




borne out by the recent o rb i t a l  f l igh ts .  

l i t t l e  indication tha t  reduced gravity adversely a f fec ts  the control of eye 

movements. 

sidered, a s  pointed out i n  reference 2, t o  be caused by an increase i n  physio-’ 

logical  nystagmus due t o  a reduction of f r ic t iona l  and damping forces of the 

eye i n  zero g. 

Also, orbi ta l  f l igh ts  have provided 

However, the apparent increase i n  acuity i n  orb i ta l  f l i gh t s  i s  con- 

Because of the lack of atmosphere it i s  expected t h a t  there w i l l  be an 

increase i n  contrast on the moon which should affect  depth perception. 

however, would not very l i ke ly  have any effect  on the visual  contribution t o  

orientation. Vision is ,  of course, susceptible t o  contradictory cues from the 

other sense organs ( re fs .  3 and 4);  however, for  a person using self-locomotion 

on the moon contradictory cues are  not expected t o  be present. 

can be concluded tha t  the eyes will be of primary importance for  orientation i n  

lunar operations. 

and the possibi l i ty  of vehicle-induced visual  i l lusions will have t o  be 

considered. 

This, 

Therefore, it 

Eventually, manned lunar-surface vehicles w i l l  be employed 

As f a r  a s  the vestibular system i s  concerned, it i s  anticipated tha t  the 

semicircular canal function w i l l  not be affected by reduction i n  gravity since 

the canals a re  considered t o  be essentially angular acceleration sensors. The 

canals can only be affected by l inear acceleration i f  differences ex is t  i n  the 

specific gravity of the cupula and the endolymph f luid.  

The o to l i t h  organ which i s  the l inear  acceleration or gravity sensor and 

the proprioceptive mechanisms w i l l ,  of course, be direct ly  affected by reduced 

gravity. It can be expected tha t  with reduced stimulation of these organs and 

i n  the absence of vision man may have d i f f icu l ty  i n  judging the Vertical. 

I 

A s  

reported i n  references 5 ,  6, and 7, t h i s  has been demonstrated, fo r  the 
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si tuat ion of reduced proprioceptive cues, i n  tilt tests which showed tha t  

. padding of the tilt chair  or  t i l t i n g  the  subjects i n  water decreased t h e i r  

accuracy in  indicating the  ver t ical .  

o to l i th  was normal. 

In  these si tuations the  stimulus t o  the 

Very l i t t l e  data ex i s t  on the  effects  of reduced o to l i t h  stimulation on 

equilibrium although many experiments t o  determine o to l i t h  threshold haxe been 

made. 

t o  0.01Og which is  much less than the  1/6 lunar gravity. 

old values must be maintained for  a certain length of time before being per- 

ceived and the m i n i m  values of acceleration fo r  maintaining undegraded pos- 

tural equilibrium have not been established. 

These threshold values a re  reported t o  be i n  a range from about 0.00034g 

However, these thresh- 

A l s o  not known i s  the leve l  a t  

which the  proprioceptive cues become useless i n  orientation although, a s  men- 

tioned, tilt t e s t s  i n  water indicate judgment i s  impaired, with the degree of 

impairment reduced by training. 

In  summary, it appears t ha t  the o to l i th  and proprioceptive sensors w i l l  

be d i rec t ly  affected by a reduction i n  gravity while vision and the semicircu- 

l a r  canals will be re la t ive ly  unaffected. Complete loss  of two of the general 

sensors probably removes the poss ib i l i ty  for  man t o  maintain h i s  equilibrium, 

especially i f  vision i s  involved. However, there s t i l l  remains some question 

as t o  the  e f fec ts  on equilibrium of reducing the  stimulus t o  two of the sense 

organs t o  only 1/6 of the  normal as would be the  case i n  lunar conditions. 

Some insight in to  t h i s  problem may be gained from the following discussion of 

the self -locomotion experiments of reference 8, performed on the lunar-gravity 

simulator a t  Langley Research Center. 
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NOMENCLATURF: 

The following, together with figure 1, define the symbols used herein: 

back angle, angular deflection of the reference l ine  joining the hip 

and shoulder jo in ts  re la t ive t o  the ver t ical ,  degree 

hip angle, angular deflection of upper leg (thigh) re la t ive t o  the 

back reference l ine ,  degree 

knee angle, angular deflection of the lower leg relat ive t o  the upper 

leg, degree 

ankle angle, angular deflection of the foot re la t ive t o  the down leg 

( ca l f ) ,  degree 

r a t e  of change of hip angle, degrees per second 

ra te  of change of knee angle, degrees per second 

gravitational u n i t ,  re la t ive t o  acceleration produced by ear th 's  

gravitational f i e l d  

' time, second 

velocity, fee t  per second 

Subscript : 

m a x  maximum value 

DESCRIPTION OF mDUCED-GRAVITY SIMULATOR 

A sketch of the simulator i s  shown i n  figure 2. The simulator supports 

a subject on h i s  side, inclined about 9.5O from the horizontal, for  lunar 

simulation, by means of a system of cables attached t o  the various body members 

and t o  an overhead t ro l ley  system. The t ro l l ey  unit  moves along an overhead 

t rack which i s  para l le l  t o  the walkway on which the subject i s  free t o  walk, 
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run, and perform other self-locomotive tasks i n  essentially a normal manner 

-though constrained t o  move i n  one plane. This constraint does not appear t o  

be too serious i f  one considers the  fac t  tha t  the body m e m b e r s  normally trans- 

l a t e  and rotate,  fore and a f t  and up and down, essentially i n  para l le l  planes 

as a person walks, runs, and jumps i n  a normal manner. 

ject  i n  the  simulator cable harness. 

Figure 3 shows a sub- 

A s  mentioned, the subject i s  inclined 

9.5' from the horizontal and the component of h i s  weight normal t o  the walkway 

and supported by h i s  feet i s  1/6 tha t  of h i s  normal w e i g h t  as  would be the case 

i n  lunar gravity. The 1/6g component i s  therefore considered t o  be the one 

which i s  important fo r  balance and locomotion i n  the  plane normal t o  the 

walkway. 

It is  recognized, of course, t ha t  there remains a 1 g vector acting on 

the body. It should be pointed out, however, t ha t  t h i s  vector i s  essent ia l ly  

constant during normal simulator usage and people readily adapt t o  t h e i r  new 

orientation by recognizing the t i l t e d  walking board as  the ground plane and 

relat ing t h e i r  body motions t o  it rather than the  customary ground reference. 

One of the limitations of the simulator is  tha t  the subjects' motion i s  

res t r ic ted  to one plane and the simulator i s  not adaptable t o  studies requiring 

out of plane motions. Despite t h i s  Limitation, the simulator i s  useful fo r  

studying m a n ' s  equilibrium and motion capabi l i t ies  i n  the sag i t t a l  plane under 

reduced gravity conditions. For the  investigation discussed herein the simula- 

t o r  w a s  used with the subject 's vision unrestricted and with the walkway S s -  

placed t o  provide the  lunar leve l  of stimulation to the o to l i ths  and the kines- 

the t ic  sensors i n  the plane of act ivi ty .  
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A l l  tests were recorded by means of the motion-picture cameras operating 

a t  24 and a t  times 48 frames per second. An observer using a stop-watch 

obtained the time required t o  t rave l  the 100-foot distance i n  the  middle por- 

t i on  of the walkway. 

each t e s t .  

This time w a s  u s e d t o  establish the average velocity for 

Positions and rates of movement fo r  the various body members re la t ive  t o  

each other and t o  the ground were obtained from measurements of the projected 

images of the motion-picture film. 

i s  considered t o  be about f2'. 

The accuracy of the angular measurements 

RESULTS AND DISCUSSION 

A film supplement i l l u s t r a t ing  some of the resul ts  of t h i s  investigation 

is  available for loan purposes. 

t h i s  p q e r .  

A request form can be found a t  the end of 

Some of the subjective resul ts  of the present investigation indicated that 

the subjects tested,  i n i t i a l l y ,  had some d i f f icu l ty  i n  sensing the ve r t i ca l  t o  

the walkway and stood rocking t o  and f ro  perhaps trying t o  increase the vestib- 

u l a r  response. 

attempt t o  increase the stimulus t o  the t a c t i l e  and pressure sensors and 

thereby improving the i r  balance. 

case on the lunar surface. 

inclined a f t e r  leaving the device indicating adaptation t o  the  constant l a t e r a l  

The subjects a lso ended up standing on t i p  toe i n  an apparent 

It i s  expected tha t  t h i s  will also be the 

Several subjects indicated a sensation of being 

tilt required when using the simulator. Adaptation t o  continued tilt was 

expected on the basis of the experiments of reference 9 conducted with animals. 
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In  these experiments measurements of neural impulses indicated a vigorous 

. i n i t i a l  response t o  tilt which diminished i n  about 20 or  30 seconds with the  

steady-state response t o  tilt r e h t i v e l y  weak. 

was found tha t  with l i t t l e  pract ice  the  subjects were able not only t o  main- 

In the present experiments it 

t a i n  t h e i r  s t a t i c  equilibrium but could walk, run, and perform other self- 

locomotive tasks which indicates t ha t  man w i l l  f ind  it re la t ive ly  easy t o  

adapt t o  the lunar conditions. 

Some data were obtained for  three subjects comparing the difference i n  

posture and limb motion during locomotion fo r  ear th  and lunar gravity condi- 

t ions and the resu l t s  are presented i n  figures 4 through E. 

herein will be l imited t o  those aspects which it i s  f e l t  are important f o r  

The discussion 

equilibrium and which indicate the  extent of control and coordination of the 

motion of various pa r t s  of the body. (For a discussion of the data re la t ive  

t o  locomotion characterist ics,  see ref. 8. ) 

Figure 4 reconstructed from the f i lm  records presents qual i ta t ively the  

difference i n  posture and position of the body members for  the  subjects 

walking, loping, and sprinting i n  the  earth and simulated lunar gravity con- 

dit ions.  

about 1/6-second intervals  giving time h is tor ies  of body member positions f o r  

The figure i s  i n  the form of l i ne  diagrams (stickmen) presented a t  

a t  l e a s t  one step as denoted by the  s o l i d  horizontal bars a t  the  ground level.  

The comparison made fo r  sprinting i s  for  the  maximum sprinting speed which 

turned out t o  be 19.8 fee t  per second for  ear th  gravity and 13.1 f ee t  per 

second for  simulated lunar gravity. The lower value of maximum sprinting 

speed i n  lunar gravity i s  a t t r ibu ted  t o  the loss of t ract ion i n  1/6g. 

the figure it i s  readily seen tha t  there are re la t ive ly  large differences i n  

locomotion character is t ics  for  t he  two gravity conditions. 

From 

This i s  also 

7 



apparent i n  figures 5 through 7 i n  which data corresponding t o  tha t  of f ig-  

ure 4 are presented i n  quantitative form. 

cate the beginning and end of a step. 

tha t  there are large differences i n  amplitudes and rates of motion of the 

various body members fo r  the different gravity conditions as  well as  large 

differences i n  the body lean or back angle. 

of back angle with locomotive rate.  

i s  a plot  of back angle versus locomotive rate.  

angles increased a t  a much higher rate f o r  simulated lunar gravity than f o r  

earth gravity and resulted i n  angles as high as 60°. These angles are 3 or 

4 t i m e s  greater than the maximum obtained i n  the 1 g environment. Figure 9 

shows how the body lean or back angle a f fec ts  the component of gravity along 

and perpendicular t o  the subject 's body. 

The symbols i n  these figures ind3- 

From figures 5 through 7 it can be seen 

There i s  also a large variation 

This i s  more easily seen i n  figure 8 whick 

Figure 8 shows t h a t  the back 

The components a re  simply sine and cosine functions of the body lean 

angle a s  indicated i n  the  figure. The data i n  the figure i l l u s t r a t e  t ha t  even 

though the component along the body i n  simulated lunar gravity i s  decreased by 

30 percent when leaning from Oo t o  60° it is  s t i l l  considerably greater than 

the threshold value indicated by the  so l id  horizontal l ine.  

normal t o  the body increases with body lean but the maximum obtained for  s i m -  

ulated lunar gravity a t  600 i s  much l e s s  than tha t  obtained a t  the  maximum 

body lean angle of 20° used i n  earth gravity. Figure 10 shows the  variation 

with velocity of body lean angles f o r  one of the subjects carrying various 

loads i n  simulated lunar gravity. The data show tha t  as the t o t a l  weight, 

that i s  the w e i g h t  of the subject plus w e i g h t  of h i s  load, approaches tha t  of 

the man with no load i n  ear th  gravity, the ra te  of increase of lean generally 

The component 

decreases and i s  more nearly l i k e  t h a t  for  man with no backpack i n  earth 
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gravity, This would appear t o  indicate that the large body lean used by the 

subject i n  simulated lunar gravity i s  related more t o  the mechanics of loco- 

motion rather than an attempt t o  modify the stimulus t o  the vestibular organs. 

Since the subject carried the weights i n  a frame mounted on h i s  back, an 

i n i t i a l  upper body lean o r  back angle was required t o  keep the resultant 

center of gravity over h i s  hip joint .  This i n i t i a l  lean accounts for  the 

large upper body lean angles used, even a t  low locomotion velocit ies,  by the 

weight-carrying subject. 

body lean angles the subject had no trouble i n  maintaining his balance while 

walking o r  running on the simulator. 

simulator i s  given i n  the appendix of reference 8 and indicates that  only 

about 5 O  of the maximum lean angle i s  a resu l t  of the res t ra in ts  considered. 

It should be pointed out tha t  despite these large 

An analysis of the res t ra in ts  of the 

The data of figures 11 and 12 summarize other differences i n  the re la t ive  

motions of the various body members. 

ure l l ( a )  the hip flexion angles a re  larger f o r  the  lunar condition than f o r  

earth gravity indicating tha t  the legs were carried far ther  forward in  the 

lunar ga i t  than i n  earth gai ts .  

F i r s t  of a l l ,  as  i l l u s t r a t ed  i n  f ig-  

This i s  at t r ibuted t o  the f ac t  t ha t  with the 

large body inclinations noted the legs had t o  be carried farther forward t o  

maintain balance. 

ure l l (b ) ,  and gave the subject an appearance of walking stiff-legged fo r  the 

lunar simulation. 

required fo r  lunar ac t iv i t i e s  with the weight on the legs re la t ively low.  

This i n  turn resulted in  decreased knee flexion, f ig-  

It appears l ike ly  tha t  the normal knee action is  not 

A s  shown in  figure 12, there was also a difference i n  ra tes  of l i m b  

motion for  earth and simulated lunar walking. 

hip and knee motions for  lunar walking were about one-half tha t  for  earth 

walking a 

The maximum angular ra tes  f o r  
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The results of these experiments generally indicate tha t  the subjects 

a r e  able t o  adapt t h e i r  limb motions t o  the decreased gravity conditions and 

a re  able t o  maintain equilibrium even while running a t  about 13 f ee t  per sec- 

ond. Indeed, as the short f i l m  supplement w i l l  show, man can also jump and 

perform acrobatics using the simulator, indicating the ease with which man 

aceomnodates t o  the unusual environment. Some experiments performed with the  

subjects wearing a suit pressurizedto 3.7 ps i  indicated that  wearing a pres- 

surized suit would not a f fec t  the resul ts  enough t o  al ter the general conclu- 

sions reached herein pertaining t o  man's equilibrium. O f  course, it i s  

assumed tha t  the suit would not severely r e s t r i c t  the subject 's vision. 

CONCLUDING REMARKS 

On the basis of the observations and t e s t s  examining man's a b i l i t y  t o  

perform under the reduced gravity conditions on the lunar surface it appears 

reasonable t o  assume that ,  with some training, man w i l l  be able t o  maintain 

h i s  equilibrium and orientation while moving on the lunar surface. It i s  

suggested, however, t ha t  experiments i n  reduced-gravity simulators a s  w e l l  

as  i n  1/6g parabolic f l i gh t s  be continued t o  obtain additional pertinent 

information. 
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Figure 1.- Definition of body angles. A l l  angles are positive as shown. 
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Figure 2.- I l l u s t r a t ion  of the reduced gravity simulator. 
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Figure 8.- lvIaximum body lean or  back angle versus locomotion rate at lg and $ €5. 
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