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T HE TRACTIONLESS aspect of zero gravity may 
cause degradations in the output characteristics of 

work manually produced by the unbraced operator. These 
degradations can appear as either efficiency or total 
output capability decrements. In addition, they may 
be of sufficient magnitude to significantly impair the 
effectiveness of the human as a work and force producer 
in the tractionless state. 

Previous simulated zero-gravity studies have shown 
that adequate levels of sustained work can only be 
obtained by efficient bracing of the force producing 
operator. 4, ~ This necessitates that the man, in combina- 
tion with his bracing technique, produce a force equal 
and opposite to the resisting force. In a tractionless 
environment, the development of resultant forces may 
entail the utilization of muscle groups other than those 
normally employed, with a consequent reduction in 
efficiency which can cause penalties in terms of the 
metabolic cost of work. Such reductions could result in 
design requirements for tractionless environments differ- 
ing substantially from those utilized within a fixed 
object/fixed operator relationship. If system require- 
ments are not consonant with the eflqciencies derived 
via diverse bracing techniques, substantial reductions 
in efficiency might be effected which could necessitate 
changes in life support system sizes, access areas, work 
space volume requirements, etc.; in short, such changes 
could alter current concepts of system sizing, cost, 
and/or manpower requirements for a specific mission. 

Need now exists for data detailing the effects of 
bracing techniques on operator efficiency since changes 
in effciency may be reflected throughout the entire 
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system. 1 A requisite step in the evaluation of bracing 
techniques is the determination of a base level to which 
obtained efficiency values, the results of bracing tech- 
nique investigations, may be compared. In the context 
of engineering design needs, a cogent and reliable 
reference system can be derived from the relationship 
between power output under various work loads and 
metabolic costs. This relationship, utilized previously 
in ergometric studies, ~, 8, 9.11 enables the procurement 
of data directly applicable to hardware design by 
system engineers. 

To obtain a quantitative measurement of the changes 
in efffciency produced by the presence or absence of 
traction, a study was executed which examined the 
relationships between total output, power and metabolic 
cost. The study, which required the production of work 
in tractive and non-tractive states, was designed to 
answer the following questions: 

What are the differences in the metabolic cost of 
performing work of a specific nature, the rates at which 
such work is produced, and the total amounts of work 
produced which are attributable to the absence or 
presence of traction during the working period? 

PROCEDURE 

Sub jec t s  and Method:  The subject population, con- 
sisting of 16 male employees of The Boeing Company, 
and ranging in age from 18 through 51 years, repre- 
sented the 5th through 95th percentile in stature. 7 The 
task, self-paced in mode, consisted of a horizontal 
reciprocating motion made on the handle of a modified 
wall exerciser with the right hand while the subject 
stood on a horizontal platform. The actual work was 
produced by pushing a shaft through a ball bearing 
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guide which effected the raising and lowering of a 
7 or 15-~ pound weight a distance of up to 22 inches 
one way. The exerciser handle, located 47 inches above 
the platform, was grasped with the right hand in the 
zero degree pronation position while isometric bracing 
was effected by simultaneously grasping in the same 
fashion a vertical bar with the left hand. The bar was 
placed at the same height as the exerciser handle, but 
16 inches to the left and 7.5 inches forward of the 
resting position of the exerciser handle. During the 
test period, oxygen consumption was obtained via a 
Collins Gasometer, modified to function as a closed- 
cycle rebreather system. The Gasometer was integrated 
with an X-Y recorder and produced a 1 .man. change on 
the recorder per 60 cc. change in Gasometer volume. 
The vertical displacement of the weight was measured 
with an accuracy of ---2%. Gliding cyclography 2, a was 
used to obtain time ratios of the extension-flexion phases, 
a necessity in the calculation of negative work output 
and concomitantly, work output totals. 

Subjects assumed the position previously described on 
a one-degree-of-freedom reciprocating platform. The 
platform was held stationary by locking pins during 
tractive tests. During non-tractive tests the platform 
was free to reciprocate, parallel to the long axis of the 
"push bar," on ball bearing sheaves. The test period 
of 30 minutes' duration was programmed as follows: 

Pre-test Adaptation 
0-3 minutes: Standing at rest, breathing ambi- 

ent air through mouthpiece. 
3-13 minutes: (Two five-minute periods) Stand- 

ing at rest, breathing 100 per cent 
oxygen, one five-minute period 
with the platform locked and one 
five-minute period with the plat- 
form unlocked. 

Exercise 
13-23 minutes: 

Recovery 
23-30 minutes: 

Ten minutes' exercise, breathing 
100 per cent oxygen. 

Seven minutes' recovery, standing 
at rest, breathing 100 per cent 
oxygen, tractive. 

The two five-minute periods encompassed by minutes 
3 through 13, one period with the platform locked and 
one with platform unlocked, were systematically alter- 
nated. This was done to balance differences in the rate 
of oxygen consumption caused by diffuse restless motor 
activity. 

The subjects performed either for two or four test 
sessions, depending upon subject availability. All sub- 
jects received at least two test sessions, one each in a 
tractive and a non-tractive mode for the same weight 
loadings. Ten subjects performed with the 15-~ pound 
load and 14 were utilized for the 7.0 pound load. To 
eliminate serial order effects, half the subjects re- 
ceived the tractive test condition at a given weight 
loading first, and the other half received the non-tractive 
work situation first. Each session, for a given subject, 
was administered at the same time daily to eliminate 
diurnal effects. 

RESULTS 

The data were subjected to analyses via a correlated 
"t" test (two-tailed). 

A. Pre-test Adaptation Period 
No significant differences in oxygen consumption 
were found when comparing the two five-minute 
periods, one with the platform locked and one 
with it unlocked. 

B. Exercise Period 
1. 7-pound Load 

a. The non-tractive O2/HP ratio was 12 per 
cent larger than the tractive (significant at the 
0.01 level). ( Table I. ) 

T A B L E  I .  M E T A B O L I C  C O S T  F O R  7 P O U N D  L O A D  

(10 M I N U T E  W O R K  P E R I O D )  

N- - - -14  

M e a n  R a n g e  
( L i t e r s  0 ~ / -  S t anda rd  ( L i t e r s  O s l -  

r a i n / t I P )  Devia t ion  m i n / H P )  

Trac t ive  36.7 ~ . 6.5 28-49 
Non- t rac t ive  41.2 ~ 5.1 33-50 

S tandard  E r r o r  of the  Mean of the  Dif ferences  ~- 0.98. 
P r o d u c t - - M o m e n t  r Be tween  T r a c t i v e  and Non- t r ac t lve  Sta tes  = .59. 

* 12% Mean I n c r e a s e  Signi f icant  a t  .01 Level .  

T A B L E  I I .  M E T A B O L I C  C O S T  F O R  1 5 - ~  P O U N D  L O A D  

(10 M I N U T E  W O R K  P E R I O D )  

N : 1 0  

M e a n  R a n g e  
( L i t e r s  O a / -  S t anda rd  (L i t e r s  O~/-  

r a i n / t i P )  Dev ia t ion  rnin / I-IP) 

Trac t ive  29.8 } 3.9 25-37 
Non- t r ac t ive  38.6 ~ ~ 5.9 32-50 

S tandard  E r r o r  oi the  Mean of the  Dif ferences  ~ 1.35. 
P r o d u c t - - M o m e n t  r Between T rac t i ve  and Non- t rac t ive  States  z .69. 
29% Mean Inc rea se  Signi f icant  a t  .001 Level .  

b. No significant differences in work rate were 
found between tractive and non-tractive peri- 
ods. The average rate was 0.015 HP. 
c. The total work for the non-tractive condition 
was 1 per cent less, not statistically significant, 
than the tractive condition. 

2. 15-~-pound Load 
a. The non-tractive O2/HP ratio was 29 per 
cent larger than the tractive. 
b. No significant differences in work rate were 
found between the tractive and non-tractive 
conditions. The average rate was 0.022 horse- 
power. 
c. The total work for the non-tractive condition 
was 4 per cent less, not statistically significant, 
than the tractive condition. 

C. Combined Exercise and Recovery Period 
1. 7-pound Load 

The oxygen consumption for the non-tractive 
condition was 10 per cent more than for the 
tractive (significant at the 0.025 level). 

2. 15-~-pound Load 
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The oxygen consumption for the non-tractive 
condition was 25 per cent more than for the 
tractive (significant at the 0.005 level). 

DISCUSSION 

The study, prompted by a desire to ascertain quanti- 
tative information about the decrement imposed on 
man's work producing capability by a non-tractive en- 
viror~ment, has shown the results of a specific exercise. 
These data should serve primarily to point out the 
necessity for an extensive investigation of the sources 
of force and work decrements and the means for mini- 
mizing these. Since the experimental procedures in this 
study utilized a one-degree-of-freedom system, task 
execution within a relatively confined postural approach 
regime was facilitated. Extraneous energy expenditures 
due to the correction of lateral body displacements via 
weaker muscle process outputs (abduct ion and adduc- 
t ion) were thus minimized. Despite the advantages that 
such a regime offers metabolically over a six-degree-of- 
freedom situation, any assumption that the experi- 
mentally obtained values represent either a minimum or 
a maximum decrement in efficiency would be com- 
pletely unwarranted. The actual efficiency level attained 
by  a space worker will be determined by  the interaction 
of many variables. Primary among these are the personal 
protection equipment,  the nature of the task, the specific 
bracing technique employed, the work output rate, and 
appropriateness of tools and the anthropometric con- 
siderations. 

The study results are of primary importance in terms 
of their implications for advanced system design, plan- 
ning and research. Pragmatically, efficiency decrements 
can result in reconsiderations and evaluations of future 

system sizing, manning requirements and operator re- 
quirements, all of which may result in increased over-all 
cost of lus t re  systems. Decrements in performance of 
the space worker are to be anticipated; how much, in 
what  fashion and how may they be minimized, are the 
answers which must be provided to ensure both  tech- 
nical and economic feasibility. 

REFERENCES 

1. CLnm~, C. C., HARDY, J. D., and SMITH, F. K.: Gravity 
Problems in Manned Space Stations, NADC-MA-6033, 29 
March, 1961. 

2. CoNTrsI, R., and DRmLXS, R. J.: Biomechanies. Appl. Mech. 
Rev., 10:49, 1954. 

3. CONT~, R., DRmLm, R. J., and SLOTE, L.: Development 
of Techniques for the Evaluation of High Altitude Pres- 
sure Suits. WADC-TR-58-641, December, 1959, 121 pp. 

4. DZEt~rgOLET, E.: Manual Application of Impulses While 
Tractionless. WADD-TR-60-129, February, 1960, 12 pp. 

5. Dzm~moIJ~T, E., and RmVLEY, J. F.: Man's Ability to Apply 
Certain Torques While Weightless. WADC-TR-59-94, 
April, 1959, 25 pp. 

6. HENRY, F. M., and FrrzHEsnY, J. R.: Oxygen metabolism 
of moderate exercise with some observations on the effects 
of tobacco smoking. 1. Appl. Physiology, 7:464, 1950. 

7. HER~'ZBWRG, H. T. E., ET AL.: Anthropometry of Air Force 
Personnel. WADC-TR-52-321, 1954. 

8. KaEr~DF_J~, E. S.: Design requirements for man generated 
power. Ergonomics, 3:329, 1960. 

9. MARITZ, J. S., MORRISON, J. F., PETER, J., STEYDOM, N. B., 
and WVNDHAM, C. H.: A practical method of estimating 
an individual's maximal oxygen intake. Ergonomics, 4:97, 
1961. 

10. STmelMER, I.: A Program to Investigate Force and Work- 
Producing Capabilities of Man in a Tractionless Environ- 
ment and the Influence of Various Factors upon these 
Capabilities. Boeing Document D2-90170, April, 1962. 

11. WmKm, D. R.: Man as a source of mechanical power. 
Ergonomics, 3:1, 1960. 

488 Aerospace Medicine �9 1une 1963 


