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A B  ST RA CT 

A bungee-cord suspension system used f o r  the s i m u l a t i o n  o f  lunar  g r a v i t y  
was designed, f a b r i c a t e d  and dynamical ly  t e s t e d  t o  p rov ide  data on the v a l i d i t y  
o f  the 1/6-9 s i m u l a t i o n .  Two t e s t  sub jec ts  walked a t  2 and 4 KPH, loped a t  
6 and 8 KPH and ran a t  6 and 8 KPH on a ha rd  surface a t  1/6 g i n  the  bungee-cord 
s imu la to r .  Me tabo l i c  cos ts  were measured d u r i n g  a preexerc i se  r e s t  per iod,  
a 14-min exe rc i se  per iod,  and a 6-min pos t  exe rc i se  per iod .  Dynamic t e s t i n q  
of the  s imu la to r  d u r i n g  jumping events w i t h  constant  a c c e l e r a t i v e  fo rce  i n p u t  
showed e r r o r s  o f  15.5 percent  t o  20.2 percent  i n  t o t a l  t i m e  a l o f t  and -21 . 2  
percent  t o  -27 .4  percent  i n  maximum he igh t  achieved when compared t o  i dea l  t ime 
and h e i g h t  responses. Me tabo l i c  ra tes  were s i m i  l a r  t o  those repo r ted  i n  Phase I 
of t h i s  s tudy.  D i f f e rences  between the bungee-cord s imu la to r  and the s imu la to rs  
used du r ing  Phase I cou ld  no t  be d i sc r im ina ted .  
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Th is  r e p o r t  was prepared by the Department of Li ' fe Sciences, A i  Research 
Manufactur ing Company, a D i v i s i o n  of The G a r r e t t  Corporat i  on, Los Angeles, 
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SECTION I 

INTRODUCTI ON 

Th is  r e p o r t  presents the  r e s u l t s ,  methods, procedures and apparatus o f  
a s tudy  t o  eva lua te  a bungee-cord l una r  g r a v i t y  s i m u l a t o r  suspension system 
and t o  eva lua te  the .me tabo l i c  cos t  o f  human locomotion a t  s imu la ted  1/6 g 
w i t h  t h i s  s i m u l a t o r .  The bungee-cord suspension system was developed and 
t e s t e d  under Phase I1 o f  Contract  NAS 1-7053 f o r  NASA/Langley Research Center. 

The o b j e c t s  o f  the  study were t o  design, bu i  I d  and t e s t  a bungee-cord 
suspension system t o  s imu la te  l una r  g r a v i t y ,  t o  per fo rm manned t e s t s  w i t h  
t h i s  s imu la to r ,  and t o  compare the  r e s u l t s  o f  these t e s t s  t o  r e s u l t s  ob ta ined 
from t e s t s  w i t h  o t h e r  l una r  g r a v i t y  s imu la to rs .  

The exper imental  c o n d i t i o n s  f o r  t he  t e s t s  performed a r e  shown i n  Table 
3-2. The exper imental  program was designed t o  t e s t  the  e f f e c t s  o f  the inde- 
pendent v a r i a b l e s  of v e l o c i t y  and g a i t  w i t h  t h i s  type o f  s i m u l a t o r  on such 
dependent v a r i a b l e s  as me tabo l i c  ra te ,  t o t a l  energy expendi ture,  and s t e p  
r a t e .  





SECTION 2 

FACI LIT1 ES AND APPARATUS 

G EN ERA L 

The t e s t s  were conducted a t  the AiResearch/Garret t  lunar  s i m u l a t i o n  t e s t  
f a c i  I i  t y .  The treadmi 1 1  system, suspension tower, p h y s i o l o g i c a l  and metabo l ic  
apparatus, d i g i t a l  data system, env i  ronmental c o n t r o l  system and computerized 
data r e d u c t i o n  system are  descr ibed i n  d e t a i l  i n  AiResearch Report No. 68-3986, 
"Man's C a p a b i l i t y  f o r  Sel f -Locomotion on the Moon, Volume I - D e t a i l e d  Report," 
Contract  NAS 1-7053, by E. C.  Wortz, e t  a l .  

The bungee cord  used f o r  t h i s  suspension system was of  s u f f i c i e n t  leng th  
and f o r c e  per  u n i t  d e f l e c t i o n  such t h a t  a d e f l e c t i o n  of one f o o t  i n  the l e n g t h  
o f  the  c o r d  d u r i n g  locomotion d i d  n o t  r e q u i r e  a f o r c e  exceeding IO percent of 
the t o t a l  lunar  weight  o f  the pressure s u i t e d  sub jec t ,  gimbal and backpack, 
i .e. ,  4 I b / f t  f o r  40 l b  l u n a r  weight .  

BUNGEE-CORD SUSPENSION SYSTEM 

The bungee-cord suspension system i s  shown i n  F igures 2-1 and 2-2. A 
bungee c o r d  was used t o  p rov ide  the constant  v e r t i c a l  force.  I t  was used i n  
c o n j u n c t i o n  w i t h  a system a l r e a d y  i n  ex is tence a t  the Lunar S o i l  S imu la t ion  
Faci  l i  t y .  F igure  2-3 shows the prev ious tu rb ine-opera ted  suspension system 
modi f  i e d  i n t o  a bungee-cord suspensi on system. The b a s i c  system, c o n s i s t i n g  
o f  a " C "  brace gimbal, swive l ,  yoke w i t h  a i r  pad bear ing,  cable and pu l leys ,  
a l i g h t w e i g h t  beam w / a i r  pads, and t h e  bungee-cord spr ing,  prov ides the  s i x  
degrees o f  freedom desi r e d  f o r  reduced g r a v i t y  s i m u l a t i o n .  The p u l l e y  arrange- 
ment a1 lows the supported ''C" frame t o  remain a t  a constant  h e i g h t  d u r i n g  f o r e  
and a f t  movements o f  the  yoke and a i r  pad assembly. The sources o f  the  degrees 
o f  freedom w i t h  re ference t o  the  s u b j e c t ' s  cen ter  o f  g r a v i t y  a r e  l i s t e d  i n  
Table 2-1 .  

TABLE 2-1 

BUNGEE SIMULATOR DEGREES OF FREEDOM 

Com pone n t 

" C "  Brace gimbal - p i t c h  and r o l  1 

Swivel - yaw 

Bungee c o r d  take-up - v e r t i c a l  

Yoke ( w i t h  a i r  pads) - f o r e  and a f t  

Beam ( p i v o t  and a i r  pads) - l a t e r a l  

Degrees -of - Free dom 

2 

I 

I 

I 
I 

I T o t a l  degrees-of- f  reedom I 6 

3 
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Figure 2-1. Primary Test Area wi th Bungee-Cord Suspension System Instal led 
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Figure  2-2. Layout o f  Bungee-Crrd Suspension System 
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Figure 2-3. Schematic o f  Bungee-Cord Suspension System 
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BUNGEE CORD SELECTION TESTS 

Due t o  t h e  p u l l e y  arrangement shown i n  F igure  2-2, the bungee cord  i s  
w 
2 loaded t o  a - l b  tens ion  and d e f l e c t s  t w i c e  S, t h e  movement o f  weight, W .  

bungee-cord suspension system s p r i n g  r a t e  requirement o f  K = 4 I b / f t  f o r  a 
40 l b  lunar  weight t h e r e f o r e  l i m i t s  the  bungee cord  used t o  a s p r i n g  r a t e  o f  
K = I I b / f t .  A design l i m i t  o f  a maximum jump o f  S = 2 f t  was es tab l i shed ;  
t h i s  requ i res  a bungee co rd  d e f l e c t i o n  of  4 f t .  A t y p i c a l  s u i t e d  sub jec t  w t h  

The 

a 75 - lb  backpack weighs approx imate ly  240 t o  270 l b .  The bungee-cord load 
c a r r y i n g  des ign requirement would be approx imate ly  100 t o  113 l b .  The phys 
t e s t  s i t e  dimensions l i m i t  each loaded bungee cord  length  t o  approx imate ly  
f t .  

ca 1 
00 

An o f f - t h e - s h e l f  cord  per MIL-C-56518 Type I was se lec ted  f o r  p r e l i m i n a r y  
f e a s i b i l i t y  t e s t s .  The cord  cons is ted  of s t rands of rubber encased i n  a woven 
c o t t o n  ou te r  cover ing.  Tests were conducted us ing  1/2- and 5 /8- in .  d i a  shock 
cords t o  determi ne whi ch bungee-cord diameter wou1 d meet the requi  red speci f i - 
ca t i ons .  

A bungee cord  o f  7 4 - f t  leng th  and 5/8- in .  d i a  was then tes ted .  I t  was 
found t h a t  92 f t  of loaded leng th  was requ i red  t o  l i f t  the 105 I b .  Adding 2 l b  
t o  the suspended weight r e s u l t e d  i n  a d e f l e c t i o n  o f  1.8 f t  and a s p r i n g  r a t e  o f  
K = 1 . 1 1  I b / f t .  To increase the d e f l e c t i o n  t o  4 f t  the t o t a l  loaded length  o f  
the bungee cord  was doubled t o  approx imate ly  150 f t .  Repeating the  s p r i n g  r a t e  
t e s t  r e s u l t e d  i n  a s p r i n g  r a t e  o f  K = 1.0 l b / f t  and a d e f l e c t i o n  o f  4 f t .  

As a r e s u l t  of the p r e l i m i n a r y  t e s t s  a 5 /8 - in .  d i a  x 136- f t  t o t a l  leng th  
bungee cord  d i v i d e d  i n t o  two sec t i ons  o f  63- and 7 3 - f t  lengths was se lec ted  t o  
be used i n  the f i n a l  t e s t  c o n f i g u r a t i o n  (F igure 2-2). The bungee-cord suspension 
system's maximum l i f t i n g  f o r c e  was determined t o  be approx imate ly  215 l b .  

BUNGEE-CORD SUSPENSION TESTS 

E f f e c t i v e  Spr ing  Rate Tests 

The f i r s t  t e s t  was performed t o  determine i f  the  bungee cord  se lec ted  f o r  
the f i n a l  t e s t  c o n f i g u r a t i o n  would meet t h e  10 percent  of lunar  weight requ i re -  
ment, i .e . ,  4 l b / f t  f o r  a 40- lb  lunar  weight .  A mass o f  212 l b  was balanced 
about 3 ft above t h e  t r e a d m i l l  sur face.  Resu l ts  o f  adding o r  s u b t r a c t i n g  weights  
t o  the 212-lb mass are  presented i n  Table 2-2. Wi th  3 . 9  l b  removed from the 
suspended mass, the weight bucket would no t  r e t u r n  t o  t h e  neu t ra l  p o s i t i o n .  
Removing 4 . 8  I b  from the bucket a l lowed the bungee system t o  overcome the f r i c -  
t i  ona 1 hys te  res i s . 
P u l l e y  F r i c t i o n a l  Force Test 

To determine the f r i c t i o n a l  f o r c e  inherent  i n  the pu l leys ,  the bungee-cord 
was rep laced w i t h  a counterweight  as shown i n  F igure  2-4. A 200-lb weight was 
counterbalanced. A fo rce  o f  6.3 Ib,when added t o  e i t h e r  s ide  o f  t h e  system, 
would e i t h e r  l i f t  or  lower the weight f rom the maximum balanced he igh t  o f  the 
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Figure 2-4. Test Setup for Determination o f  the Pulley 
Friction o f  the Bungee-Cord Suspension System 
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TABLE 2-2 

A Weight, 
l b  

+3.9 

+3.9 

+3.9 

-4.8 

-4.8 

-4.8 

Def lec t ion ,  K,  
i n .  1 b / f  t 

10.5 4.46 

13.0 3.60 

I I .5 4.06 

15.0 3.84 

17.0 3.39 

16.0 3.60 

t r e a d m i l l  sur face  o r  v i c e  versa.  Thus, t h e  t o t a l  f r i c t i o n a l  f o r c e  inherent  i n  
the p u l l e y s  i s  6.3 l b .  

Dynami c Tests 

To 
s y s tern, 
t o  a su 
a1 lowed 
f ree- fa  

a r e :  

e v a l u a t e  the  dynarni c character ;  s t i  cs o f  the bungee-cord suspension 
a known v e r t i c a l  v e l o c i t y  was impar ted t o  a suspended mass e q u i v a l e n t  
t e d  s u b j e c t  w i t h  75- lb  backpack a t  1/6 g. The suspended mass was then 
t o  f r e e - f a l l  i n  the  v e r t i c a l  d i r e c t i o n .  The equat ions o f  mot ion f o r  a 
l i n g  o b j e c t  w i t h  an i n i t i a l  v e l o c i t y  V and constant  a c c e l e r a t i o n  0’ 

( 1  1 - h - -  max 2a Max hei  gh t  

Tota 2v 0 f r e e - f l i g h t  t ime (T) = - a 

The dynam c t e s t  setup i s  shown i n  F igure  2-5. A pneumatic p i s t o n  pro- 
v i d e d  the d r i v  ng f o r c e .  Vary ing  the a i r f l o w  r a t e  through a manual shutof f  
va lve  changed the  v e l o c i t y  t o  be impar ted t o  the suspended weight .  
g r a d i e n t  d u r i n g  the  s t a r t u p  was n o n l i n e a r  b u t  approached a constant  v e l o c i t y  
a t  the end o f  the 18-11-1. p i s t o n  s t r o k e .  A pressure t ranzducer  measured a i r  
p i s t o n  pressure.  A r e e l - t y p e  p o s i t i o n  t ransducer  mounted a t  the center  o f  the 
overhead t r o l l e y  measured the p o s i t i o n  o f  the weight.  A we igh t -p is ton  s w i t c h  
measured the  f r e - f l i g h t  t ime.  A load c e l l  a t t a c h e d  between the  weight and 
load p ickup cable measured the  changes i n  p ickup cable tens ion .  The p i s t o n  
pressure, p o s i t i o n  t ransducer  and contac t  s w i t c h  s i g n a l s  were a1 1 recorded on 
an o s c i l l o g r a p h  recorder .  The load c e l l  s i g n a l s  were recorded on an Offner 
Dynagraph. 

The v e l o c i t y  

The contac t  s w i t c h  s i g n a l s  were a l s o  recorded on t h e  Of fner .  

9 
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Figure  2-5.  Dynamic Test Setup f o r  the Bungee-Cord Suspension System. 
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A t o t a l  of 23 separate t e s t s  were run a t  9 - ,  15-, and 22- in .  he igh ts .  
S i x  r e p e t i t i o n s  a t  each h e i g h t  were recorded. Appendix A conta ins  the data 
f rom th ree  se lec ted  t e s t s  a t  each h e i g h t .  

Ca lcu la t i ons  were performed o n l y  f o r  one se lec ted  t e s t  a t  each h e i g h t .  
The i n i t i a l  and f i n a l  v e l o c i t i e s  were g r a p h i c a l l y  determined from the data. 
The maximum h e i g h t  was a l s o  measured from the data.  Using the h e i g h t  versus 
t ime data and a curve f i t t i n g  computer program the  a c c e l e r a t i o n  and v e l o c i t y  
p r o f i l e s  were c a l c u l a t e d .  Table 2-3 compares t h e  maximum he igh t  and t o t a l  
t i m e  between the i d e a l  and bungee-cord suspension system. F igure  2-6 i s  a 
g raph ica l  comparison of curves f o r  i d e a l  and ac tua l  h e i g h t  versus i d e a l  and 
ac tua l  t i m e  f o r  a 15- in .  maximum h e i g h t  jump. 

To g r a p h i c a l l y  determine the a c c e l e r a t i o n  and v e l o c i t y  p r o f i l e  d i r e c t l y  
f rom the  a c t u a l  data would i n t roduce  a gross e r r o r ,  e s p e c i a l l y  a t  the top  o f  
the curve where the  s lope i s  almost f l a t .  A curve f i t t i n g  computer program 
was used t o  t r a n s f e r  t he  a c t u a l  data i n t o  a polynomial  s o l u t i o n  of a t  l e a s t  
a s ix th-degree equat ion .  E r r o r  was in t roduced when read ing  the he igh t  and 
t ime i n p u t s  o f  the  recorded data.  The v e l o c i t y  and a c c e l e r a t i o n  data were 
ob ta ined by t a k i n g  t h e  d e r i v a t i v e s  of computed equat ions.  The a c c e l e r a t i o n  
and v e l o c i t y  p r o f i l e  r e s u l t s  f o r  t e s t s  4, I O  and 19 a re  shown i n  Table 2-4. 

Discuss ion o f  T e s t  Resul ts  

The s p r i n g  r a t e  and d e f l e c t i o n  of the bungee-cord suspension system met  
the design requi  rements. A I  though temperature, humi d i  t y ,  age, and o the r  v a r i  - 
ables a l l  a f f e c t  the phys ica l  p r o p e r t i e s  o f  the bungee t o  some degree, no 
at tempt  was made t o  a s c e r t a i n  these r e l a t i o n s h i p s .  

Resul ts  f rom the bungee-cord suspension system p u l l e y  f r i c t i o n a l  t e s t  
i n d i c a t e  a h i g h  f r i c t i o n a l  load  (6.3 I b )  t o  move the  balanced mass. A t y p i c a l  
sub jec t  balanced a t  1/6 g has approx imate ly  40 l b  of weight a v a i l a b l e  t o  over-  
come the h y s t e r e s i s  i n  the system. Consequently, the h y s t e r e s i s  was no t  
s u b j e c t i v e l y  de tec tab le .  

The g raph ica l  comparison o f  the  i d e a l  and a c t u a l  curves, shown i n  F igure  
2-6, i l l u s t r a t e s  the e r r o r  bo th  i n  t i m e  and h e i g h t .  The percent  d i f f e r e n c e  
f rom an i d e a l  system ranges from +15.5 percent t o  +20.2 percent  i n  t o t a l  t ime. 
The percent  d i f f e r e n c e  f rom an idea l  system f o r  maximum he igh t  ranges between 
-21 . I  percent  and -27.4 percent .  The data does no t  i n d i c a t e  t h a t  the bungee- 
cord  suspension e r r o r  increases w i t h  the  increase i n  h e i g h t .  The r e s u l t s  o f  
Table 2-5 subs tan t i a te  the hypothes is  t h a t  s i m u l a t i o n  e r r o r  i s  constant  f o r  
i n c r e a s i n g  he igh ts  s ince  the  a c c e l e r a t i o n  du r ing  ascent and descent i s  r e l a -  
t i v e l y  constant .  

The computed average a c c e l e r a t i o n  data reasonably agree w i t h  the graph i -  
ca l  average a c c e l e r a t i o n  data (Table 2-6). 
f i t t i n g  t o  the ac tua l  data would b r i n g  the computed data i n  c l o s e r  agreement 
t o  the graph ica l  data.  

A f u r t h e r  man ipu la t ion  o f  curve 



TABLE 2-3 

COMPARISON OF TOTAL FREE-FALL T I M E  AND 
MAXIMUM HEIGHT BETWEEN THE I D E A L  STATE AND 

THE BUNGEE-CORD SUSPENSION SYSTEM 
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TABLE 2-5 

Ascent Descent rnax’ Accelerat ion,  
i n .  i n/sec2 i n/sec2 

9 8 3 . 4  51 .6 

15 83 .4  50.2 

22 83.5 54 .O 

h 
Acce 1 e r a t  i on, 

GRAPH1 CAL AVERAGE ACCELERATION 
DURING ASCENT AND DESCENT 

Nominal 1/6 g 
Acce 1 e r a t  i on , 

i n/sec2 

6 4 . 3 4  

TABLE 2-6 

AVERAGE ACCELERATION DURING ASCENT AND DESCENT 
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SECTION 3 

PROCEDURES AND TEST DESIGN 

SUBJECT SELECTION 

Two sub jec ts  were used i n  t h i s  study. Both had prev ious  pressure s u i t  
t r a i n i n g  and served as sub jec ts  throughout t h e  Phase I study. They were 
s e l e c t e d  because o f  t h e  exce l l ence  o f  t h e i r  a t t i t u d e ,  h e a l t h  and phys i ca l  
c a p a b i l i t i e s .  Because o f  t h e i r  p r i o r  exper ience t h e  sub jec ts  were f a m i l i a r  
w i t h  the  Gemini pressure s u i t s ,  w i t h  locomotion on t r e a d m i l l s  us ing  va r ious  
1/6-9 s imu la to rs  and w i t h  t h e  t e s t  procedure. Tab le  3-1 shows t h e  anthropo- 
morphic c h a r a c t e r i s t i c s  o f  these two t e s t  sub jec ts .  

EXPERIMENTAL D E S I G N  

The exper imental  program was designed t o  t e s t  t he  e f f e c t s  o f  t h e  inde- 
pendent v a r i a b l e s  o f  v e l o c i t y  and g a i t  on such dependent v a r i a b l e s  as meta- 
b o l i c  r a t e  and s t e p  r a t e  f o r  sub jec ts  us ing  t h e  bungee-cord suspension system 
a t  s imu la ted  lunar  g r a v i t y .  The t e s t  cond i t i ons  a r e  presented i n  Tab le  3-2. 

TEST PROCEDURE 

Sub jec t  P repara t i on  

The sub jec ts  a r r i v e d  a t  the  dress ing  room o f  t h e  t e s t  f a c i l i t y  i n  a post-  
abso rp t i ve  s t a t e .  They f i r s t  s t r i p p e d  t o  the nude, weighed, and donned the  
lower under garments worn w i t h  the  pressure s u i t .  The b i o i n s t r u m e n t a t i o n  was 
then pu t  i n  p lace  and t h e  sub jec ts  resumed t h e  donning o f  t h e  pressure s u i t .  
Before wa lk ing  t o  t h e  s imu la to r  f a c i l i t y  t h e  sub jec t  aga in  weighed h imse l f ,  
t h i s  t ime dressed i n  the  pressure s u i t .  

Bungee-Cord Suspension Procedure 

P r i o r  t o  sub jec t  a r r i v a l  a t  the  t e s t  s i t e  t h e  a i r  pads were a c t i v a t e d  
and checked f o r  proper ope ra t i on .  The bungee-cord tens ion  was pre- loaded t o  
approximately 150 l b .  Ropes were used t o  h o l d  the  " C "  frame i n  p o s i t i o n .  
When the  t e s t  sub jec t  a r r i v e d  a t  t he  t e s t  s i t e  the  s u b j e c t ' s  b io ins t rumen ta -  
t i o n  was checked by connect ing t h e  b i o i n s t r u m e n t a t i o n  connector p l u g  t o  t h e  
mat ing  s u i t  p l u g  and p h y s i o l o g i c  s i g n a l s  recorded. 

The t e s t  sub jec t  was then a t tached t o  t h e  gimbaled "C" frame us ing  a 
molded f i b e r - g l a s s  s h e l l .  The v e n t i l a t i n g  gas hoses and ins t rumen ta t i on  
p lugs  were connected and s u i t  vent f l o w  es tab l i shed .  The s u b j e c t ' s  nose 
c l i p  was f i t t e d  i n t o  p lace  and taped. The helmet was donned and locked down. 
The s u b j e c t ' s  communication was checked o u t .  The b i f u r c a t e d  mouthpiece and 
resp i rometer  connect ions were made and checked. The s u i t  was then p ressu r i zed  
t o  3 .5  ps ig .  A leak  t e s t  o f  t he  b i f u r c a t e d  mouthpiece and hoses was then made, 
Another check was made on a l l  s u i t  connections and c losures  and t h e  s u i t  was 
aga in  checked f o r  leaks. 
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T A B L E  3-1 

ANTHROPOMORPHIC C H A R A C T E R I S T I C S  OF T E S T  SUBJECTS 

T A B L E  3-2 

T E S T  C O N D I T I O N S  

Total 
Tests 

12 

~ 

I 

18 



The " C "  frame t i e  down ropes were re leased and t h e  bungee-cord tens ion  
increased u n t i l  the sub jec t  was i n  a 1/6 g c o n d i t i o n .  The bungee-cord sus- 
pension system's maximum l i f t i n g  f o r c e  i s  approx imate ly  215 16. There fore , the  
sub jec t  was manually l i f t e d  o f f  t h e  t r e a d m i l l  su r face  by t h e  back o f  t h e  "C" 
frame. Lead we igh ts  were added as necessary t o  t r i m  t h e  s u b j e c t ' s  p i t c h  and 
r o l l  axes. The sub jec t  was then r e q u i r e d  t o  jump t o  eva lua te  h i s  balance and 
t o  wa lk  back and f o r t h  t o  determine i f  t h e  a i r  pads were f u n c t i o n i n g  p roper l y .  

Leakage checks were performed a t  a l l  hose connect ions t o  the  b i f u r c a t e d  
mouthpiece and resp i rometer .  I ns t rumen ta t i on  s i g n a l s  were observed p r i o r  t o  
s t a r t i n g  and a t  t he  complet ion o f  each t e s t .  A f t e r  each t e s t  t h e  sub jec t  was 
asked i f  he had any problems o r  comments. Upon complet ion o f  the  t e s t  modes, 
t he  "C" frame was t i e d  down and t h e  sub jec t  removed from t h e  s imu la to r  assembly. 
A f t e r  t he  sub jec t  removed h i s  s u i t  and b i o i n s t r u m e n t a t i o n  sensors, he was asked 
t o  comment on the  t e s t s  w i t h  respec t  t o  t a s k  d i f f i c u l t y ,  comfort,  and o t h e r  
f a c t o r s  t h a t  may have a f f e c t e d  h i s  performance. 

Test Sequence 

A f t e r  t he  sub jec t  was suspended and p ressu r i zed  t o  3.5 p s i g  above atmo- 
s p h e r i c  pressure he was i n s t r u c t e d  t o  beg in  b r e a t h i n g  through t h e  b i f u r c a t e d  
mouthpiece and h i s  p h y s i o l o g i c a l  s t a t e  was cont inuous ly  monitored u n t i l  t h e  
end o f  t h e  t e s t .  When i t  was determined t h a t  he was i n  a steady s t a t e  o f  r e s t  
t h e  t e s t  was begun w i t h  a countdown t o  " s t a r t  t e s t . "  A 2 min r e s t i n g  period, 
du r ing  which t h e  r e s t i n g  me tabo l i c  r a t e  was measured, was f o l l o w e d  by a count- 
down t o  ' ' s t a r t  t r e a d m i l l . "  The sub jec t  walked, ran  o r  loped,according t o  
p rev ious  i n s t r u c t i o n s , a t  one o f  t h e  va r ious  p re -se lec ted  v e l o c i t i e s  f o r  a 14- 
min per iod .  Data samples were taken every minute. A t  t h e  s i x t e e n t h  minute 
(2-min r e s t  and 14-min exe rc i se  pe r iods )  t h e  t r e a d m i l l  was stopped and 6 min 
of pos t -exe rc i se  recovery data was taken w h i l e  the  sub jec t  remained s tand ing  
s t i l l  on t h e  t r e a d m i l l .  Before the  nex t  t e s t  cou ld  be s t a r t e d  the  sub jec t  
was asked about h i s  general  wel l -being,and h i s  h e a r t  r a t e  had t o  be w i t h i n  I O  
percent o f  t h e  i n i t i a l  r e s t i n g  value. Each sub jec t  walked a t  2 and 4 KPH, 
loped a t  6 and 8 KPH and ran  a t  6 and 8 KPH on a h o r i z o n t a l  t r e a d m i l l  w i t h  a 
smooth b u t  h a r d  surface. Each c a r r i e d  a 75- lb  back pack con ta in ing  va r ious  
me tabo l i c  sampling equipment. 

Data C o l l e c t i o n  

A l l  i ns t rumen ta t i on  and data c o l l e c t i o n  procedures a re  descr ibed i n  d e t a i l  
i n  t he  f i n a l  r e p o r t  f o r  Phase I o f  t h i s  con t rac t .  The load c e l l  t r aces  f o r  
t he  s i x  t e s t  modes o f  each sub jec t  a r e  presented i n  Appendix B. 
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SECTION 4 

RESULTS AND D I S C U S S I O N  

RESULTS 

The p r i n c i p a l  p h y s i o l o g i c a l  dependent v a r i a b l e  measured d u r i n g  these 
t e s t s  was m e t a b o l i c  ra te.  M e t a b o l i c  r a t e  was measured by i n d i r e c t  c a l o r i -  
met ry  u s i n g  the  techniques descr ibed i n  the f i n a l  r e p o r t  f o r  Phase I. 

I t  i s  g e n e r a l l y  accepted t h a t  when the  body i s  exerc ised the aerob ic  
metabol i c  requirements should change as a s tep- func t ion .  However, the body 
reac ts  as a r e s i s t o r - c a p a c i t o r  l i n k e d  i n p u t  so t h a t  the  aerob ic  m e t a b o l i c  
r a t e  a c t u a l l y  r i s e s  as an exponent ia l  t o  a s teady-state l e v e l  which i s  main- 
t a i n e d  u n t i l  e x e r c i s e  i s  stopped ( t h a t  is, a s teady-state l e v e l  i s  mainta ined 
unless there  are a d d i t i o n a l  inpu ts  t o  the system). When the e x e r c i s e  i s  
stopped there  i s  an exponent ia l  decay t o  the pre-exerc ise  r e s t i n g  value. The 
d i f f e r e n c e  between the i n i t i a l  l o g a r i t h m i c  r i s e  and the  assumed step f u n c t i o n  
requirement i s  the s o - c a l l e d  "oxygen d e f i c i t , "  w h i l e  the area under the curve 
d u r i n g  the p e r i o d  of l o g a r i t h m i c  decay i s  c a l l e d  "oxygen debt." 
debt  i s  equal t o  the oxygen d e f i c i t .  F igure  4-1 i s  a curve o f  metabol i c  r a t e  
as a f u n c t i o n  o f  t ime and demonstrates these concepts. 

The oxygen 

0 DEFICIT 
/ 2  

W 
I- s 
-I 
-I 
0 
m a 
t; r 0 2  16 22 

REST EXERC I SE RECOVERY 

5-69674 TIME, MINUTES 

F igure  4-1. Metabo l ic  Rate as a Func t ion  o f  Time 

The r e s u l t s  presented i n  F igures 4-2 through 4-7 are the i n d i v i d u a l  data 
f o r  the two sub jec ts  s tud ied .  The curves f o r  changes i n  metabo l ic  r a t e  w i t h  
t ime have been f a i r e d  t o  conform t o  the t h e o r i e s  o f  phys io logy  and are repre-  
s e n t a t i v e  o f  the data. When severa l  o f  the manual ly  f a i r e d  curves were checked 
a g a i n s t  a computer-f i t t e d  curve, there  were no apprec iab le  d i f f e r e n c e s ;  the 
manual l y  f a i  red  curves were determined acceptable f o r  graphing purposes. 

The energy values i n  Table 4-1 represent  average values f o r  the two 
s u b j e c t s  o f  areas under var ious  p o r t i o n s  o f  the curve o f  metabo l ic  r a t e  vs 
time. Areas were determined u s i n g  Simpson's r u l e  o f  i n t e g r a t i o n  which s t a t e s  
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t h a t  the area under a curve can be es t imated by adding up the area o f  polygons 
f i t t e d  under t h a t  curve. The average t o t a l  energy, shown i n  Column I o f  Table 
4-1, represents  the t o t a l  area under the curve from the s t a r t  o f  exe rc i se  t o  
the end o f  the t e s t  and i s  an average f o r  the  two subjects .  For example, the 
t o t a l  energy f o r  the t y p i c a l  curve o f  F igu re  4-1 would be the  area under the 
curve d u r i n g  the p e r i o d  o f  exe rc i se  ( 2  min t o  16 min) p l u s  t h a t  o f  the 
recovery p e r i o d  (16 min  t o  22 min).  Column I1 g ives  the average energy used 
by the sub jec ts  du r ing  the  work p e r i o d  (area "a" under curve from 2 min t o  
16 rnin). 
p e r i o d  f o l l o w i n g  exerc ise,  the cross-hatched area under the curve p l u s  the  
r e s t i n g  l e v e l  energy f rom 16 min t o  22 min. Area "b," the cross-hatched area 
d u r i n g  recovery, i s  t h e ' s 0  c a l l e d  oxygen debt and represents  the energy 
requ i red  t o  repay the oxygen d e f i c i t  acqu i red  d u r i n g  the work phase. Column 
I V  g ives  the  r a t i o  o f  pos t -exerc ise  metabolism t o  the t o t a l  energy requirement 
(Column I I /Column I). 
work performed (Column V I  x 14 rnin). 
pe r  minute f o r  the exe rc i se  task  (a rea  "a" p l u s  "b") d i v i d e d  by 14 min. 
F i n a l l y ,  Column V I 1  shows the ac tua l  average steady s t a t e  metabo l ic  r a t e  
measured du r ing  the l a s t  p o r t i o n  o f  the exe rc i se  per iod .  

Column I11 shows the average o f  the t o t a l  energy du r ing  the recovery 

Column V shows the average t o t a l  energy c o s t  o f  the 
Column V I  g ives  the average energy cos t  

Table 4-2 presents  the steady s t a t e  metabo l ic  data from these t e s t s .  
Inc luded are the i n d i v i d u a l  steady s t a t e  metabol i c  rates,  the mean metabol i c  
r a t e  o f  the two subjects ,  and the  mean metabo l ic  r a t e  and s tandard d e v i a t i o n  
from data c o l l e c t e d  a t  the same v e l o c i t i e s  d u r i n g  the  f i r s t  MOM t e s t i n g  phase 
us ing  the TOSS s imu la to r .  I t  can be seen from t h i s  t a b l e  t h a t  the mean values 
f o r  the c u r r e n t  t e s t s  f i t  w i t h i n  one s tandard d e v i a t i o n  o f  p rev ious  data. 
Those i n d i v i d u a l  values which do no t  l i e  w i t h i n  one s tandard d e v i a t i o n  are 
w i t h i n  the range o f  values noted du r ing  e a r l i e r  t e s t i n g .  

F igure  4-8 shows i n  g raph ic  form the metabo l ic  r a t e s  f o r  these subjects .  
The l i n e s  shown connect the mean values. The i n d i v i d u a l  metabo l ic  ra tes  are 
a l s o  p l o t t e d  f o r  comparison. As w i t h  p rev ious  t e s t s  the walk  data tends t o  
b lend d i r e c t l y  i n t o  the run data on a cont inuous curve. The mean lope data 
i s  cons iderab ly  h ighe r  than f o r  running a t  the  same v e l o c i t i e s .  

Table 4 - 3  shows the data f o r  step rates.  Inc luded are the i n d i v i d u a l  
s tep rates,  the s tep r a t e  mean values, and the mean va lue and s tandard dev ia-  
t i o n  from e a r l i e r  MOM t es ts .  The mean values o f  the c u r r e n t  t e s t s  f i t  w i t h i n  
one s tandard d e v i a t i o n  o f  the prev ious  t e s t s  and the  i n d i v i d u a l  values f a l l  
w i t h i n  the range o f  values f o r  p rev ious  MOM t e s t s .  

D I SCU S S I ON 

S t a t i s t i c a l  analyses are r e l a t i v e l y  meaningless w i t h  o n l y  2 
there fore ,  o n l y  apparent d i f f e r e n c e s  can be descr ibed. However, 
va lues f o r  each locomotive g a i t / v e l o c i t y  l i e  w i t h i n  one s tandard 
the TOSS data from Phase I o f  t h i s  program, the same s t a t i s t i c a l  
can be used on these data. 

sub jec ts  and 
s ince the mean 
d e v i a t i o n  o f  
imp1 i c a t i o n s  
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TABLE 4-3 

STEADY- STATE STEP RATE 

Ve 1 oc i ty, 
Ga i t  kP h 

Walk 2 

4 

Run 6 

8 

Lope 6 

8 

B i 1 lrnan 

94 

I 1 2  

I20 

I48 

6 0  

64 

++Data f o r  6 kph walk from 

Gafvert  

7 4  

IO0 

Mean (y) MOM I 

84 80.17 k8.03 

I 0 6  113.33 t13.91 

137.17 k13.234t 
1 4 2  I 

50 

136.67 216.08 

49.67 k9.91 

57 61.33 k10.20 

MOM I. 
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Since these data do n o t  appear d i f f e r e n t  from prev ious  tes t ing ,  there  
appears t o  be no d i f f e r e n c e  between the TOSS and Bungee s i m u l a t o r s  when the  
m e t a b o l i c  c o s t  o f  p e r f o r m i n g  locomotion a t  1/6 g i n  the  Gemini s u i t  i s  used 
as a c r i t e r i o n .  The e f f e c t  o f  the s u i t  on the c o s t  o f  locomot ion w i t h i n  the  
two s i m u l a t o r s  cannot be determined from these data. Th is  leads t o  the 
f o l l o w i n g  p o s s i b l e  exp lanat ion :  

( I )  There i s  no d i f f e r e n c e  between the  c o s t  o f  locomotion between the  
two types o f  s imu la t ion .  

( 2 )  The var iance i n  m e t a b o l i c  data between s u b j e c t s  can obscure s u b t l e  
d i f f e r e n c e s  between s imulators ,  and the use o f  o n l y  two sub jec ts  
does n o t  p e r m i t  o b j e c t i v e  s t a t i s t i c a l  comparisons o f  the s imu la to rs .  

( 3 )  The use o f  the  r e l a t i v e l y  r i g i d  Gemini pressure s u i t  masks p o t e n t i a l  
d i f f e r e n c e s  between t h e  two s i m u l a t o r s  as eva lua ted  by the m e t a b o l i c  
cos t o f  1 ocomot ion. 

CONC LU S I ONS 

On the  b a s i s  o f  the  observa t ions  and t e s t s  t o  eva lua te  the  bungee-cord 
suspension system f o r  use i n  1/6-g s imulat ions,  i t  was noted t h a t :  

( I )  A g raph ic  a n a l y s i s  o f  the  dynamic response o f  the bungee-cord simu- 
l a t o r  as compared t o  the des i red  ideal  response showed a +15.5 per -  
cen t  t o  +20.2 percent  d i f f e r e n c e  i n  t o t a l  t ime and -21.1 percent  t o  
-27.4 percent  d i f f e r e n c e  i n  maximum h e i g h t  f o r  jumping events. 

( 2 )  There were no d i s c e r n i b l e  d i f f e r e n c e s  between the  metabo l ic  r a t e  
da ta  f o r  the  Phase I study u s i n g  the TOSS and inc l ined-p lane simu- 
l a t o r s  and those repor ted  f o r  t h i s  study. 

( 3 )  There were no apparent d i f f e r e n c e s  between the  s i m u l a t o r  o f  t h i s  
s tudy and the Phase I study based on m e t a b o l i c  r a t e .  The reason f o r  
the  l a c k  o f  d i f f e r e n c e ,  i f  i n  f a c t  t h e r e  are r e a l  d i f fe rences ,  i s  
n o t  understood. However, the use o f  o n l y  two sub jec ts  e l i m i n a t e s  
the  p o t e n t i a l  o f  any o b j e c t i v e  measure based on s t a t i s t i c a l  tech- 
niques. 
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DYNAMIC T E S T  DATA FOR THE BUNGEE-CORD LUNAR GRAVITY SUSPENSION SYSTEM 
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APPENDIX  B 

L O A D C E L L  DATA FOR SUBJECTS U S I N G  THE BUNGEE-CORD SUSPENSION SYSTEM 
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