference level based on the recent history 
of cupula displacement. This model accounts for the 
differences in time constants between nystagmus and 
subjective cupulograms, secondary nystagmus, and decreased 
sensitivity to prolonged acceleration. 

Modeling Adaptation in Human Semicircular 
Canal Response to Rotation 

by 
Laurence Re Young and Charles ,Me Oman 

Presented at a meeting of the Section of Instrumentation 
on January 13, 1970; Transactions of the New York Academy 
of Sciences, April, 1970- 

One of the persistent difficulties with the simple, 
second-order mathematical model for semicircular canal 
response which has concerned investigators for many years 
is the lack of a suitable mathematical description for 
adaptation. Clos ion of data for several types 
of experiments in ans are rotated in. the dark 
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i n d i c a t e s  t h a t  both involuntary  compensatory eye move- , 

ments (nystagmus) and s u b j e c t i v e  sensa t ion  are funda- 
mental ly  d i f f e r e n t  i n  form from those p red ic t ed  pure ly  
on t h e  b a s i s  of a second-order d i f f e r e n t i a l  equation. 
Short-term adapta t ion  e f f e c t s  a r e  seen i n  both types 
of responses.  The mathematical model's response t o  
ho r i zon ta l  r o t a t i o n  can be improved by t h e  add i t ion  of  
two adapta t ion  terms ( t i m e  cons tan ts  of  approximately 
0 .5  minute f o r  s ensa t ion  and 2 minutes f o r  nystagmus) 
t o  t h e  overdamped second-order d e s c r i p t i o n  of t h e  cupula 
dynamics. Adaptation is represented as a s h i f t  of r e f e r -  
ence level based on the  r ecen t  h i s t o r y  of  cupula d isp lace-  
ment. While t h e  adapta t ion  model is of t h e  nonra t iona l  
parameter type,  it accounts f o r  t h e  measured c o n s i s t e n t  
d i f f e r e n c e  i n  t i m e  cons tan ts  between nystagmus and sub- 
j e c t i v e  cupulograins , "secondary" o r  "nach-nach" nystagmus I 
and a l s o  decreased s e n s i t i v i t y  t o  prolonged acce le ra t ion .  
Although t h e  dynamics of t h e  adapta t ion  a r e  now known, 
q u a n t i t a t i v e l y ,  t h e  phys io logica l  o r i g i n s  of t h e  process 
remain t o  be explained. 

Sensory Feedback i n  Human Pos ture  Control 

by 
L e w i s  M e  Nashner and Jacob L. M e i r y  

Presented a t  t h e  S i x t h  Annual Conference on Manual 
Control,  Apr i l ,  1970 .  

Current models f o r  phys io logica l  components and a 
series of experiments on human s u b j e c t s  form t h e  b a s i s  
f o r  a mult i loop con t ro l  model which desc r ibes  how a human 
uses  mul t ip l e  feedback sensors  t o  c o n t r o l  h i s  o r i e n t a t i o n .  
P a r t i c u l a r  emphasis i s  placed on de f in ing  func t iona l  
i n t e r f a c e s  between t h e  feedback sensors  and p o s t u r a l  
responses.  
t h e  pos ture  c o n t r o l  systemp a n a l y s i s  is  s impl i f i ed  by 
consider ing only  c o n t r o l  of forward and backward r o t a t i o n a l  
motions about t h e  ankle  j o i n t s  during q u i e t  s tanding  t a sks .  

Because of t h e  inhe ren t  complexi t ies  w i th in  
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Vestibular Models 

by 
Laurence R. Young 

Presented at the 1969 Joint Automatic Control 
Conference of the American Automatic Control Council, 
August, 1969, 

The vestibular system, comprising the membranous 
non-auditory labyrinths in the inner ear, serves as a 
fast, rough, inertial system to enable man to adjust 
his posture to avoid falling down, to sense his position 
and velocity, and to direct and stabilize his eyes in 
order to take in visual information while moving. 
Most of us are aware of this motion-sensing system only 
when it causes difficulty. In addition to motion sickness 
(which may be attributed to visual-vestibular conflict), 
we are concerned with vestibular contributions to dis- 
orientation and vertigo, and nystagmus (rhythmic motion 
of the eyes which may interfere with reading displays.) 
We must also consider the long-term adaptation effects 
possible with the unusual motion environment under 
weightlessness, reduced gravity, or in a rotating space- 
craft. On the positive side, it is important to note 
that the presence of vehicle motion (as opposed to 
"fixed base" simulation) generally makes any vehicle 
easier to fly and aids pilot performance. To be speci- 
fic, the motion cues seem to aid pilot performance most 
for vehicle motions in the frequency range of high 
sensitivity of the vestibular system. 

For all of these reasons, as well as for its possible 
clinical valuep we are developing a quantitative mathe- 
matical model for the vestibular system, relating the 
time history of linear and angular motions to nonvisual 
perception of orientation, motion, and nystagmus. The 
models we are developing are "input-output" models ; 
however, in each case we attempt to relate the parameters 
of the model to known physiological characteristics, 
The engineering interest in the vestibular systeml as 
a component in man's "attitude control system," has 
led us also to build a physical analog of the vestibular 
system, using gyros, accelerometers, gimbals, and a 
special-purpose analog computer. 
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