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ABSTRACT 

I n  a ser ies  o f  t es t s  conducted w i t h  the A7L space s u i t ,  s i x  sub jects  per- 
formed locornot i on  exerc ises under condi t ions t ha t  s imulated lunar  g rav i  ty .  
Independent va r iab les  were treadmi 1 1  ve loc i t y ,  walk ing surface, and lunar  g r a v i t y  
s i m u l a t i o n  technique. The pr imary dependent v a r i a b l e  was the l e v e l  o f  energy 
expendi ture o f  the sub jects .  I n  t h i s  repor t ,  conclusions are drawn about the 
average metobol i c  ra tes  f o r  each task, the e f f e c t s  o f  sur face condi t ions,  the 
e f f e c t s  o f  s irnul a t  i o n  technique employed, and the d i  f ferences between d i f f e r e n t  
types o f  space s u i t s .  
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EVALUATION OF THE METABOLIC COST 
OF LOCOMOTION I N  AN APOLLO SPACE SUIT 

By W. G .  Robertson and E. C. Wortz 
Department o f  L i f e  Sciences 

~ i ~ e s e a r c h  Manufacturing Company, Los Angeles 
A D i v i s i o n  o f  The Gar re t t  Corpcrat ion 

INTRODUCTION . 

Recent developments i n  pressure s u i t  technology have prov ided j o i n t  designs 
t h a t  reduce the torque forces oppos i ng  body movements. The improved des igns 
a l l o w  the wearer b e t t e r  m o b i l i t y  a t  lower energy costs, thereby p e r m i t t i n g  per- 
formance o f  a wider range o f  a c t i v i t i e s .  The research program repor ted he re in  
was designed t o  determine the metabol i c  cos t  o f  se l f - locomot ion  under s imulated 
l una r -g rav i t y  cond i t ions  f o r  a man wearing one o f  these improved pressure s u i t  
des igns-- the A7L ~ ~ o l  l o  s u i t  p resen t l y  used f o r  lunar  exp lo ra t i on .  Performed 
fo r  the NASA Manned Spacecraft  Center (MSC) under Contract  -. i-9, the pro- 
gram included determinat ion o f  energy costs f o r  sub jects  t r ave rs ing  a t  2-, 4-, 
and 6-kph v e l o c i t i e s  i n  two types o f  s imulators,  one o f  which provided s o f t  as 
w e l l  as hard s o i l  surfaces. 
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EXPERIMENTAL DESIGN 

The experimental design f o r  t h i s  program i s  shown i n  f i g .  I. Each b lock 
i n  the ma t r i x  represents a d i f f e r e n t  t e s t  condi t ion,  each o f  which was performed 
by a1 l s i x  subjects. Thus, a t o t a l  of  54 t e s t  modes were completed. The inde- 
pendent var iables were ( I )  t readmi l l  ve loc i ty ,  ( 2 )  s imulat ion technique, and 
(3) surface mater ia l .  

The primary dependent var iable,  determined by open-c i r c u i  t s p i  rometry, was 

I metdbol i c  rate.  Other dependent var iables measured dur ing the tests  included 
1 heart  rate, r e s p i r a t i o n  rate, minute volume, and carbon d iox ide production. 

Surface 

Turbine operated I n c l i n e d  

l o c i  t y  

suspension system plane 

Simulator 

Figure I. Experimental Design 
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METHODS 

Test Subject Se lec t i on  and Tra in ing  

S i x  male subjects were se lec ted  from the AiResearch t e s t  sub jec t  panel. 
Se lec t i on  was based on s u i t  f it, psycholog ica l  and phys io log i ca l  response t o  
s t ress - induc ing  s i t ua t i ons ,  abi 1 i t y  t o  pass a  spec ib l  phys ica l  examination, and 
phys ica l  cond i t ion ing .  Each p o t e n t i a l  t e s t  sub jec t  was f i t t e d  i n  the s u i t ,  
pressurized, and exerc ised t o  ensure compati b i  1 i ty .  Ten ta t i ve  sub jec t  s e l e c t  i on  
was made by human engineer ing and phys io log i ca l  observers. Those who f i t  the 
s u i t ,  demonstrated the best coord inat ion,  and d i d  not bec2me e x c i t e d  o r  confused 
under s t r e s s f u l  cond i t ions  were g iven a  thorough phys ica l  examination. The s i x  
men who best  met the c r i t e r i a  were se lec ted  as t e s t  sub jects  f o r  t h i s  program. 

Each sub jec t  was g iven p r a c t i c e  i n  walk ing on a  t r e a d m i l l  a t  I g  i n  muf t i .  
Th is  a c t i v i t y  was fo l lowed by unsu i ted and pressure-sui ted t r a i n i n g  i n  bo th  
the i n c l  ined-plane and turbine-operated suspens i on  system (TOSS) lunar g rav i  t y  
s imula tors .  Dur ing t h i s  period, the sub jects  were fami 1 ;;I-ized w i t h  the b io -  
ins t rumenta t ion  and var ious measurement techniques. T r a i n i n g  was cont inued 
u n t i l  the metabol i c  ra tes become s t a b l e  fo r  each sub jec t  wnen measured dur ing  
exerc ise  i n  m u f t i  on a  t r eadmi l l  a t  I g. Metabol ic  r a t e  measurements were 
repeated a t  the end of  pressure-su i ted t e s t i n g  t o  demonstrate t ha t  s i g n i f i c a n t  
changes i n  the t e s t  sub jec ts1  phys ica l  cond i t ions  had not  occurred. The exper i -  
mental des ign, tes t ing techniques, and t e s t  crew ro les  were discussed w i t h  the 
t e s t  sub jec ts  unt  i 1 each had an understanding o f  what was expected o f  him dur ing  
each t e s t .  

The height ,  weight, and body surface area o f  the sub jects  t ha t  p a r t i c i p a t e d  
, n  t h i s  program are g iven i n  t a b i e  I. ~ l l  s i x  sub jects  completed a1 1 phases o f  

. the program, 

Metabol i c  Rates Before and A f te r  Pressure-Su i ted  res ts  

The oxygen consumption f o r  each o f  the s  i x  t e s t  sub jects  was measured a t  
res t ,  2 kph (1.24 mph), and 4 kph (2.49 mph) a t  I g i n  m u f t i  immediately p r i o r  
t o  and immediately f o l  lowing the pressure s u i t e d  tes ts .  Oxygen consumpt i c i , ~  
were measured by c l o s e d - c i r c u i t  sp i rometry  us ing a  Goddard Pulmonet. A resp i ra -  
t o r y  quo t i en t  (R.Q.) o f  .83  was assumed i n  conver t ing  oxygen consumption t o  

I 
I kcal/min. 

I Pressure Sui t Desc r i p t i on  

I The basic pressure s u i t  garment was an I n t e r n a t i o n a l  Latex Corp. A61 t h a t  
had been upgraded t o  an A7L con f i gu ra t i on .  Tlie pressure s u i t  used had as en 

I in teg ra ted  p a r t  o f  the garment a  thermal meteor; t e  garment. Tes t ing  was per- 
formed w i thou t  the normal communicatio:~s cap t o  permi t  mod i f i ca t i on  o f  the helmet 
t o  inc lude  a  s e t  o f  AiResearch one-way valves. This m o d i f i c a t i o n  inc luded two 

i I - i n .  penet ra t ions a t  the s i d e  o f  the helmet f o r  attachment of ( I )  r e s p i r a t o r y g d s  
1 ines lead ing  from the mouthpiece and one-way valves t o  a respirometer mounted 
i n  an a i r t i g h t  conta iner  and (2 )  a gas 1 ine re tu rn ing  the resp i ra ted  gas t o  the  



TABLE I 

ANTHROPOMORPHIC CHARACTERISTICS 
OF TEST SUBJECTS 

helmet on the oppos i te  s ide.  This r e t u r n  l i n e  was f i t t e d  w i t h  a  d e f l e c t o r  
ad justed t o  d i r e c t  the exp i red  gas down . in to  the s u i t  t o  minimize carbon d iox ide  
rebreathing.  Communications were obtained by mounting a  microphone near the one- 
way mouthpiece and a small  speaker i ns ide  the helmet by the r i g h t  ear. The 
helmet c o n f i g u r a t i o n  i s  shown i n  f i g s .  2 and 3. 

--< 

Heiqht Weight , Age, Body sur face 
Subject  in .  cm 1 b k9 years ~ r e a ,  m 

r 2 

Lunar Grav i t y  S imula t ion 

R. B. 

D.C. 

S.D. 

M. G .  

K.S. 

R. W. 

The tes ts  conducted dur ing  t h i s  program were performed a t  the AiRescarch 
outdoor f a c i l i t y  espec ia ! l y  designed f o r  c o l l e c t i n g  phys io log i ca l  data from men 
working i n  reduced-gravi ty  environments. A general layou t  o f  the area i s  shown 
i n  f i g .  4.  

I n c l  ined-plane simulator.--The i n c l  ined-plane s imu la to r  provides the sub- 
j e c t  w i t h  three degrees o f  freedom a t  1/6 g ( re f .  I and 2 ) .  ' I t  cons is ts  o f  a 
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69 .5  
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70 .5  

treadmi 1 I, a suspension system, and a tower f o r  the suspension system. 

The t readmi l l  i s  a  60-in.-wide i nc l i ned .  f l a t  conveyor t h a t  measures 16 f t  
between the centers o f  the head and t a i  1 pu l  leys. The surfcrca i s  o f  un i formly  
t u f t e d  rubber t h a t  provides dependable t r a c t i o n .  The t r e a d m i l l  i s  mounted on a  
frame tha t  holds i t  a t  an angle o f  9-1/2 deg from v e r t i c a l .  The frame i s  pos i -  
t i oned  a t  t ha t  d is tance from the base o f  the tower k h i c h  provides optimum t rac -  
t ion  and acce le ra t i on  f o r  the suspended sub ject .  The sub jec t  i s  suspended 
perpendicular  t o  the t r eadmi l l  surface, which r e s u l t s  i n  an e f f e c t i v e  g rav i t a -  
t i o n a l  fo rce  t o  h i s  f ee t  almost equ iva lent  t o  t ha t  on the lunar surface. The 
suspens ion  sys tern cons i s  t s  o f  cab1 i ng  t ha t  i s  at tached t o  foam-rubber-f i 1 l e d  
s l i n g s  ho ld ing  the sub ject  a t  one end and t o  a t r o l l e y  a t  the o the r  end. The 
t r o l l e y  runs along a 40- f t - long  ho r i zon ta l  beam at tached t o  the tower 136 f t  
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Figure 2. Subject Holding Helmet with 
In terna l  Apparatus Exposed 



Figure 3. External Hose Connections to Helmet 
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above the ground. Two sets  o f  h i g h - q u a l i t y  r o l l e r s  on the t r o l l e y  minimize 
f r i c t i o n  drag forces dur ing  movement a long the beam. A swive led eychook i s  
prov ided between these ro l l e i - s  f o r  the attachment o f  the r ia in  suppor t ing cable, 
which i s  made o f  I /4 - in .  s t a i n l e s s  s t e e l  wire.  Th is  cab le  extends from the 
t r o l l e y  t o  a he igh t  o f  75 f t  where i t  attaches t o  the load d i s t r i b u t i o n  bar. 
The cables used f o r  suspending the sub jec ts  and backpacks are  at tached t o  t h i s  
bar.  A sa fe ty  cab le  made o f  5/16-i  n. Dacron b ra ided  rope proof  tes ted  t o  1500 l b  
w i l l  suppnrt the suspension system i n  the event o f  main support  cab le  f a i l u r e .  
A s u i t e d  sub jec t  i s  shown i n  the inc l ined-p lane  s imu la to r  i n  f i g .  5. 

I 

, 
! V e r t i c a l  suspension simulat ion.--Lunar - g r a v i t y  s i m u l a t i o n  w i t h  v e r t i c a l  

suspens ion  was prov ided by a turb ine-operated suspens ion  sys tern (TOSS) designed I 

and-developed by AiResearch t o  improve the dynamic response over o the r  systems 
used f o r  the s imu la t i on  o f  reduced g r a v i t y  i n  manned tes t i ng .  The bas i c  system, 
i l l u s t r a t c d  schemat ica l ly  i n  f i g .  6, cons i s t s  o f  a C-brace gimbal, a swivel, 
a yoke w i t h  a i r  pad bearing, a cab le  t h a t  passes over and under a system o f  
pu l leys ,  a l i gh twe igh t  beam, and a t u rb ine  take-up pu l l ey .  The a i r  t u rb i ne  
acts  as a constant - tens ion device which winds up the v e r t i c a l  cab le  du r i ng  up- 
ward movements of  the sub jec t  and provides a b rak ing  force du r i ng  downward 
movements. The system provides the six-degrees-of-freedom des i red f o r  reduccd- 
g r a v i t y  s imula t ion.  The sources o f  the degrees-of-freedon,-wi t h  re ference t o  
the cen te r  o f  g r a v i t y  of  the sub jec t ,  a re  1 i s t e d  i n  t a b l e  11. 

The var iab le-sur face treadmi 11 system used i n  con junct  i on  w i t h  TOSS con- 
t a i ns  fou r  conveyor be1 ts, a f l a t -be1  t conveyor ( the treadmi ll), a storage 
hopper, the d r i v e  f o r  each be l t ,  the p l a t f o r m  s t ruc tu re ,  and o ther  equipment 
requ i red  t o  operate the system. S o i l  i s  deposi ted on the t r e a d m i l l  b e l t  t o  
s imu la te  lunar su r face  cond i t i ons .  The depth of the s o i l  sur face deposi ted on 
the b e l t  f o r  any g i ven  t r e a d m i l l  speed i s  determined by the p o s i t i o n  o f  a com- 
b ined s'preader and hopper gate. The gate  i s  h y d r a u l i c a l l y  operated by a manual 
c o n t r o l  valve. Fig. 7 shows a s u i t e d  sub jec t  wa lk ing i n  the TOSS on s imula ted 
lunar s o i l .  

A f i be rg lass  she1 1 contoured t o  the shape o f  the pressbre s u i t  i s  used f o r  
mounting the sub jec ts  i n  the TOSS s imu la to r .  The s h e l l  encloses the t o r s o  o f  
the pressure s u i t ,  d i s t r i b u t e s  the suspension loads over la rge  areas, and pro- 
vides a s tab le  and un i form s t r u c t u r e  f o r  suspension and attachment o f  equipment; 
I n  the h i p  and shoulder aieas, the s h e l l  was c u t  t o  prevent i n te r f e rance  w i t h  
l e g  o r  arm movements. The f i be rg lass  s h e l l  i s  l i n e d  w i t h  a p l a s t i c  foam t o  
e l im ina te  i r r e g u l a r i t i e s  i n  matching the s u i t  con f i gu ra t i on .  Holes are c u t  ou t  
of  the f r on t  p iece f o r  the v e n t i l a t i o n  and ins t rumenta t ion  connect ions and f o r  
the pressure s u i t  helmet ad jus t i ng  s t rap .  The backpack i s  fastened t o  the  back 
piece the s h e l l  t o  ensure u n i f o r m i t y  o f  p o s i t i o n  from t e s t  t o  t e s t .  
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Figure 5. Suited Subject in Incl ined - Plane Simulator 
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Figure 6. Turbine-Operated Suspension System 



Figure 7. Subject Traversing in  the TOSS 
on Simulated Lunar Soil 



TABLE 11: 

TOSS DEGREES-OF-FREEDOM 

Turbine take-up - v e r t i c a l  

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

Lunar Surface S imu la t ion  

The mater ia ls  fo r  s imu la t i ng  the lunar surface were se lec ted  based on data 
from the Surveyor program ( re fs .  3 and 4 )  and personal corrmunications w i t h  
personnel o f  the Je t  Propuls ion Laboratories.* The p r i n c i p l e  f ac to rs  a f f e c t i n g  
the t r a f f i c a b i  1 i t y  o f  a s o i  1 sur face r e l a t e d  t o  a man moving over t h a t  sur face 
are not  we l l  defined. Whether the most predominant cons idera t ion  i s  dens i t y  o r  
shear s t reng th  i s  not  known. However, i t  i s  agreed t h a t  s o i l  can f a i l  e i t h e r  
i n  bear ing o r  shear by the sub jec t  push-of f .  A sandblast ing type o f  sand w i t h  
concrete aggregate and crushed g r a n i t e  was chosen as one o f  the mos t 1 i k e l y  
candidate s o i l s  t o  s imula te  the lunar surface. The rough o r  rubble-strewn 
sur face areas around Surveyor spacecraf ts I, 111, and V show tha t  a reasonably 
un i fo rm sur face p a r t i c l e  s i z e  can be expected i n  the r e l a t i v e l y  smooth lunar  
maria. The s i z e  d i s t r i b u t i o n  was taken from the Surveyor V report ,  and al though 
the area immediately adjacent t o  Surveyor V d i d  not  con ta in  as many la rge  par- 
t i c l e s  as the areas around Surveyors I and 111, there i s  good general agreement. 
The s izes o f  the concrete aggregate and crushed g r a n i t e  mixed w i t h  the sand 
range from 4.8 mrn (0.187 in . )  t o  62 nun (2.5 in. ) .  A d i s t r i b u t i o n  s i r n i l a r  t o  
t h a t  repor ted i n  the Surveyor program was obta ined by adding the coarse aggregate 
vo iume t r i ca l l y  t o  the sand. I n  a comparison o f  the t e s t  data w i t h  the s e l e c t i o n  
c r i t e r i a ,  t h i s  ma te r i a l  compared favorab ly  w i t h  the repor ted  lunar  sur face prop- 
e r t i e s .  

Environmental Contro l  System 

The environmental c o n t r o l  system (ECS) used in '  t h i s  program was des igned as 
an open-loop s u i t  p ressu r i za t i on  and v e n t i l a t i o n  system, which c o n t r o l l e d  the 
s u i t  v e n t i l a t i o n  f l o w  rate, s u i t  i n l e t  dry  bu lb  temperature, and sui t - to-ambient  

- 
*Communications wi ;& F. Scott,  Professor o f  C i v i  1 Engineering, Cal i f o r n i a  

I n s  t i tute o f  Technology (~urve \ /o r  team member), ~anuar; and ~ e b r u a r ~  1968. 



d i f f e r e n t i a l  pressure. I n  add i t ion,  i t  was used t o  determine and record the s u i t  
o u t l e t  v e n t i l a t i o n  temperature, f l o w  r a t e  pressure, and dew p o i n t  temperature. 
A schematic o f  the ECS i s  shown i n  f i g .  8. 

Phys io log ic  and Metabol ic  Apparatus 

Instrumentat ion.--The phys io log ic  ins t rumentat ion used t o  determine the 
var ious parameters For these experiments i s  l i s t e d  i n  t a b l e  I11 and shown 
schemat ical ly  i n  f i g .  9. I n  a d d i t i o n  t o  the analog data c o l l e c t i o n  system, 
p rov is ions  were made f o r  an ana l9g- to -d ig i ta l  conversion system w i t h  automatic 
record ing of  a l l  d i g i t a l  data on punched paper tape. The format o f  t h i s  tape 
was programmed t o  match the computer l i n k  located w i t h i n  :he t e s t  f a c i l i t y .  
With the d i g i t a l  recording system, i t  i s  poss ib le  t o  c a l c u l a t e  the  data f o r  each 
mode as i t  i s  accumulated o r  as o f t e n  as desired. Thus, i t  i s  poss ib le  t o  eva l -  
uate the dats  as they a re  obtained. The d i g i t a l  data a c q u i s i t i o n  system com- 
p r i s e s  a 20-channel m u l t i p l e x i n g  un i t ,  an ampl i f i e r ,  an ana log - to -d ig i t a l  
converter, a b u f f e r  un i t ,  and a tape per fo ra to r .  

A l l  parameters requ i re  s i gna l  cond i t i on ing  p r i o r  t o  data recording.  Power 
s e n s i t i v i t y ,  balance, and range adjustments were inc luded i n  the s i gna l  condi- 
t i o n i n g  equipment. A l l  in format ion recorded on the d i g i t a l  system i s  cond i t ioned  
f o r  a dc output  o f  0 t o  10.0 mv. Standard system accuracy i s  +.I percent. 
Standard system quan t i za t i on  us ing the successive approximation ana log - to -d ig i t a l  
conver ter  i s  three d i g i t s  (I p a r t  i n  1,000). 

Metabol ic ra tes were measured by i n d i r e c t  ca lo r imet ry .  The bas ic  resp i ra -  
t o r y  system f o r  the s u i t e d  tes ts  i s  shown i n  f i g .  10. I n  t h i s  system, i nsp i red  
a i r  i s  drawn from the helmet through a s e t  o f  AiResearch one-way valves mounted 
i n t e r n a l l y  t o  the mouthpiece. The exp i red  gases pass from the valves through an 
ex te rna l  hose leading t o  a Franz-Mueller-type respirometer encased i n  a pressure 
vessel t h a t  i s  at tached t o  the C-brace. The exp i red volume . i s  measured by the 
respirometer. Expired volume i s  conducted back t o  the l e f t  s i de  o f  the helmet 
where it passes through a p o r t  i n  the rear  o f  the helmet and i s  de f l ec ted  down- 
ward i n t o  the a i rs t ream from the helmet t o  the t runk  o f  the s u i t .  The one-way 
valves used i n  the system are shown i n  the helmet c o n f i g u r a t i o n  ( f i gs .  2 and 3). 
These valve assemblies con ta in  2 wedge-shaped aluminum f o i l  valves which d i r e c t  
the f low. The dead space o f  t h i s  valve i s  14 cc; t o t a l  dead space, which i n -  
cludes the mouthpiece, i s  16cc. 

Tests were performed on the valve assembly t o  determine the pressure drop 
i n  the valves dur ing  r e s t  and exerc ise as w e l l  as the s t a b i l i t y  o f  t h i s  pressure 
drop a f t e r  prolonged use. A pene t ra t ion  was made i n  the valve assembly v e s t i b u l e  
between the i nha la t i on  and exha la t ion  valve. A t h i c k  wa l led  p l a s t i c  tube was 
i n s t a l l e d  from the pene t ra t ion  t o  a . I 5  p s i d  Statham pressure transducer. The 
pressure transducer was c a l i b r a t e d  against  a water manometer, and the ou tpu t  was 
recorded on an Qf fner  R. dynagraph. For the longest t e s t  performed, a sub jec t  
wore a nosecl i p  and breathed on the system whi l e  a t  r e s t  f o r  15 m i  n. The sub- 
j e c t  then cont inued t o  breath  on the system whi l e  running a t  8 kph (4.8 mph) f o r  
15 min, which was fo l lowed by a second 15-min r e s t  per iod.  During the i n i t i a l  
r e s t  period, the pressure. drop i n  the assembly was .I5 in .  Y 0.  This value 
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TABLE 111 

INSTRUMENTATION FOR DATA COLLECTION 

Parameter . 
I n s p i r e d / e x p i r e d O  2 f r a c t i o n  

I n s p i  red/expired C02 
f r a c t i o n  

Expired volume 

S u i t  gas f l ow  

S u i t  temperature i n  

Sui t temperature ou t  

S u i t  pressure 

ECG - hear t  r a t e  

Core temperature 

Resp i ra t ion  r a t e  

S u i t  dew p o i n t  i n  

S u i t  dew p o i n t  o u t  

Franz-Mueller tem- 
pera t u re  

Ambient pressure 

Ambient temperature 

Treadmi l l  v e l o c i t y  

Subject weight 

Subject he igh t  

Surface area 

Grav i t y  grad ient  
3 

Sensor Accuracy 

BeckmanF-321% 

Beckman IR-15A + I $  

Franz-Muel l e r  - 
Respirometer f l k  

Meriam Flowmeter 51% 

Cu-Co Thermocouplet.755 

Cu-Co Thermocouple *.75% 

Stathan Pressure Trans- 
ducer +I% 

ECG/Card i o Tachometer 
& I %  

Thermistor  +I5 

Cu-Co Thermocouple +. 753 
Cambridge Dewpointer +I% 

Cambridge Dewpointer 21% 

Cu-Co Thermocouple 5.75% 

Mercury barometer, 
Wallace and Tiernan 
Gauge t.25'$ 

Cu-Co Thermocouple f.757~ 

Tachometer 25% 

B u f f a l o  Scale -+.25% 

Meter s t i c k  +. 1 %  

Dubo i s Notr~gram 

Load t e l l  255 

Recording Device Accuracy 

Brown Recorder - 2 channel f 1 %  

Brown Recorder - 2 channel + I %  

Specia l  mod i f i ca t i on  f o r  e lec -  
t r i c a l  output  t o  o f f n e r  Dyno- 
graph f2 1 i te r s  

Manual record ing 

Brown M u l t i p o i n t  Recorder +I% 

Brown Mu1 t i  p o i n t  Recorder 21% 

O f  fner Dynograph +IF 

Offner  Dynograph +IF 

O f  f ne r  Dynograph 21% 

O f  fne r  Dynograph -+IF 
Brown M u l t i p o i n t  Recorder + i %  

Brown M u l t i p o i n t  Recorder + I $  

Brown Mu l t ipo in t .  Recorder 21% 

Manual record ing 

BrrJwn M u l t i p o i n t  +I% 

Offner  Dynograph 21% 

Manual record ing 

Manual record ing 

Mdnua 1 record ing 

Manua 1 record i  ng - 







increased t o  . 3  in.  H 0 when the sub jec t  ran,. du r i ng  which the v e l i t i l s t o r y  volume 
2 

averaged 22 l i t e r s h i n .  The .+ in .  value remained constant  over  the e n t i r e  ex- 
e r c i s e  per iod.  Dur ing the post  exerc ise  r e s t  per iod,  the pressure drop re ta rned  
t o  the preexerc ise r e s t  value o f  . I 5  in .  H 0, showing no c h a ~ g e  i n  the va lve 

2 
system over the 45-min t e s t  per iod.  The values noted above were the same f o r  
bo th  insp i  r a t  i on  and exp i ra t i on ,  demonstrat ing i d e n t i c a l  operat ions i n  bo th  
valves. D I S A  f l o w  meters were at tached t o  bo th  the i n s p i r a t i o n  and e x p i r a t i o n  
po r t s  o f  the va lve assembly t o  t e s t  f o r  va lve ieakage. There was no measureable 
leakage i n  e i t h e r  va lve du r i ng  the t es t s .  The pressure drop ;n the va lve assern- 
b l y  as a f u n c t i o n  o f  f low r a t e  i s  shown i n  f i g .  1 1 .  

Minute volume measurement.--The r e s p i r a t o r y  minute volume was determined by 
pass ing  the expi  red gas through a Franz-Muel l e r  m o d i f i c a t i o n  o f  the Kofranyl- '  
M ichae l i s - t ype  dry  gas meter ( ~ o d e l  59, Max-Plsnck I n s t i t u t e  f o r  Work Physio logy).  
This instrument, developed t o  determine the minute volume o f  hunans 
var ious work loads, i s  i o e a l l y  s u i t e d  f o r  these tes ts .  The gas meter was en- 
cased i n  a p ressure - t igh t  c y l f n d r ' c a l  housing w i t h  a p l e x i g l a s s  windqw, thus 
permi t t  i ng  a constant  v i sua l  rea l  .~ lt. T o t a l  pressure and dry-bu l  b temperature 
o f  the gas ;t the meter were moni tored and accounted f o r  i n  211 q u a n t i t a t i v e  
measurements. The r e s p i r a t i o n  gas metel- was c a l  i bra ted t o  ensure an accurate 
and p rec i se  vo lumefr ic  measurement. 

For m e a s ~ r i n g  minute volume ra te ,  an e lectro-micrometer  was mounted on the 
resp i  rorrteter. The micrometer s igna l  was' fed i n t o  a ramping c i  r c u i  t t h a t  produced 
an accumulat ive b rea th  volume s i gna l .  A sw i t ch ing  s igna!  was a l s o  fed i n t o  a 
Of fner  dynagraph recorder f o r  v i s u a l  moni tor ing.  The electro-micro mete^- permi t -  
t ed  descr im ina t ion  o f  20 cc. The p u l s e - t r a i n  was used t o  de r i ve  r e s p i r a t o r y  
ra te .  

The resp i rometer  was c a l i b r a t e d  e l e c t r o n i c a l l .  ,?:?re and a f t e r  each t e s t  
p e r i o d  o r  a t  l e a s t  fou r  times per day. The r e s ~ '  ;-!-,er a l s o  was c a l i b r a t e d  
aga ins t  a f ixed-volume pump before  and a f t e r  the . t  program. 

Analys is o f  r e s p i r a t o n  qases. --The CO and O2 concent ra t  ions i n  the exp i red  
2 

and i n s p i r e d  gases were analyzed w i t h  a Beckmag IRIS-A i n f r a r e d  analyzer and a 
6cckman F-3 paramagnetic a n a l y ~ e r ,  r espec t i ve l y .  Samples o f  the  e x p i r a t i o n  gds 
were p icked  up a t  the r csp i~ .a t i on -cds  meter h u ~ s i n g  and ducted th~.ouyh a 1/4- in. -  
0.d. Po ly f low l i n e  t o  the e x p i r a t i o n  COp analyzer; then t o  a va r iab ie -a rea  purge. 

met2r loca ted  a t  the analyzer c e l l  o u t l e t  po r t .  From the purge meter, the gas 
was p icked  up by a diciphragm pump and pumped t o  ambient. I l r s p i r a t o r y  gase; were 
ducted from the i n s p i r a t i o n  s i d e  of  the mouthpiece t o  the appropr ia te  anal\ . ,ers 
fo r  ana lys is  o f  the 0, and CO content. 

2 L 

The C P 2  and 0 analyzers were c a l  ibraked w i t h  c e r t i f i e d  ca t  i b r a t i o n  gases 
2 

p r i o r  t o  each t e s t  day and checked a t  the end o f  each t e s t  day. The i n s p i r a t i o n  
and exp i  r a t  iol; CO and 0 analyzers were e l e c t r i c a l  1 y  coniiected to  a ~ o n e ~ w e l  l- 2 2 
Brown E l e c t r o n i  k recorder  . f o r  a prec i s e  readout. 





B iorned i c a l  record i  nq. --Rectal teniperaturc changes were measured w i  t h  a 
the rmis to r  probe (.46-cm d i a  by 3.9 cm long) and recorded on an Of fner  Type S 
dynagraph. A l l  r e c t a l  temperature probes were i nse r ted  approximately 10 cm 
beyond the anal sph inc te r .  

Continuous electrocardiograms were taken l r i t h  a 3-e lec t rode system t h a t  . 
cons is ted  o f  a b i p o l a r  mod i f ied  V4 lead and a ground. Recording and mon i to r ing  
was done on the dynagraph a t  2-mic i n t e r v a l s ;  the speed o f  the record ing  paper 
was mainta ined a t  5 rnm/scc. 

Resp i ra tory  r a t e  was measured w i t h  s h o r t - t  ime-constant thermocouples located 
i n  the i n s p i r a t o r y  and e x p i r a t o r y  chambers o f  the mouthpiece. Mon i to r ing  and 
record ing o f  r e s p i r a t o r y  r a t e  was done on the dynagraph. 

Pressure s u i  t envi  ronment meastlrements. --The dry-bu l  b temperatures o f  the 
s u i t  i n l e t  and o u t l e t  v e n t i l a t i o n  gas were measured independently a t  the s u i t  
i n l e t  and o u t l e t  quick-disconnect  f i t t i n g s .  A copper-constantan thermocouple 
was s i t u a t e d  a t  each o f  these f i t t i n g s  t o  measure the exact temperature of the 
gas e n t e r i n g  and leav ing  the s u i t .  The thermocouples were connected d i r e c t l y  
t o  a Honeywell-Brown s t r i p - c h a r t  recorder.  A l l  o t he r  system and ins t rumenta t ion  
temperatures were a l s o  measured w i  t h  copper-cons tan tan  thernmcouples connected 
t o  the  Honeywell-Brown s t r i p - c h a r t  recorder. S u i t  i n l e t  and o u t l e t  dewpoints 
were measured us ing a Cambridge dewpointer. The ou tpu t  o f  t he  analyzer was 
recorded on a Brown m u l t i p o i n t  recorder. S u i t  gas f l o w  was measured by Meriam 
flowmeters and recorded manually. S u i t  pressure was c o n t r o l l e d  w i t h  reference 
t o  a Wallace and T iernan pressure gage. A Statham pressure transducer a l s o  
measured s u i t  pressure, t he  ou tpu t  o f  wh'ich was recorded on an Of fner  dynagraph. 

Weiqht equipment.--The scales used f o r  weighing a sub jec t  are  made by the 
B u f f a l o  Cofnpany and are r e f e r r e d  t o  as " B u f f a l ~ "  scales. The weight o f  a sub- 
j e c t  can be determined t o  w i t h i n  22 gm o f  h i s  t o t a l  body weight.  These scales 
were cleaned, reassembled, and c a l  i b ra ted  before  t e s t i n g  s ta r t ed .  

The r i n g  load c e l l s  used f o r  checking the s imula ted b r a v i t y  i n  each system 
are const ruc ted o f  a h i g h - q u a l i t y  machined r i n g  w i t h  a t t ach ing  lugs on e i t h e r  
end. A f u l l - bend ing  b r idge  s t ra in-gage arrangement i s  p laced on the r i n g .  Th is  
assembly i s  c a l  i b r a t e d  t o  read the t ens i  l e  load appl i ed  i n  pounds. 

Treadrni 1 1  speedometer.--The treadmi 1 1  speed was determined by a smal l  gener- 
a t o r  assembly at tached t o  the d r i v e  p u l l e y  o f  each t r e a d m i l l  system. Meters a t  
the t r e a d m i l l  c o n t r o l  box and i n  the ins t rumenta t ion  b u i l d i n g  a l lowed con t i nua l  
mon i to r ing  o f  b e l t  speed. This system was c a l i b r a t e d  by measuring ac tua l  b e l t  
length,  t im ing  the revo lu t i ons  a t  var ious speeds w i t h  a stopwatch, and then 
a d j u s t i n g  the meter. The speed was checked again du r i ng  each t e s t  and was h e l d  
t o  21 percent .  

Ambient pressure and' temperature measurement .--Ambient kressure was recorded 
f o r  each t e s t  us ing a h i gh  qua1 i t y  aneroid baroneter.  The ambient temperature 
' tas measured by a thermocouple located i n  the t e s t  area and was recorded on the 
Brown recorder.  

A i r  supply.--The a i r  supply f o r  the TOSS s imu la to r  was supp l ied  by an 
~ i ~ e s e a r c h  GPS-90 a i r  t u rb i ne  compressor.' 



GENERAL TEST PROCEDURES 

Prepara t ion  o f  Subjects 

Test sub jec ts  repor ted t o  work I h r  p r i o r  t o  the scheduled t e s t  f o r  medical 
checkup, weigh-in, a p p l i c a t i o n  o f  instrumentat ion,  and donning o f  the pressure 
s u i t .  Each t e s t  sub jec t  was requ i red  t o  complete a ques t ionna i re  ( f i g .  12) p r i o r  
t o  ins t rumentat ion and donning o f  the pressure. s u i t .  I n  add i t ion ,  each sub jec t  
was in terv iewed f o r  symptoms o f  a i lments t h a t  might  a f f e c t  the data o r  h i s  
a b i l i t y  t o  perform the t es t s .  If ailments were suspected, the sub jec t  was 
examined by a  physic ian,  who decided whether the sub jec t  would p a r t i c i p a t e  i n  
the t es t s  scheduled f o r  t h a t  day. 

The sub jec t  wore e lec t rodes f o r  cont inuous e lec t rocard iogram record ing  and 
a  t he rm is to r  probe fo r  record ing  r e c t a l  temperature. The e lec t rocard iogram was 
taken us ing a  three-e lec t rode system c o n s i s t i n g  o f  a  b i p o l a r  mod i f ied  V lead 
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and a ground. A f t e r  the sub jec t  was c l ea red  f o r  t e s t  p a r t i c i p a t i o n ,  the s k i n  
area a t  appropr ia te  EGG e lec t rode  l oca t i ons  was shaved and thoroughly cleaned 
w i t h  a  70-percent s o l u t i o n  o f  isopropy l  a lcoho l .  The e lec t rodes  were a t tached 
t o  the c l ean  areas us ing  a  double-adhesive colostomy tape. The e lec t rodes  were 
then covered w i t h  adhesive tape t o  prevent  mois ture  pene t ra t i on  and ensure 
adherence t o  the sk in .  The e lec t rocard iogram t rac ings  were checked t o  deter -  
mine s i gna l  i n t e g r i t y .  

Space s u i t  donning was accompl ished by the t e s t  sub jec t  w i t h  assistance 
from a s u i t  techn ic ian.  The sub jec t  then proceeded t o  the t e s t  area f o r  hook-up 
w i t h  'the appl i cab le  s imula tor .  

I n c l  i ned-Plane S imula tor  Procedure 

Upon a r r i v a l  a t  the t e s t  s i t e ,  the sub jec t ' s  b io ins t rumenta t ion  was 
checked ou t  by connect ing the b io i ns t rumen ta t i on  p l u g  t o  the mat ing s u i t  pa r t .  
A f t e r  complet ion o f  t h i s  check, the  p l u g  was disconnected t o  permi t attachment 
o f  the molded f i be rg lass  s h e l l  t o  the sub jec t .  The s h e l l  was a t tached and 
p o s i t i o n e d  by u t i l i z i n g  s t raps  equipped w i t h  quick-adjus; f i t t i n g s .  

The ven t i  l a t i n g  gas hoses were at tached t o  p rov ide  s u i t  ven t i  la t ion,  and 
the b io ins t rumenta t ion  p l u g  was again connected. The helmet was donned and 
a l l  hoses t o  the b i f u r c a t e d  mouthpiece and resp i  rometer were connected. As a  
precaut ion,  a l l  connect ions were rechecked p r i o r  t o  p r e s s ~ r i t i n g  the s u i t  t o  
3.5 ps ig .  The subjecs was then .pos i t i oned  on h i s  l e f t  s i de  w i t h  h i s  f e e t  on 
the  inc l ined-p lane  t r e a d m i l l  and a l l  support l i n e s  attached. The backpack was 
mounted on the sub jec t ' s  back and locked i n  place. Perpendicular  al ignment t o  
the  9-1/2-deg t r e a d m i l l  was checked by a d j u s t i n g  the suspension l i n e s  u n t i l  the 
sub jec t  was para1 l e l  w i  t h  a  speci a1 a l  i gnmrnt bar. 

The sub jec t  was then requ i red  t o  jump severa l  t imes and walk a  sho r t  d i s -  
tance t o  determine i f  the t r o l l e y  was f unc t i on ing  proper ly ,  the l e f t  l e g  
s tab i  1 i zer bar had proper clearance, and the backpack was pos i  t i oned  c o r r e c t l y  



SUBJECT QUESTIONNAIRE 

DATE : 

I .  Name: Nude w t  : Height :  

2 .  How d i d  you s leep l a s t  n i g h t ?  Soundly: 

L i g h t :  

F i t f u l  l y :  

I f  f i t f u l l y  how many times d i d  you 

awaken? t i mes 

3. How many hours d i d  you s leep? hours 

4. Although d i r e c t e d  not  t o  imbibe alcohol ,  d i d  you indu lge? 

What k i nd?  How many? 

5. What were the basic components o f  l a s t  n i g h t ' s  meal? 

6. Did  you have breakfast?  - 
7. If so, what d i d  you e a t ?  

8. D id  you have lunch? 

9. What d i d  you cai? 

10. How do you f e e l  general l y ?  ' Exce l l en t  Good 

- Fai r Poor 

( 1 .  Do you have any s i g n i f i c a n t  symptoms t o  repo r t?  
(e.g., cold, aches, pains, e tc . )  

( 2 .  Do you t h i n k  you w i l l  have any d i f f i c u l t y  i n  complet ing today's t e s t ?  

F igure  12. Subject Quest ionnai r e  
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and anchored f i  rmly. Leakage a t  a1 1 hose connections, t he  mouthpiece, and t he  
resp i rometer  were checked and ins t rumenta t ion  s i gna l s  were observed p r i o r  t o  
s t a r t i n g  the ac tua l  t es t .  

Upon complet ion o f  the  tes t ,  the  sub jec t  was a s s i s t e d  from the s imula tor .  
The space s u i t  was doffed, and the b i o i ns t r umen ta t i on  sensors were removed. 
The sub jec t  was then asked t o  comment on the t e s t  w i t h  respect  t o  task  d i f f i -  
c u l  ty,  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  performance. 

TOSS Simula tor  Procedure 

P r i o r  t o  sub jec t  a r r i v a l ,  the t u r b i n e  a i r  compressor was a c t i v a t e d  and 
system a i r f l o w  estab l ished.  The C-frame was n e u t r a l l y  balanced, and t he  
a i  r pads were p ressur i zed  and checked f o r  c o r r e c t  opera t ion .  When the  t e s t  
sub jec t  a r r i ved ,  a  b i o i ns t r umen ta t i on  check i d e n t i c a l  t o  t h a t  performed on 
t he  i nc l i ned -p lane  s imu la to r  was made. 

The t e s t  sub jec t  was then a t tached t o  the gimbal u t i  1 i z i n g  the  f i  berg lass  
s h e l l .  S u i t  hoses and i ns t r umen ta t i on  p lugs  were connected and s u i t  f l o w  
estab l ished.  The s u b j e c t ' s  nose c l i p  was a p p l i e d  and taped i n  place. 

The helmet was donned and locked i n  place. The mouthpiece and respirom- 
e t e r  connect ions were made and checked. The s u i t  was then p ressur i zed  t o  
3.5 ps ig .  

A f t e r  p r e s s u r i z a t i o n  o f  the  su i t ,  t u r b i n e  pressure was increased u n t i  1  a  
l i f t i n g  f c r c e  equal t o  the weight  o f  t he  C-frame assembly and sub jec t  was 
reached. The sub jec t  was then l i f t e d  from h i s  f e e t  and comple te ly  balanced 
i n  the p i t c h  and r o l l  axes by us ing  lead  weights where necessary. The pack 
system weight  was brought  t o  75 lb, the  s u b j e c t ' s  s u i t  and system weight  were 
determined, and t he  load  c e l l  was ca l  i b ra ted  t o  zero, Turb ine pressure  was 
then reduced and the sub jec t  lowered t o  the  t r e a d m i l l  t o  per form such tasks as 
jumping, walking, and s tand ing  t o  check o u t  s imu la to r  performance. Whi l e  these 
tasks  were be ing  performed, l oad -ce l l  readings were taken t o  determine t h e  
t u r b i n e  pressure  s e t t i n g  requ i r ed  t o  s imu la te  the  dzsired ! / 4 - g  cond i t i on .  

Tes t  Procedure 

A f t e r  checkout and ca l  i b r a t i o n  o f  a1 1 apparatus and instrumentat ion,  the  
sub jec t  was p laced  i n  the s imulator ,  t he  s imu la to r  checkout procedures were 
performed, and the  t e s t s  were ready t o  commence. The f i  r s t  t e s t  p o i n t  f o r  
every  t e s t  c o n d i t i o n  was the  r e s t i n g  metabo l i c  r a t e  measurement. Th is  was 
measured a t  t ime zero and +2 min. A f t e r  record ing  the +2-min data  po in t ,  t he  
t r e a d m i l l  was s t a r t e d  and the  sub jec t  performed the scheduled task  f o r  a  p e r i o d  
o f  15 min. Recording o f  a1 1 p h y s i o l o g i c a l  parameters was made du r i ng  the  l a s t  
5 min o f  the  t e s t  a t  I -min i n t e r v a l s .  The sub jec t  r es ted  u n t i  1 a1 1 p h y s i o l o g i -  
c a l  parameters r e tu rned  t o  normal r e s t  l e v e l s  ! e. g., h e a r t  rate,  temperature). 
The second t e s t  cou ld  then commence. There was an abso lu te  minimum p e r i o d  o f  
8 min ( 6  min a t  the  end O F  one tes t ,  p l u s  2 min a t  the  s t a r t  o f  t he  nex t  t e s t )  



between p e r i o d s  o f  e x e r c i s e  on t h e  t r e a d n i  11 .  The average r e s t i n g  du ra t i on ,  
however, was app rox ima te l y  20 min. The sequence o f  t e s t  events was random 
among s u b j e c t s  t o  reduce t h e  probab i  l i t y  o f  o t h e r  e f f e c t s  i n  t h e  data. 

C a l i b r a t i o n  o f  Gas Ana lyzers  

A1 1 gas ana lyze r  equipment was c a l  i b r a t e d  a t  l e a s t  f o u r  t imes a day. 
O p e r a t i n g  pres;ure f o r  c a l i b r a t i o n  was t h e  same as t h a t  o f  t h e  gas ana lyze r  
d u r i  ng  t e s t  i ng, i . e., su i  t pressure .  

Data Rcduct i on 

Raw da ta  were c o l l e c t e d  d u r i n g  t h i s  exper iment  a t  i n t e r v a l s  o f  I min, and 
s u f f i c i e n t  personne l  and r e c o r d i n g  equipment were employed t o  r e c o r d  a: 1 t h e  
d a t a  w i t h i n  t h e  same 15-sec pe r iod .  The da ta  were recorded d i  r e c t l y  f rom t h e  
i n s t r u m e n t s  on  d a t a  sheets, punched tape, and s t r i p - c h a r t  recorders.  The da ta  
were subsequent ly  entered, a long  w i t h  a preprogram, i n  an SDS 940 computer used 
o n  a t ime s h a r i n g  bas is .  A t  a l l  p o i n t s  o f  t e s t i n g ,  t h e  cons i s tency  o f  time, 
t e s t  c o n d i t i o n s ,  s u b j e c t  des ignat ion ,  and da ta  were compared f o r  accuracy. The 
r e s i l l  t s  o b t a i n e d  and p resen ted  i n  t h i  s  r e p o r t  have been cross-checked wi t h  a1 1 
p e r t i n e n t  c o n t r o l  p o i n t s  to  ensure p roper  comparat ive data. The computer o u t -  
p u t  a1 1 d a t a  requ i  r e d  f o r  i n t e r p r e t a t i o n  o r  subsequent ana lys i s ,  whether o r  n o t  
these da ta  were r e q u i r e d  f o r  t h e  computat ions. 

The v a r i o u s  e q u a t i n g  a n a l y t i c a l  computat ions and subsequent s t a t i s t i c a l  
ana lyses  were per formed as d e s c r i  bed i n  NASA CR-1 102. 



RESULTS 

I n t e r n a l  Pressure Sui t Condi t i o n s  

The ranges o f  observed va l  ues f o r  bo th  moni t o red  and c o n t r o l  l e d  su i  t con- 
d i  t i o n s  are  shown i n  t a b l e  I V .  The s u i t  gas flow, pressure, and i n l e t  tempera- 
t u r e  were c o n t r o l  l e d  parameters. S u i t  i n l e t  gas temperature, flow, and pres-  
sure were main ta ined w i  t h i n  narrow 1 i m i  t s .  S u i t  o u t l e t  temperatures reached 
simi l a r  l e v e l s  regard less  o f  exerc i se  (as  repor ted  p rev ious ly ,  r e f s .  I and 2 ) .  
Since cryogen ic  a i  r was used as t h e  gas source f o r  v e n t i  l a t i n g  the s u i t ,  the  
i n l e t  dew p o i n t  was always zero. O u t l e t  dew p o i n t s  were low a t  the  2- and 4-kph 
v e l o c i t i e s ,  b u t  r e f l e c t e d  the m i  l d  sweating t h a t  occur red  i n  a l l  sub jec ts  a t  
6 kph. 

A1  1 t e s t s  were performed outdoors  over  a  12 day per iod.  The ambient tem- 
pera tu re  du r i ng  the  t e s t  p e r i o d  ranged from 60' t o  7 8 ' ~ .  The barometr ic  pres-  
sure ranged from 759.3 t o  7 6 1 . 2  mm Hg. 

Exerc ise  Data Before  and A f t e r  Tes t i ng  t o  I n v e s t i g a t e  
Po ten t i  a1 T r a i n i n g  E f f e c t s  

Metabol i c  r a t e  measurements were made f o r  each sub jec t  a t  r e s t  and when 
wa lk ing  a t  2- and 4-kph a t  I g t o  determine i f  the re  were any s i g n i f i c a n t  
t r a i n i n g  e f f e c t s  on the data ob ta i ned  w i  th pressure s u i t e d  sub jec ts .  These 
t e s t s  were performed w i  t h ' t h e  sub jec ts .  i n  c o v e r a l l s  and t enn i s  shoes be fo re  
t h e  experiment proper  and a f t e r  t h e  complet ion o f  a l l  t es t s .  Oxygen consump- 
t i o n s  were moni tored w i t h  a Goddard Pulmonet. The data are  presented i n  
t a b l e  V. The data  before  and a f t e r  t e s t i n g  do no t  d i f f e r  s i g n i f i c a n t l y ,  which 
i n d i c a t e s  the re  was no t r a i n i n g  e f f e c t  over  the exper imental  per iod.  

Rest i ng Val ues, Sui t e d  

Res t ing  data  were ob ta ined  p r i o r  t o  each exerc ise  mode w i  t h  each sub jec t  
dressed i n  the p ressu r i zed  s u i t  and suspended a t  s imula ted 1/6 g. The t e s t s  
were randomized w i t h i n  each s i m u l a t i o n  bu t  n o t  betwc?n - imula tors .  The TOSS 
hard-sur face t e s t i n g  was performed f i  rs t ,  f o l  lowed by the  i n c l  ined-plane tests,  
w i t h  the  TOSS s imu la ted  l una r  su r face  t e s t s  performed l a s t .  There were no 
s t a t i s t i c a l  d i f f e rences  w i t h i n  each v a r i a b l e  between the means o f  any c e l l  
shown i n  t a b l e  V I .  These r e s t i n g  data are  3 summation o f  r e s t  p r i o r  t o  any 
exerc ise  and between exe rc i se  modes, which i nd i ca tes  t h a t  the  sub jec ts  had 
re tu rned  t o  r e s t i n g  l e v e l s  between tes ts .  The equivalence o f  the  r e s t  values 
be fo re  t e s t s  and between t e s t s  i s  shown a l s o  by the r e l a t i v e l y  smal l  var iance 
i n  the data. Thc d i f f e r e n c e  between the two most d i ve rgen t  means ( 2  kph, TOSS, 
hard  sur face and 6 kph, i n c l i n e d  plane, hard  surface) approached, b u t  d i d  n o t  
reach, s t a t i s t i c a l  s i g n i f i c a n c e  f o r  bo th  metabo l i c  r a t e  and h e a r t  ra te .  The 
mean o f  a1 1 r e s t i n g  values w i t h i n  a  g iven  s imu la to r  i s  used i n  the g raph ic  
p resen ta t i on  o f  metabol i c  r a tes  d iscussed below. 
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Metabol i c  Rates 

The metabo l i c  :ost o f  se l f - l ocomot ion  a t  1/6 g  i n  a  p ressu r i zed  A7L a t  3 
d i f f e r e n t  v e l o c i t i e s  i n  3 d i f f e r e n t  s imu la t i ons  i s  shown i n  t a b l e  VII. Meta- 
bo l  i c  r a tes  increased s i  gni f i c a n t l y  with v e l o c i  t y  ( p  (. .001) f o r  each s imula tor .  
There was no d i f f e rence  between metabo l i c  r a tes  f o r  locomoting on the  s imu la to r  
l una r  so i  1 and the  ha rd  sur face on TOSS. D i f fe rences i n  energy u t i l i z a t i o n  were 
expected f o r  locomot ing on the  two sur facss repor ted  e a r l i e r  w i  t h  the  G-2C 
pressure  s u i t  ( r e f .  I ) .  

The energy cos t  o f  locomotion on a  hard  sur face i n  TOSS was h i ghe r  than 
i o r  a  s in t i  l a r  sur face on the  i n c l  ined-plane s imula tor ,  b u t  the d i f f e r e n c e  
between means d i d  n o t  reach s i g n i f i c a n c e  ( p  = .08). A d i f f e r e n c e  was expected 
and 1 i k e l y  would have been found i f ( I ) t he  sample v a r i  ance bad been less  o r  
( 2 )  a l a r g e r  sample had been studied.  Se l f - locomot ion on  the  s imula ted l una r  
sur face had a  s t a t i s t i c a l l y  h i ghe r  cos t  than f o r  locomotion on t he  i n c l  i ned  
p lane s imu la to r  w i t h  a  ha rd  su r face  (P < .05). 

A summary o f  metabo l i c  r a tes  i s  presented i n  t a b l e  'JIII. Row I presents  
the  data as shown i n  t a b l e  VII; row 2, these data normal ized f o r  body sur face 
area; row 3, the  data  normal i zed f o r  tk.e sub jec ts '  nude weight  as measured a t  
I g; and row 4, the  data  from row I, normal ized f o r  the  sub jec ts '  l u n a r  weight  
equ iva len t .  The equ i va len t  l una r  weight  was der i ved  from the  sub jec ts '  nude 
weight  p l u s  t he  weight  o f  t he  pressure  su i  t assembly d i v i d e d  by 6. 

Phys io l og i c  Response 

The phys io l og i  c  response du r i  ng the  va r ious  exerc i  se modes i s  summari zed 
i n  t a b l e  IX. The e f f e c t s  noted above f o r  changes i n  m e t i b o l i c  rates,  i n c l u d i n g  
s t a t i s t i c a l  d i  f ferences,  a re  r e f l e c t e d  i n  t he  expi r ed  minute  volumes, oxygen 
consumptions, carbon d i o x i  de product ions,  and hea r t  rates.  Hear t  r a t e s  showed 
one addi t i o n a l  s i  gni  f i cant  d i  f ference. Even though metabol i c  ra tes  were n o t  
d i f f e r e n t  between the  two sur faces w i t h  t he  TOSS, h e a r t  r a tes  were s i g n i f i -  
c a n t l y  increased when the  sub jec t  walked on the s imula ted l una r  so i  1 as com- 
pared t o  the  same locomot ive ra tes  on the  hard  surface. No s i g n i  f i c a n t  d i  f f e r -  
ences were expected o r  noted i n  r e s p i r a t o r y  ra tes  o r  r e c t a l  temperatures. 
Recta l  temperatures v a r i e d  on a  day t o  day basis,  bo th  w i t h i n  and between 
subjects,  bu t  the  g r e a t e s t  change dur ing  any t e s t  was 0 . 1 ' ~ .  

F igu re  I3  shows t he  t y p i c a l  p h y s i o l o g i c  response w i t h  t ime o f  a  sub jec t  
drecsed i n  an A7L pressure s u i t  and runn ing a t  6 kph on t he  ha rd  su r face  o f  an 
i n c l  ined-plane lunar  g r a v i t y  s imula tor .  A t  the  beg inn ing o f  t he  t es t ,  t he  
sub jec t  stands on the  treadmi 11 sur face suspended a t  l / 6  g whi l e  h i s  r e s t i n g  
me tabo l i c  ra te ,  h e a r t  ra te ,  and o t h e r  parameters are  measured. A t  t ime  zero, 
the  treadmi I 1  i s  tu rned  on and the speed ad jus ted t o  the appropr i  a t e  ve loc i  ty, 
i n  t h i s  case 6 kph. These adjustments usual l y  take I t o  2 mine The sub jec t  
immedi a t e l y  begins running, and h i  s  p h y s i o l ~ g i  c  response i s recorded every min- 
ute.  The lower curve i n  f i g .  13 i s  f o r  t he  measured metabo l i c  rate. The curve i s  
s l i g h t l y  sigmoid as a  r e s u l t  of  the  treadmi I 1  speed adjustments, which causes 
a lower r a t e  of  increase dur ing  the f i  rst I t o  2 min. A f t e r  t h i s  time, t h e  
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nletabcl i c  r a t e  e s s e n t i a l  1 increases as a l o g a r i t h m i c  f u n c t i o n  t o  a  constant  
va lue  (s teady s t a t e  va lue f between minutes 6 and 7. Once the  treadmi 1 1  i s  tu rned  
on, t he  energy requirement f o r  a  constant  v e l o c i t y  shou ld  be a s tep f u n c t i o n  t o  
the  s teady-s ta te  va lue noted a f t e r  6-1/2 n~ in .  The d i  f fe rence  between t he  s tep  
f u n c t i o n  expected and the l o g a r i  thmi c  curve ob ta i ned  represents an oxygen debt 
w h i  ch must be repai d when the  exe rc i  se stops. The h e a r t  r a t e  curve shows 
e s s e n t i a l l y  the step f unc t i on  increase expected b u t  i s  s l i g h t l y  d i sp laced  by 
the  adjustment o f  the  treadmi 1 1  ve loc i  t y .  Hear t  r a t e s  a l s o  reach a steady- 
s t a t e  value, p r o v i d i n g  t he re  a re  no a d d i t i o n a l  ' i npu t s  such as emotional 
s t ressors .  I n  t h i s  case, t he  hea r t  r a t e  dev ia ted  by 23 beats/min. 



DISCUSSION 

Thi s program represents  another s tep  i n  determin ing t he  a n t i c i p a t e d  
energe t i  c  c o s t  o f  se l f - l ocomot ion  on t he  moon and the  d i  f fe rences between 
the  va r i ous  pressure  su i  t s  and 1 unar g rav i  t y  s imu la to rs  t h a t  have been 
developed ( r e f s .  1 ,  5, and 6). The r e s u l t s  o f  t h i s  program descr ibe t he  

# metabol i c  requi  rements f o r  s e l  f - locomot ion i n  an A 7 L  pressure assembly us i ng  
a t u r b i  ne-operated-suspension s imu la to r  and an i n c l  i ned-pl ane s imu la to r  t o  
p rov i de  t h e  a r t i  f i c i  a l  l una r  g rav i  ty .  

Fig. 14 i s  a  g raph ic  p resen ta t i on  o f  the  data  shown i n  t a b l e  V I I .  The 
s t a t i s t i c a l  i n f l uences  drawn i n  t he  r e s u l t s  s e c t i o n  a re  r e a d i l y  apparent by 
a v i s u a l  e v a l u a t i o n  o f  t h i s  graph. The curves were drawn as connect ing 1 ines 
between t he  mean values w i t h i n  a  g iven  s imula t ion .  I t  i s  apparent t h a t  the  
mean va lues f o r  the  TOSS w i t h  a  hard  sur face are  c o n s i s t e n t l y  h i ghe r  than 
the  i n c l i n e d  p lane  data. These d i f f e rences  approached s t a t i s t i c a l  s i  gni f i cance  
( p  = .08). The mean values f o r  t r a v e r s i n g  on a  s imula ted lunar  so i  l i n  TOSS 
were c o n s i s t e n t l y  h i 5he r  a t  each v e l o c i t y  when compared t o  locomot ing on  a  
ha rd  su r face  i n  t he  same s imula tor .  However, t he re  were no s t a t i s t i c a l  d i  f f e r -  
ences between these data. I t  should be no ted  t h a t  these data a re  f o r  wa lk ing  
on  h o r i z m t a l  sur faces.  

F ig.  15 compares t he  A 7 L  complete w i t h  ITMG w i t h  i t s  precursor, t he  A5L; 
t he  RX-2, o r  ha rd  su i t ;  and t he  G-2C i n  several  d i f f e r e n t  s imula tors .  The 
absence o f  d i  f ference between the A 7 L  and G-2C i s  apparent. 1 t i s  a l s o  obvious 
t h a t  t h e  A 7 L  data  are  h i ghe r  than f o r  the  mobi le  s u i t s  t e s t e d  e a r l i e r .  The 
h i ghe r  va lues f o r  t he  A 7 L  must be a t t r i b u t e d  t o  the  presence o f  t h e  ITMG. Many 
o f  t h e  mobi l i t y  c h a r a c t e r i s t i c s  designed i n t o  t h i s  s e r i e s  o f  srli t must have 
been degraded by t he  addi t i o n  o f  t h e  ITMG. These data i n d i c a t e  t h a t  the  design 
o f  the  ITMG shou ld  be reviewed and t h a t  c h a r a c t e r i s t i c s  for t he  garment which 
would enhance the ope ra t i on  o f  the  bas i c  pressure  s u i t  assembly should be 
consi'de red. 

Tab le  X compares the metabo l i c  ra tes  ob ta ined  as a  f u n c t i o n  o f  v e l o c i t y  
f o r  se l f - l ocomo t i on  i n  the A 7 L  pressure  s u i t  w i t h  t he  values f o r  m u f t i  da ta  
presented i n  t a b l e  5-10 o f  NASA CR-1402 ( re f .  I ) .  These comparisons show t h a t  
increases f o r  use o f  the AIL pressure s u i t  are less  f o r  the  i n c l i n e d  p lane than 
f o r  t he  TOSS w i t h  a  ha rd  sur face;  the  d i f f e rences  a re  even g rea te r  when com- 

* 
pared t o  locomot ion on  a s o f t  surface. 



Velocity 

Figure 14.  Metabol ic Rate Versus Treadmi 1 l Velocity 
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Figure 15. Comparison of  A7L, G2C, A5L, and R X 2  
Pressure Sui t s  
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CONCLUS IONS 

I. Metabol i c  rates f o r  wa1 k ing  on simulated lunar s o i l  a t  simulated lunar 
g r a v i t y  i n  the A7L average 986 Btu/hr, 1342 Btu/hr, and 1656 Btu/hr f o r  
v e l o c i t i e s  o f  2 km/hr, 4 krn/hr, and 6 km/hr, respect ively.  

2. Although not  s t a t i s t i c a l l y  s ign i f i can t ,  walking on a simulated lunar 
s o i l  cons is ten t ly  increased the energy required f o r  t h i s  task from 7 
t o  10 percent over tha t  requi red f o r  a hard surface. 

3. Val k ing  i n  a six-degree-of-freedom lunar g r a v i t y  s imulator requi res 
between 10 and 30 percent more energy than w i t h  a three-degree-of- 
freedom simulator, 

4. System design fo r  m o b i l i t y  should be c a r r i e d  through ITMG design t o  
ensure there i s  no performance degradation. 

5 .  Differences i n  wal k ing  energy expenditure between various space sul t s  
are markedly diminished a t  simulated lunar g rav i ty .  
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