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N 1947 GAUER and H. Haber

werce stimulated by the fabulous

advent of rocketry to make
speculations about human behavior in
the gravity-free state. The outlook
at that time seemed to them rather
dim. Since then, a lot of work has
been done to clarify both the physio-
logical and the psychological aspects
of this problem. The literature has
been scanned for data on previous ex-
periences, animals have heen photo-
graphed during rocket ascents and in
airplanes, and experiments have becen
made with human subjects under sub-
zero-gravity  conditions
dives and in parabolic flight. We now
have much mformation. both
theoretical and experimental, on which
to base

and during

more
some tentative conclusions
about the behavior of man under grav-
ity-free conditions. Nevertheless we

do not believe that the problem has
yet been solved entirely.

In this paper, we will limit the dis-
cussion to the psychophysiological
aspects of the problem. These con-
cern mainly the question whether the
powers of orientation and sensori-
motor co-ordination are disturbed un-
der subgravitational conditions, as has
been previously suggested. If this is
so, flying safety would necessarily be
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endangered whenever subgravity states
oceur.

While this question is of direct ap-
plication to rocket and space flight in
the future, investigation of it also will
yield results of a more basic nature.
It is in the light of these considerations
that the following presentation must
be understood. Let me start with the
theoretical and historical background
of the subject.

In his book, “Physiology of Man in
the Aircraft,” Schubert’® briefly
touches the problem of subgravity. He
refers to Ferry, who reported in his
book, “L’aptitude a 'aviation,” a weak-
ening of the lower extremities and in-
secure control movements, during the
gravity-free state.

According to von Beckh, Dr. von
Diringshofen observed zero-gravity
during flight maneuvers before World
War II. He experienced about the
same symptoms that Ferry did. After
he became accustomed to them, von
Diringshofen and his pilots enjoyed
the gravity-free state as a very pleas-
ant situation in flight.

In 1949, this author made two theo-
retical studies of the “Physics- and
Psychophysics of Weightlessness,” in
the first of which Dr. H. Haber par-
ticipated. We suggested that during
the transition from a normal gravita-
tional state to one of subgravity, a
sensation of falling may occur from
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the effect of weightlessness on  the
otoliths.
tional characteristics of the otolith or-
gans of animals have been studied by

In recent years, the func-

several physiologists, and the impulses
travelling from these organs to the
brain have also been recorded. In the
absence of weight it seems plausible
to expect that the messages sent to the
nerve center would be contradictory
and confusing, particularly since there
are several otolith organs with macular
layers facing in different directions. If
the otoliths are weightless, will this
condition produce sensory and motor
disturbances? Will these disturbances
be enhanced by a change in stimulation
of the other mechanoreceptors under
abnormal states of gravity?

Speculation about the consequences
of weightlessness has been far from
equivocal. While Gauer and Haber
predicted impairment of muscular co-
ordination and effects on the vegetative
system including a “very severe sensa-
tion of succumbence associated with an
absolute incapacity to act,” Slater ™
vigorously maintained that we can do
very well in space without proper stim-
ulation of the mechanoreceptors.

We had recached this systematic
juncture of the problem when the first
experimental results of investigation in
the gravity-free state were reported.

First, let me discuss some experi-
ments with animals in rockets and in
aircraft. Using a V-2 and two “Aero-
bees,” Henry, Ballinger, Maher, and
Simons'® studied the behavior of sev-
mice in sub-and
states.  They also contrasted the ac-
tivity of a normal animal with that of
a labyrinthectomized one. The results
were reported two years ago to the

eral zero-gravity
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Aero Medical Association. By and
large, Henry and his group found that
the normal mice showed violent move-
ments and symptoms of disorientation.

Fig. 1. (above)
used by von Beckh in his experiments on

Hydromedusa tectifera

weightlessness. The animal is on the ground
searching for food.

Fig. 2 (belotww)—The test animal striking
at the food which is offered by means of
pincers.  Under normal conditions the
turtle never misses his bait.
whereas the operated animal was less

susceptible to gravity-free conditions.

These findings were confirmed re-
cently by the c¢xperiments of von
Deckh* on water turtles (Fig. 1). Un-
der normal gravitational
these animals strike like snakes at their
food, projecting their S-shaped necks
with pin-point accuracy toward the
bait (Fig. 2). Like Henry and his co-

workers, von Beckh used several nor-

conditions
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mal animals and also a turtle with a
permanent injury of the labyrinth. At
first, this animal was severely dis-
oriented. In striking for food, he
passed over, under, or to one side of
the bait. After a period of three
weeks, however, the animal learned to
compensate for the loss of labyrinthine
cues by visual orientation. Some of
von Beckh's test animals can be seen in
the following slides.

Dr. von Beckh took these turtles on
sub-gravity and zero-gravity dives in
his airplane. Sometimes, during the
transition from straight and level
flight into the dive, short negative ac-
celerations caused the water of the
aquarium to rise and float freely in the
air. In spite of this minor complica-
tion, von Beckh observed that only the
animal with the defective vestibular
organ was able to maintain his orienta-
tion. The normal animals, instead,
moved very little, quite slowly, and
out of balance. Since the turtles were
not able to aim properly, the bait could
not be caught. But in horizontal
flight, all the animals acted normally.
This disturbance of orientation and
motor co-ordination diminished after
twenty to thirty zero-gravity flights.

Experiments on human subjects
were also done at that time. During
the summer 1951, Scott Crossfield,
NACA test pilot at Edwards AFB,
produced zero- and sub-gravity states
in both upright and inverted flight.
Crossfield reported a sensation of “be-
fuddlement” during the transition.
This effect—probably of a psychologi-
cal nature—was largely overcome
after the fifth flight. He felt no sen-
sation of falling, but he did observe a
tendency to overshoot while reaching
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for the landing-gear switch. The most
disconcerting effect was dizziness at
about weightlessness on the pullout
after the run.

Similar findings in jet-flight ex-
posures to zero-gravity were reported
by Ballinger® to the Aero Medical As-
sociation in 1952. On several of these
flights, the subject would voluntarily
move his head. While Coriolis effects
were noted during increased gravity,
no such disturbances occurred during
zero-gravity, aside from a mild tend-
ency to overreach. This tendency was
then controlled by visual fixation of
the target.

So long as the test subject was
strapped to his seat and had strong
visual references, he was able to main-
tain his orientation with moderate ef-
fort. However, the participants re-
ported that “had they been unre-
strained and blindfolded, disorienta-
tion might have been extremne.”

This belief was confirmed by Major
Charles Yeager, USAF, who made
several zero-gravity flights about two
years ago. He had a brief sensation
of falling in the transition period, and
after several seconds he noticed cer-
tain orientational disturbances. After
he pulled out of the parabola, his
orientation was soon restored.

Von Beckh performed a series of
experiments in visual orientation and
motor co-ordination on human subjects
under gravity-free conditions very re-
cently. In an aiming test, the subject
had to draw crosses in seven squares
arranged diagonally from the left top
corner to the right bottom corner of
a sheet of paper, which was placed on
the instrument panel in front of him.
The experiment was done in straight
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and level flight, again during radial
acceleration in the turn, and finally
during zero-gravity, both with eyes

was required, before the subjects were
able to place the marks in the pre-
scribed manner; and even then the re-

open and with eyes closed. sults were never so accurate as those
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Fig. 3. Cross-drawing test. A and B were made during straight and level flight; B and

C were made during the dive under sub-gravity and zero-gravity conditions. A.—eyes
open: no difficulties or deviations; B.—with eyes closed some irregularities of the markings
can be observed; C.—eyes open: irregularities due to sub- and zero-gravity; D.—eyes
closed: a typical deviation of about 90° toward the right-hand corner occurred after the
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Fig. 4. Cross-drawing test used by von Beckh in his second series of experiments on

muscular co-ordination in the state of weightlessness.

During radial acceleration, the sub-
ject had some difficulty in placing the
marks in the squares. This difficulty
was extreme during zero-gravity.
Without visual control it was impos-
sible to place the crosses in anything
like a diagonal direction (Fig. 3).

After the third cross was drawn, a
typical deviation of about 90° toward
the right-hand corner was found in
most cases. This was also true when
another pattern was applied. The re-
sults of these tests are shown in

Figure 4. A great number of flights
Avucusrt, 1954

For details see Fig. 3.

obtained under normal conditions.

In still another series of experi-
ments von Beckh studied the effect of
post-acceleration weightlessness. Here,
the pilot produced a blackout in the
pullout after the dive at about 6.5 g,
and immediately afterwards flew along
the ascending arc of the parabola.
Under these conditions, the blackout
lasted longer than after a normal pull-
out, and the effect on orientation was
extreme during the weightless phase.

Summarizing the findings of all ex-
periments, we can say that almost all
normal animal and human subjects
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have shown symptoms of disorienta-
tion and loss of motor co-ordination
during the transition into weightless-
ness and during its early stage. The
animals without labyrinthine functions
were less disturbed than the normal
ones in the attempt to keep their bal-
ance or to aim for food. The animals
and the humans performed better, the
more tactile and visual cues were pro-
vided. Henry and his co-workers in-
terpreted this to mean that the orienta-
tional state of the animals corre-
sponded to that of a pilot, firmly
strapped to his seat, who orients him-
self by his instruments. It may be
mentioned too, that von Beckh’s ex-
perienced instrument fliers performed
better in the cross-drawing test than
the inexperienced ones. These are in-
dications that it may be possible to
adapt to the gravity-free state.

This last remark would seem to be
the most important one, because it may
free us from further troubles. Yet it
must be considered very cautiously.
First, we should be aware of the fact
that an adaptation to the transition
phase was observed so far. We still
do not know what would happen if
the subject had to stay in the gravity-
free state for a long period of time.
What we do find is a decrease of the
initial disturbances of orientation in
most cases.

Light is also shed upon this problem
by some electrophysiological studies.
Experiments of this kind made by
Adrian' and by Lowenstein,’” with
nervous stimulation of the otoliths of
the cat and of the Thornback Ray-fish
(Raja clavata), had shown that the
frequency of nerve impulses sent to
the brain depends upon the position
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of the head, and therefore upon the
vector of gravity. There is some ex-
perimental evidence that, after the ces-
sation of weight, the otolith organs

R

Fig. 5. Schematic  representation  of
AR

Weber’s belief: =K. R = a measure
RAS

of the “stimulus,” usually expressed in

absolute (c.-g.-s.) units; AR is a necessary
change of stimulus to produce a just no-
ticeable difference AS in sensation (Modified
after Holway and Pratt 1936).

will settle down at a “basic” pulse
frequency which is characteristic of
weightlessness. This frequency will be
altered by acceleration, for
instance, through voluntary head move-
ments. In summing up Adrian’s and
Lowenstein’s results, Slater'® con-
cluded that “if a particular nerve al-
ways transmits some impulses, what-
ever the position of the head, then the
nerve endings are always being stimu-
lated to some extent, in whichever
direction the otoliths are pulling. Such
a nerve, therefore, is stimulated even
when the otoliths are pulling towards
the macula, but that stimulus should
be absent when gravitational pull is
absent, in which case no false mes-
sages will be sent to the brain.” In

linear
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this case, the subject would soon learn
to interpret the absence of nerve im-
pulses correctly.

enough, though, no such disturbances
were observed when the subjects
moved their heads during zero-gravity.

There is still another problem which
must be mentioned in this connection:

This finding suggests several alterna-
tive possibilities.
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Fig. 6. Weber-Fechner functions representing five ditferent sense modalities.
ratios shown as functions of the logarithm of the stimulus.

passing through their minima the ecnrves
AR 1 1 +a

e & (

RAS b

and Pratt 1936.)

namely, the aggravation of vestibu-
larly-produced disturbances according
to the Weber-Fechner law, predicted
by Gauer® in 1950.

It 1s a well-known fact that orienta-
tional disturbances occur through ad-
ditional  acceleration—the  so-called
Coriolis-forces—during increased
weight. Ballinger’s test subjects noted
this effect in their flights. Strangely
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\Weber-
Except for the rise after

can be approximated by the function

—) rather than by the function given in Fig. 5. (Modified after Holway
R

The first i1s that the otolith organs
do mnot furnish direct information
about position and gravity, but only
affect our sense of equilibrium in-
directly, by control of the bhalancing
muscles and of the eyes (Slater).'
The Coriolis effects during increased
weight may then be caused solely by
endolymph movements in the semi-
circular canals. At any rate, what we
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know 1is that the disturbances are
caused by the additional acceleration.
We cannot expect any Coriolis forces
to be produced by head movements,

Fig. 7. Schematic representation of modi-
fied and unmodified Weber-Fechner func-
tion. According to the unmodified form
of the Weber-Fechner function, strong sen-
sations are caused by minute changes of
stimulation in the region of small stimuli.
According to the modified form only a
small change of sensation is produced un-
der the same conditions.

however, when the system is at rest.
This conclusion would in turn mean
that the vestibular system is not stim-
ulated by the loss of weight alone;
or at least it is not excited in such a
fashion that acceleration produced by
voluntary movements would have a
confusing effect.

Secondly, we may argue that the ap-
plication of the Weber-Fechner law
is not appropriate to demonstrate the
relationship of stimulus to sensation
in the gravity-free state (Fig. 5).
While it is not my intention to dis-
cuss the limitations of this psycho-
physiological law here, T should re-
mark that it is far from being uni-
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versal. The exceptions to it are neith-
er negligibly small nor are they un-
important. It has been shown by nu-
merous investigators that the assump-
tion of a constant fraction of the stim-
ulus magnitude in each barely notice-
able difference of perception is merely
an approximate statement of a special
case, and that Fechner’s logarithmic
formulation does not represent the true
relationship between the intensity of the
stimulus and the magnitude of sensa-
tion over the whole range of percep-
tion. Figure 6 shows the data from
experiments on threshold discrimina-
tion of various senses. If we plot the
general mathematical function express-
ing these stimulus-sensation ratios, we
usually obtain an S-shaped curve. Such
a curve has an approximately linear
region at about the inflection point
near the center, when the scale of
intensity is extended in both direc-
tions, as shown in Figure 7. Further-
more, the Weber-Fechner law ex-
presses the relation of the scales only
if there is homogeneity between the
two series of magnitudes. The ques-
tion in our case is: what properties can
be associated with both stimulus and
sensation magnitudes? One might
think of units associated with the ac-
tivity of nerve discharge, as demon-
strated by Adrian. But
definitely settle this question, and we
think it is very hard to measure.. So
there is much doubt as to the stimu-
lus-sensation ratio, and as to the in-
terpretation of results of that kind.
Finally, von Beckh’s experiments on
post-acceleration weightlessness yield-
ed strong effects of disorientation.
Even the sensation of inverted flight
was noted shortly after the beginning

we cannot
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of the gravity-free state. We may
hypothesize that this effect was the re-
sult of an enhanced ‘‘contrast” be-
tween 1 acceleration and
welghtlessness thereafter; but we still
cannot explain the sensation of flying
upside down connected with it.

This survey of the work done on
the investigation of weightlessness, and
the progress made on it during five
years of research in this field of space
medicine, is by no means exhaustive.
There are other problems which have
not been treated here, and which must
be investigated before we understand
definitely the stimulus-sensation me-
chanism, the process of adaptation, the
tolerance-differences between individu-
als, and other problems of the gravity-
free state. Slater proposed the in-
vestigation of nerve discharges from
the otolith organs during weightless-
ness. Von Beckh suggested that we
study the otolith reactions in zero-
gravity with various positions of the
head. We are also planning to in-
vestigate the eye movements and
visual illusions during the transition
into the weightless state. Not only be-
cause of its scientific value, but also
because of its practical application for
space flight, the exploration of human
behavior under gravity-free conditions
should be considered as an important
goal.

increased
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