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THE PROBLEMS OF MAN'S ADAPTATION TO THE LUNAR ENVIRONMENT
By William Letko, Amos A. Spady, Jr.,
and Donald E. Hewes

NASA Langley Research Center
INTRODUCTION

Man is provided with a number of sensory organs, namely, the eyes, the
vestibular labyrinth, and the proprioceptive sensors which are interdependent
in establishing man's equilibrium and orientation in the normal 1 g environment.
These organs establish the postural wvertical and control and coordinate the
position and motion of the various parts of the body. Ordinarily little atten-
tion is paid to ‘thi-s innate éapa.bi]ity and it is only when the cues from one or
more of these organs are lost because of disease or as a result of a changed

environment, that man is caused to consider the mechanisms of equilibrium.

The lunagr environment provides only one-sixth of the gravity that man is
normally subjected to and as a result there will be a direct reduction in the
stimulation to some of the organs of eguilibrium. This paper will concern
=itself with the effects of this reduced stimulus on the general senses 6f equi~
1ibrium and therefore on man's ability to orient and move about the lunar

-surface.

GENERAL: CONSIDERATTIONS

It is first necessary to identify those organs whose function is subject
oy , ¥
to changes in gravity and to determine the degree to#which the organ will be
affected. In 1952 it was postulated in reference 1 that zero gravity would

have little effect on visual perception, this hypothesis apparently has been




borne out by the recent orbital flights. Also, orbital flights have provided
little indication that reduced gravity adversely affects the control of eye
movements. However, the apparent increase in acuity in orbital flights is con-
sidered, as pointed out in reference 2, to be caused by an increase in physio-
logical nystagmus due to a reduction of frictional and damping forces of the
eye in zero g.

Because of the lack of atmosphere it is expected that there will be an
increase in contrast on the moon which should affect depth perception. This,
however, would not very likely have any effect on the visual contribution to
orientation. Vision is, of course, susceptible to contradictory cues from the
other sense organs (refs. 3 and 4); however, for a person using self-locomotion
on the moon contradictory cues are not expected to be present. Therefore, it
can be concluded that the eyes will be of primary importance for orientation in
lunar operations. Eventually, manned lunar-surface vehicles will be employed
and the possibility of vehicle-~-induced visual illusions will have to be
considered.

As far as the vestibular system is concerned, it is anticipated that the
semicircular canal function will not be affected by reduction in gravity since
the canals are considered to be essentially angular acceleration sensors. The
canals can only be affected by linear acceleration if differences exist in the
specific gravity of the cupula and the endolymph fluid.

The otolith organ which is the linear acceleration or gravity sensor and
the proprioceptive mech&nisms will, of course, be directly affected by reduced
gravity. It can be expec%@d that with reduced stimulation of these organs and
in the absence of vision man may have difficulty in Judging the vertical. As

reported in references 5, 6, and T, this has been demonstrated, for the



situation of reduced proprioceptive cues, in tilt tests which showed that

. padding of the tilt chair or tilting the subjects in water decreased their
accuracy in indicating the vertical. In these situations the stimulus to the
otolith was normal.

Very little data exist on the effects of reduced otolith stimulation on
equilibrium although many experiments to determine otolith threshold have been
made. These threshold values are reported to be in a range from about 0.00034g
to 0.010g which is much less than the 1/6 lunar gravity. However, these thresh-
old values must be maintained for a certain length of time before being per-
ceived and the minimum values of acceleration for maintaining undegraded pos-
tural equilibrium have not been established. Also not known is the levelvat
which the proprioceptive cues become useless in orientation although, as men-
tioned, tilt tests in water indicate judgment is impaired, with the degree of
impairment reduced by training.

In summary, it appears that the otolith and proprioceptive sensors will
be directly‘affected by a reduction in gravity while vision and the semicircu-
lar canals will be relatively unaffected. Complete loss of two of the general
lsensors probably removes the possibility for man to maintain his equilibrium,
especially if vision is involved. However, there stil; remains some question
as to the effects on equilibrium of reducing the stimulus to two of the sense
organs to only 1/6 of the normal as would be the case in lunar conditions.
Some insight into this problem may be gained from the following discussion of
the self-locomotion experiments of reference 8, performed on the lunar-gravity

simulator at Langley Research Center.



NOMENCIATURE

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

By back angle, angular deflection of the reference line Jjoining the hip
and shoulder joints relative to the vertical, degree

op hip angle, angular deflection of upper leg (thigh) relative to the
back reference line, degree

Ok knee angle, angular deflection of the lower leg relative to the upper
leg, degree

B, ankle angle, angular deflection of the foot relative to the down leg

(calf), degree

Wy rate of change of hip angle, degrees per second

Wy rate of change of knee angle, degrees per second

g gravitational unit, relative to acceleration produced by earth's
gravitational field

T ‘ time, second

v velocity, feet per second

Subseript:

max maximum value

DESCRIPTION OF REDUCED-GRAVITY SIMULATOR

A sketch of the simula@or is shown in figﬁre 2. The simulator supports
a subject on his side, inclined about 9.5° from the horizontal, for lunar
similation, by means of a system of cables attached to the various body members
and to an overhead trolley system. -The trolley unit moves along an overhead

track which is parallel to the walkway on which the subject is free to walk,



run, and perform other self-locomotive tasks in essentially a normal manner
-though constrained to move in one plane. This constraint does not appear to
be too serious if one considers the fact that the body members normally trans-
late and rotate, fore and aft and up and down, essentially in parallel planes
as a person>walks, runs, and jumps in a normal manner. Figure 3 shows a sub=-
jeet in the simulator cable harness. As mentioned, the subject is inclined
9.5° from the horizontal and the component of his weight normal to the walkway
and supported by his feet is 1/6 that of his normal weight as would be the case
in lunar gravity. The l/6g component is therefore considered to be the one
which is important for balance and locomotion in the plane normal to the
walkway.

It is recognized, of course, that there remains a 1 g vector acting on
the body. It should be pointed out, however, that this vector is essentially
constant during normal simulator usage and people readily adapt to their new
orientation by recognizing the tilted walking board as the ground plane and
relating the&r body motions to it rather than the customary ground reference.
One of the limitations of the simulator is that the subjects' motion is
festricted to one plane and the simulator is not adaptable to studies requiring
out of plane motions. Despite this limitation, the simulator is useful for
studying man's equilibrium and motion capabilities in the sagittal plane under
reduced gravity conditions. For the investigation discussed herein the simula-
tor was used with the subject's vision unrestricted and with the walkway dis-
placed to provide the lunar level of stimulation to the otoliths and the kiﬁes—

thetic sensors in the plane of activity.



MEASUREMENTS

A1l tests were recorded by means of the motion-picture cameras operating “
at 24 and at times 48 frames per second. An observer usipg a stop-watch
obtained the time required to travel the 100-foot distance in the middle por-
tion of the walkway. This time was used to establish the average velocity for
each test.

Positions and rates of movement for the various body members relative to
each other and to the ground were obtained from measurements of the projected
images of the motion-picture f£ilm. The accuracy of the angular measurements

is considered to be about +2°,
RESULTS AND DISCUSSION

A f£ilm supplement illustrating some of the results of this investigation
is available for loan purposes. A request form can be found at the end of
this paper.

Some of the subjective results of the present investigation indicated that
the subjects tested, initially, had some difficulty in sensing the vertical to
the walkway and stood rocking to and fro perhaps trying to increase the vestib-
ular response. The subjects also ended up standing on tip toe in an apparent
attempt to increase the stimulus to the tactile and pressure sensors and
thereby improving their balance. It is expected that this will also be the
case on the lunar surface. Several subjects indicated a sensation of being
inclined after leaving the device indicating adaptation to the constant lateral
tilt required when using the simulator. Adaptation to continued tilt was

expected on the basis of the experiments of reference 9 conducted with animals.



In these experiments measurements of neural impulses indicated a vigorous
initial response to tilt which diminished in about 20 or 30 seconds with the
steady-state response to tilt relatively weak. In the present experiments it
was found that with little practice the subjects were able not only to main-
tain their static equilibrium but could walk, run, and perform other self-
locomotive tasks which indicates that man will find it'relatively easy to
adapt to the lunar conditions.

Some data were obtained for three subjects comparing the difference in
posture and limb motion during locomotion for earth and lunar gravity condi-
tions and the results are presented in figures 4 through 12. The discussion
herein will be limited to those aspects which it is felt are important for -
equilibrium and which indicate the extent of control and coordination of the
motion of various parts of the body. (For a discussion of the data relative
to locomotion characteristics, see ref. 8.)

Figure 4 reconstructed from the film records presents qualitatively the
difference in posture and position of the body members for the subjects
walking, loping, and sprinting in the earth and simulated lunar gravity con-
ditions. The figure is in the form of line diagrams (stickmen) presented at
about l/6—second intervals giving time histories of body member positions for
at least one step as denoted by the solid horizontal bars at the ground level.
The comparison made for sprinting is for the maximum sprinting speed which
turned out to be 19.8 feet per second for earth gravity and 13.1 feet per
second for simulated lunar gravity. The lower value of maximum sprinting
speed. in lunar gravity is attributed to the loss of traction in l/6g. From
the figure it is readily seen that there are relatively large differences in

locomotion characteristics for the two gravity conditions. This is also



apparent in figures 5 through 7 in which data corresponding to that of fig-~
ure 4 are presented in quantitative form. The symbols in these figures indi-
cate the beginning and end of a step. From figures 5 through 7 it can be seen
that there are large differences in amplitudes and rates of motion of the
various body members for the different gravity conditions as well as large
differences in the body lean or back angle. There is also a large variation
of back angle wifh locomotive rate. This is more easily seen in figure 8 whick
is a plot of back angle versus locomotive rate. Figure 8 shows that the back
angles increased at a much higher rate for simulated lunar gravity than for
earth gravity and resulted in angles as high as 60°. These angles are 3 or

4 times greater than the maximum obtained in the 1 g environment. Figure 9
shows how the body lean or back angle affects the component of gravity along
and perpendicular to the subject's body.

The components are simply sine and cosine functions of the body lean
angle as indicated in the figure. The data in the figure illustrate that even
though the component along the body in simulated lunar gravity is decreased by
50 percent when leaning from 0° to 60° it is still considerably greater than
the threshold value indicated by the solid horizontal line. The component
normal to the body increases with body lean bubt the maximum obtained for sim-
ulated lunar gravity at 60° is much less than that obtained at the maximum
body lean angle of 20° used in earth gravity. Figure 10 shows the variation
with velocity of body lean angles for one of the subjects carrying various
loads in simulated lunar gravity. The data show that as the total weight,
that is the weight of the subject plus weight of his load, approaches that of
the man with no load in earth gravity, the rate of increase of lean generally

decreases and is more nearly like that for man with no backpack in earth
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gravity; This would appear to indicate that the large body lean used by the
§ubject in simulated lunar gravity is related more to the mechanics of loco-
motion rather than an attempt to modify the stimulus to the vestibular organs.
Since the subject carried the weights in a frame mounted on his back, an
initial upper body lean or back angle was required to keep the resultant
center of gravity over his hip joint. This initial lean accounts for the
large upper body'lean angles used, even at low locomotion wvelocities, by the
weight-carrying subject. It should be pointed out that despite these large
body lean angles the subject had no trouble in maintaining his balance while
walking or running on the simulator. An analysis of the restraints of the
similator is given in the appendix of reference 8 and indicates that only_
about 5° of the maximum lean angle is a result of the restraints considered.

The data of figures 11 and 12 summarize other differences in the relative
motions of the various body members. First of all, as illustrated in fig-
ure 11(a) the hip flexion angles are larger for the lunar condition than for
earth gravit& indicating that the legs were carried farther forward in the
lunar gait than in earth gaits. This is attributed to the fact that with the
iarge body inclinations noted the legs had to be carried farther forward to
maintain balance. This in turn resulted in decreased knee flexion, fig-
ure ll(b), and gave the subject an appearance of walking stiff-legged for the
lunar simulation. It appears likely that the normal knee action is not
required for lunar activities with the weight on the legs relatively low.

As shown in figure 12, there was also a difference in rates of limb
motion for earth and simulated lunar walking. The maximum angular rates for
hip and knee motions for lunar walking were about one-half that for earth

walking.



The results of these experiments generally indicate that the subjecfs
are able to adapt their limb motions to the decreased gravity conditions and
are able to maintain equilibrium even while running at about 13 feet per sec-
ond. Indeed, as the short film supplement will show, man can also jump and
perform acrobatics using the simulator, indicating the ease with which man
accommodates to the unusual environment. Some experiments performed with the
subjects wearing a suit pressurized to 3.7 psi indicated that wearing a pres-
surized suit would not affect the results enough to alter the general conclu~
sions reached herein pertaining to man's equilibrium. Of course, it is

assumed that the suit would not severely restrict the subject's vision.
CONCLUDING REMARKS

On the basis of the observations and tests examining man's ability to
perform under the reduced gravity conditions on the lunar surface it appears
reasonable to assume that, with some training, man will be able to maintain
his eﬁuilibrium and orientation while moving on the lunar surface. It is

suggested, however, that experiments in reduced-gravity simulators as well

as in l/6g parabolic flights be continued to obtain additional pertinent

information.
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Figure 1l.- Definition of body angles. All angles are positive as shown.



\‘“‘\ TROLLEY

\“k‘ STGR?J%TFTJYRE

\\.Q\\\“\ N\ A
k %’\

yﬁ\
IR
SN
R
A
AN
CAN
V=g
125' | SUSPENSION CABLE G2\

M\ ~ SUBJECT
25' \\\

\

WALKWAY

Figure 2.~ Illustration of the reduced gravity simulator.

W
A

O

\



*gTTBlOP ssauasy Lpog ~°*¢ aanSTg

o

Ge

2o

-
e
.

o

-

-

-

=

.

=




*prodss 9T'0
g7 2anBTJ GoBe UISMZSQ TBRAISIUT WY I *FaT PuB Wi 3I9T 9Ua Jo uorsrsed gsjousp
sulT poyseg -dess SUO JO SOUBISTP §930UED IUTY Pmosd 48 I8q Jo Yafusy £aTABIE
seuny pue ypxes utp qurads pus ‘ador ‘TEM tao1dly & JO uoTawaUussasdal UWEWFOTIS ~ i =W

‘quradg (o)

23s/L4 iI'ed 03S/14 8°6l




*£4TARIS JBUNT PUB UYIBD
UT SUTHTEM STTUM SIoquem £poQ SNOTIBA JO UOTHOW SATIEBTSI dU3 JOo LJI03STY SWLL -G 2JaNB T

035 ‘L
0¢ Q_um Ol 1 0
I S X

Vv 440 30L L4317
O € NMOQ 133H L4310 o8 ,
C ® 440 301 1LHOIM oz 8
o ¢ NMOQ 133H LHOIH losi
6o/1 B on.
S \\\\‘\I\AI/ O
= oy .
| ——-b9/| qo8 ¥
ot—0>0i -021
A Jool
10%-
M i\lo
iiiii e o e e q
I.O.V m




£ TABIZ IBUNT PUBR YIJIED
ut SurdoT STTUM SJoqueam ApPOoQ SNOTJIBA JO UOTIOW SATIBTSI 93 JO AI03STY SWL], -*Q SJINITH

0¢ n._omw ._.O._ g 0

v 440 30L 1431
¢ NMOQ 133H L4371
v 440 30L 1HOIM
¢ NMOd 133H 1HOIY
o

bosi Bi -
. > 0
S Oob
lll..l..lll.).l’f\.\ Ow —._w
8'0l---b9/1 ocl
0’| 1—>bi 09I

A Ob-
— —O
o e 0 e 0 T T e o o S T S i O.v Q
08 Ny




*£1TABIS JBUNT PUB YldBS UT LTO0OTOA UNWIXEBW 48

SuTuuna oTTUA SJoquem £POoq SNOTIBA JO UOTIOW SATYIBTSI U3 JO AI0ASTY SWLT =-°*J) oan8Tg

0¢

03sL
. Ol ) 0

XY . ov-
N 0o mw
* obv

o)
v v 440 30L L1437 Ov
O € NMOQ 133H 1437 08
© ® 440 30L 1H9IY doz e
¢ ¢ NMOQ 133H LHOIY
69/| B -wm_
\ A/ o
\
N ,ue g
2'2l---69/ A J°8!
g8'6l—>b| ™ 021
A Jdogi
10b-
. 0} 8




SUBJECT | 2 3
g0~ EARTH e m a
LUNAR=—=--= O 0O A
D Vi
60| NN
V4
jng
8p max, DEG i
a0} . e
, O O
Ve
Ve
20} JRe! l
o,td B
Ve
A
1 ]
0] 4 8 12 16 20
VvV, FT/SEC

Figure 8.- Maximum body lean or back angle versus locomotion rate at lg and %‘- g.



52

z pue 8T 10F oT8ue ¥oBq JO UL Lpoq snsisA sijusuodwod L3TABID -°6 SIMITI

JTIONV X0vE HO NV3T AdOH

09 O 02 O 09 Ob 02 0
I i p_— | |
9 NIS 6 9/In_——" — GTOHS TR L]
—~ GOHSIYHL e ——
9% NIs b i 9 500 bos/ 102
§ Hov
b HLYV3
40 LN30¥3d
. ~09
- +08

9 moo/mmlnu
00!

AQOE OL TVIWHON LN3INOJWOD AQOS 9NOIY LNINOJWOD



185 LB SUBJECT + LOAD - I/6g
LB (EARTH WEIGHT)
185
60|
17285
Sb, MAX, s {485
DEG 4O -‘z;ﬁ'}"—— 685
20} T 777 |85LBSUBJECT- Ig
/ J
0 4 8 12 6 20

V, FT/SEC

Figure 10.- Maximum body lean or back angle versus locomotion rate with subject
carrying various loads



.m‘m pue §T UT 99BI UOTFOWOO0T SNMSISA

~xdsxw pue xmanw £q poyeOoTPUT §B ‘squsmedBTdsTp 89T asmoT pue Joddn mtmMmTXBl ~°*TT oJNBTI

*quoweorTdsTp 89T J9MOT (q) *quomooBTdsTp a7 xoddp Amv
03S/14 ‘A
ve 9l 8 o) 124 9l 8 o)
] | ] | | |
/T 002
\\ v
OO / 2357930 03S/930
\ﬂ 1 ‘XYW A 00t ‘xvW ug
~N
o - 009
M — —008

O —---YV¥NNT
® —— HLYY3
| 123reEns

m 4J
(Ul W



*3 w pug 8T UT 338I qo.npoaooo.m

snsxan Xy pUB Xy, £q @mpwo.@ﬁ B ‘saqea o JamoT pue soddn UMWTXEN - m._u aan3T g

*99BL BT JoMOT (q) ‘298I 8T Joddp (®)
03S/L1d ‘A
Pl ol 8 0 ,vm oo b
_ _ I _ -
..i¢l+
zo_mzmkxu% %m_

ov Ve ra% -0

ot , 930
‘XY _._m

08

or4

O —---YdVYNNT

® H1YV3
I 193r8ns

RO

NASA-Langley, 1966



