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PROGRESSIVE ARTERIAL OCCLUSION ANTI-BLACKOUT SUIT
WITH ARM  CUFFS

ar 3 .
28

Figs. 2 and 3

60 pounds per square inch pressure source. The
resulting, very rapidly progressive high pressure
inflation of the bladder system from the ankles to
the abdomen was controlled by a pressure shut-off
line from the top of the abdominal bladder, which
regulated the final level of pressure according to
the level of acceleration. This pressure was set
to the presumed arterial occlusive level of 150
mm of Hg at 1.5G and increased automatically by 50
mm of Hg per G above this level--so, for example,
at 5G the final suit pressure was about 325 mm Hg
(9).

The average protection afforded by this suit
of 2.1G was more than double the protection affor-
ded by the Frank's suit. Addition of arterial oc-
clusive arm cuffs in effect converted the subject
to a heart-lung-head preparation and increased the
average level of protection to 2.9G against visual
systems and decrease in blood content of the ear
(9).

The so-called simple arterial occlusion suit
(Figure 4) which consisted of arterial occlusive
cuffs on both thighs and arms, plus a highly
effective abdominal bladder, was nearly as effec-
tive as the progressive arterial occlusion suit,

A somewhat simpler version of this suit, without

the arm cuffs, which could be worn over a conven-
tional light-weight flying suit, was also fabri-

cated and tested (Figure 5).

The effectiveness of the progressive arterial
occlusion suit as well as the M-1 voluntary
straining maneuver was documented in a series of
restricted reports and acceleration physiology
movies filmed on the Mayo human centrifuge and in
a specially instrumented dive bomber during World
War II.

Inflation of these suits to arterial occlu-
sive pressures was accompanied by considerable

ARTERIAL  OCCLUSION  ANTI-BLACKOUT  SuiT

(fom US Poent 2,495,316
DM Clork o of, Filsd Sept 14, B45)

Figs. 4 and 5
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(from US Potent 2,498,316, DM Ciork o ol; Filed Sept M, 1348 )

discomfort. 1In spite of their high degrees of pro-
tection, pilots at that time did not consider
blackout to be a sufficient problem to warrant use
of such uncomfortable garments.

Consequently, these very high pressure anti-G
suits were never used operationally. However, phy-
siologic studies of the effects of separate infla-
tion of the leg, abdominal and, in some suits, the
arm cuff components of the pneumatic bladder
system, and varying the size, location and
pressures to which these individual components were
inflated, provided the basis for fabrication by Mr.
David M. Clark in 1943 of the so-called simple
single pressure bladder system (Figure 6). This
bladder system, or closely similar variants
thereof, when incorporated into various coverall,
trousers or externally worn skeleton-type garments,
and its associated single pressure G activated
valve has been the basis for all operationally used
suits during World War II and up to the present
(3,9,13),

Fig. 6 Fig.7

Centrifuge tests demonstrated that increasing
the area or the inflation pressure to which the
bladder system was inflated and/or snugness of fit
of the garment into which this bladder system was
incorporated increased its effectiveness as an
anti-G suit (13). Unfortunately, increasing any
one or all of these factors also increased the
discomfort associated with G-suit use. The relati-
vely ineffective skeleton type suit (Figure 7)
which is still used today (4,9) was the result of a
compromise between these factors during World War
II: {(16).

The most effective of these simplified suits,
the so-called Model 21, incorporated the single
pressure bladder system into a closely fitting ine-
lastic trousers. In multiple bioassay-type tests
(17) in the centrifuge and in flight, the average
protection afforded by this suit was 1.9G (18,19).

Direct recordings of arterial pressures in
1945 (Figure 8) obtained simultaneously at heart

Fig. 8



DEVELOPMENT OF METHODS FOR PREVENTION OF
ACCELERATION INDUCED BLACKOUT AND UNCONSCIOUSNESS
IN WORLD WAR II FIGHTER PILOTS.
LIMITATIONS: PRESENT AND FUTURE

Earl H. Wood
Department of Physiology and Biophysics
Mayo Medical School
Rochester, Minnesota

During World War II and up to the relatively
recent past, use by fighter pilots of an anti-G
suit combined with voluntary straining maneuvers
were considered to provide adequate protection
against acceleration induced losses of vision
(blackout) and the much more serious (but thought
to be relatively rare) losses of consciousness
(1-3).

However, multiple recent crashes of current
high speed, very maneuverable fighter planes, due
to pilot +G, induced losses of consciousnesss
(GLOC) during sustained high acceleration simula-
ted combat maneuvers indicate that the physiologic
capabilities of the pilot and his supporting anti-
G suit are being exceeded and will be increasingly
so in future, ever higher performance fighter
planes (4,5).

Consequently, if sustained very high G maneu-
vering capability fighter planes provide important
tactical advantages, more effective methods for
prevention of black-out and GLOC in the pilots of
these planes are urgently needed.

In the conventional sitting position, a
fighter pilot's primary defense against blackout
is his anti-G suit which he can supplement by
voluntary straining maneuvers up to the limit of
his physiologic capabilities (2).

Although the ultimate effectiveness of the
combined use of a G suit and voluntary straining
maneuvers are subject to the limitations of human
cardiovascular and pulmonary physiology, the cur-
rently used U.S. Air Force anti-G suit does not
approach this limit. This is remarkable since
more effective anti-G suits and associated automa-
tic inertial suit pressure control valves were
fabricated and tested during World War II (6,7).

However, in spite of its known relatively
low protective value, the current externally worn
Air Force anti-G suit was adopted over 40 years
ago mainly because of pilot acceptance. This
acceptance resulted from its convenient donning
and doffing characteristics, the minor degree of
discomfort associated with its inflation during
exposure to acceleration, and more importantly
that GLOC was not considered, or at least not
admitted by pilots to be a tactically important
problem in the relatively low speed fighter planes
of that era. The current urgency of the GLOC
problem dictates, among other things, an in-depth
review of what is known concerning the physiology
and limitations of anti-blackout suits.

Initially developed anti-G suits were based
on the belief that decreased venous return to the
heart was the most critically important result of
the increased weight of blood which is an una-
voidable effect of acceleration. Development of
cumbersome water filled, pneumatic gradient and
pulsatile pressure suits resulted.

The water filled Frank's Flying Suit which
was used successfully by the British Air Force
during the 1942 invasion of North Africa was the
foremost anti-G suit during the early years of
World War II (8). Early anti-blackout suits were
developed concurrently or shortly thereafter,
chiefly by the U.S. Navy. Pictures of these
suits, including an anti-G abdominal bladder, a
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pulsatile pressure suit, and a gradient pressure
suit, are included in a review published shortly
after World War II (9). A somewhat more cumbersome
gradient pressure suit was designed and tested by
Cotton in 1940 in a small human centrifuge in
Australia.

The basic concept upon which these early suits
were based, namely that maintenance of venous
return to the heart would be a very effective means
of preventing blackout, was tested when the Mayo
human centrifuge became operational in late 1942.

A steel container designed to allow a seated sub-
ject to be immersed in water up to base of heart
level was mounted in the cockpit of the centrifuge
(10). The G tolerance cf 15 healthy young men was
determined with and without water immersion up to
or above heart level and also while wearing the
Frank's Suit. The protection against subjective
losses of vision and objective decreases in blood
content of the ear provided by the Frank's suit and
actual immersion in water to an equivalent level
was determined to be about 1G (11). This was less
than hoped for and stimulated search for more
effective means of prevention of blackout.

Following the lead of the Canadian human
centrifuge group, the duration of exposures to
given levels of acceleration on the Mayo human
centrifuge was initially restricted to five
seconds, This restriction was based on the fact
that aircraft at that time had insufficient power
to sustain accelerations greater than several G for
more than five seconds and also on the belief that
circulatory collapse, due to cessation of venous
return, would occur if high levels of acceleration
were maintained for longer periods.

This concept was tested in 1942; and, somewhat
unexpectedly, as illustrated in Figure 1 the pro-
gressive loss of blood content and arterial pulsa-
tion in the ear, which occurred during the first
seven seconds of the exposure, were, if the expo-
sure was prolonged to more than ten seconds, inter-
rupted by a rapid recovery of both of these
objective parameters, and a concomitant restoration
of vision occurred (12).

Fig. 1

These findings along with water immersion stu-
dies strengthened belief that arterial pressure
rather than venous return is the major determinant
of human G tolerance when in the upright sitting
position.

Consequently, physiologic and mechanical
methods of increasing systemic arterial pressure
were considered and studied in an initial series of
intensive tests on the Mayo human centrifuge from
1942 through 1943 (13-15).

So-called arterial occlusion suits were found
to provide much higher levels of protection than
devices designed to support venous return, Several
types were designed and fabricated in close colla-
boration with Mr. David M. Clark (Figure 2).

The most effective of these, with its automa-
tic, very rapidly inflating pressure control valve,
is illustrated in Figure 3. The air bladder system
was inflated very rapidly from the ankles upwards
to the abdomen via a valve, which at 1.5G opened
the bilateral air inlet lines at the ankles to a
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Flying with future high performance aircraft
also means that colour displays may be used to
present flight and weapon information. Colour
vision may be disturbed during high G-loads, in
the same way as peripheral vision is disturbed by
the blood pressure drop accompanied by hypoxia in
the retina. This gray-out during high G-loads may
sometimes proceed to black-out, where all vision
is lost. Similar phenomenona might happen to the
hearing as well as to the other senses.

The use of joy-stick mediated CRT-pointing
as command in the aircraft instead of the
pressing of buttons or the movements of switches
may also cause problems due to motoric
difficulties during high G-loads. The control and
strength of the muscles to move the hand with the
very high precision required must be sufficient
in the high G-situation, otherwise the commands
may become inaccurate.

Speech commands may also be used in high
performance aircraft. The automatic
interpretation of such speech commands at 1 G has
now reached a very remarkable 1level of correct
responses. During high G-loads, however, the
speech is distorted as it is during vibrations.
During the time the pilot has to perform the
straining maneuvers with closed or semiclosed
glottis, the speech is either impossible or very
difficult and highly distorted. If positive
pressure breathing is going to be used in future
high performance aircraft to  improve G-to-
lerance, the use of speech commands might also be
difficult during the high G-loads.

In conclusion, the high performance aircraft
of today and in the near future may expose the
pilot to rapid onset high sustained G-loads. This
implies that the physiological limitations of the
human tolerance to G acceleration sometimes are
reached and might even be exceeded. In some res-
pects the psychological and physiological
requirements on the pilot are much more
pronounced in the high performance aircraft,
while in other respects, the modern technology
facilitates the tasks for the pilot. The
psychomotor performance may be decremented with
the high G-loads as well as the vision and
speech. The high physical demands in the high
sustained G enviromnment with repeated straining
maneuvers may cause general as well as local
muscle fatigue. The kidneys as well as other
internal organs of the body are influenced by the
high G loads and their performance may be affec-
ted. A decreased oxygen saturation of the blood

in  combination with a rapid cerebral blood
pressure drop during high G loads, might result
in a G-induced 1loss of consciousness with

disastrous consequences to the pilot. Such a loss
of consciousness may require an autopilot system
to temporarily take-over the controls of the
aircraft. In that case the aircraft definitely
has caused the pilot to exceed the physiological
limitation of human tolerance to Gz acceleration.
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reached. An indication of the adaptation of the
circulatory system may be given by the passive
slow onset rate G-tolerance measurements. The
more active G-tolerance measurements will, on the
other hand, give an indication of the circulatory
system as well as of the correct technique, the
muscle force and endurance required to perform
the straining maneuvers.

The endurance G-tolerance may be measured by
the aerial combat maneuver (ACM) G-profile with
repeated 15 s periods of, for instance, 3.5 and
5.5 G without anti-G-suit (7), 4.5 and 7 G with
anti-G-suit (8) or 10 s periods of alternating 5
and 9 G (9) until volitional exhaustion. Here the
general physical endurance as well as local
muscle fatigue are important factors.

The ability to recover after repeated
periods of high G-loads is still another type of
G-tolerance, giving an indication of the
readiness for new G-exposures during a 24 h
period.

To measure G-tolerance in a human centrifuge
the subjects have to be familiar to the G-loads
and the vestibular effects in the centrifuge.
Fighter pilots are of that reason often chosen.
Naive subjects have to be trained for weeks in
the centrifuge to be able to be wused in
G-tolerance measurements.

The variability in different subjects
exposed to high G-loads is very great (10, 11).
Some may tolerate only 7 G for less than 15 s,
while others may tolerate 9 G for 45 s with
anti-G-suit. During unsuccessful circumstances
even an experienced fighter pilot may encounter a
G-induced 1loss of consciousness at such a low
G-load as 3.5 G, indicating a great G-tolerance
variability in the same day as well as on a daily
basis. Selection procedures should be more
important in the future, at least to eliminate
those with 1low G-tolerance, who could be a
flight hazard when flying high performance
aircraft. It is not only a question of such
constitutional factors as blood column distance
from heart to brain and baroreceptor reactivity,
but also of physical ability and endurance to
perform the necessary straining maneuvers during
high G loads. Among other constitutional factors
than height, weight, age etc., which are
investigated so far, no evidence exists that
muscle fiber composition and muscle capillary
density can be a good predictor of high
G-tolerance (12). If other muscle function tests,
anaerobic tests or psychomotor stress reaction
tests might be used in the selection of pilots
with high G-tolerance remains to be investigated
(13, 14). It appears, however, to be very
difficult to predict a good future G-tolerance in
a subject.

Many environmental and physiological factors
may interfere with a good G-tolerance. Such
limitations may be caused by heat stress,
dehydration, hypoglycemia, fatique,
hyperventilation, hypoxia, alcohol and hangover
etc., but also by a minor illness and by
medication. A dehydration of 3 % of the body
weight without raised body temperature may, for
instance, reduce the ACM G-tolerance without
anti-G-suit by about 40% (15). A dehydration of
this magnitude is not inconceivable in a fighter
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pilot operation. If it is combined with raised
body temperature, which could be the result of
using a chemical defence protection equipment,
the effect should be still more pronounced. Even
small decrements in G-tolerance, however, may
have a major impact on the operation of a high
performance aircraft at high G-loads. A1l these
negative factors should, therefore, be still more
important now. The negative factors may not only
increase the risk of G-induced 1loss of
consciousness, but they may also induce a further
impaired psychomotor performance during the high
G-loads.

The very rapid onset high sustained G-load
in air combat maneuvering with high performance
aircraft may cause inadequate cardiovascular res-
ponse. The immediate heart rate response may be
only a fourth of the final heart rate reached
with very rapid onset rate (16). The tendency to
rapid cerebral blood pressure drop during this
situation may also require immediate respiratory
and muscle straining maneuvers (M-1 or L-1) as a
countermeasure. The adequate performance of the
straining maneuvers implies a correct technique
to execute them as well as a sufficient muscle
endurance. A correct technique may best be
trained in a human centrifuge and the muscle
endurance 1is best obtained by strength training.
Consequently, centrifuge training (17) as well as
strength training (18, 19) has been shown to
increase ACM G-tolerance substantially. The
strength training requires, however, that many
muscle groups are trained to obtain an improved
G-tolerance, and not only, for instance,
abdominal muscles (7, 20). Aerobic training, on
the other hand, has not been shown to increase
G-tolerance (18). Endurance training might even
imply proneness to cardiac dysrhythmias,
G-induced 1loss of consciousness and motion
sickness (21).

The very high sustained G-loads requires a
good muscle endurance to be able to execute
repeated straining maneuvers. A muscle strength
training program is, therefore, beneficial for
that reason, but to recover from missions with
many strenous high G-loads a combined strength
and moderate aerobic training could be of value
(21).

Another way to push the physiological
limitations of human tolerance to Gz acceleration
appears to be the use of positive pressure
breathing in combination with an effective
anti-G-suit, and especially assisted positive
pressure breathing (22, 23, 9).

The high sustained G-loads may imply func-
tional physiological  disturbances such as
shunting of the blood in 1lungs and G-induced
pulmonary atelectases (24) with deteriorated
blood oxygen saturation as well as strain on the
kidneys with proteinuria (25). It may also imply
injury to some structures of the human body, as
for instance the petechial hemorrhages in the
skin (so called G-measles) that may be found in
unprotected external areas of the body. If other
internal organs of the human body will be injured
by the high G-loads, such as some time ago was
suggested in the hearts of pigs (26), remains to
be investigated. So far no such findings have
been found in humans (27, 28).



PHYSIOLOGICAL LIMITATIONS OF HUMAN TOLERANCE TO
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The advances in aircraft technology with
higher engine thrust, higher wing 1loading and
computer assisted electronic "fly by wire" flight
controls of a highly unstable and extremely
maneuvrable fighter aircraft may expose the pilot
to very high G-loads of up to or even exceeding 9
G. The onset-rate of the G-load may also be very
rapid in these high performance aircraft, but is
usually restricted by the computer of the
aircraft to 6 G/s. This restriction is mainly due
to a presumed physiological Tlimitation of the
pilot with a risk of G-induced 1loss of
consciousness. The high performance aircraft also
allows the execution of steep turns for extended
periods of time, thus exposing the pilot to
sustained high G-loads. This sustained high
G-load is very fatiguing as it continuously
requires maximal respiratory and muscular
straining maneuvers (M-1 or L-1 maneuvers) of the
pilot to avoid a cerebral blood pressure drop
with a following risk of G-induced loss of
consciousness.

The presentation of important flight and
weapon data with head-up and head-down displays,
CRT-techniques and better ergonomics of the cock-
pit facilitate the pilot”s operation of the air-
craft. The interpretation of the great amount of
information given, the requirements for very
rapid decision making and the necessity for
simultaneous looking out through the cockpit in
these very fast flying aircraft exert, however,
an extreme high stress on the pilot. If the
stress of the high sustained G-load, requiring
repeated very tiresome straining maneuvers, is
added to that, it is apparent that the pilot may
have a deteriorated mental performance and may be
the 1imiting factor for the fully operation of
the high performance aircraft in high G
environments (1).

The development of chemical warfare has for-
ced the introduction of protective devices for
the pilots that will interfere with their
performance. These devices will induce heat
stress, which is lowering the G-tolerance of the
pilot and are adding further stress to the pilot.

Reports of G-induced loss of consciuousness

during flying with high G-loads of high
performance aircraft with sometimes disastrous
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consequences have appeared (2). The occurrence of
these can be 7looked upon as a failure of the
ability to protect the pilot against the high
G-loads and a transgression of the limit of the
pilot”s maximal performance. Other measures have
to be taken to avoid the disastrous consequences,
when the G-induced loss of consciousness already
has occurred. It may imply the development of
equipment to detect the G-induced 1loss of
consciousness in order to let the computer of the
aircraft with help of the advanced ground
proximity warning device and the autopilot system
take command of the aircraft for a low G climb to
safe altitude. During this maneuver the pilot may
have a chance to recover and to resume the
control of the aircraft again.

The mean incapacitation time of a G-induced
loss of consciousness appears to be about 15 s
(3). During the final stages of the unconscious-
ness clonic convulsions may appear, before the
consciousness is regained. As this
unconsciousness is accompanied by a retrograd
amnesia, confusion and deteriorated mental
performance (4), the ability to properly handle
the aircraft may be impaired for long periods
afterwards. A G-induced loss of consciousness may
therefore, for safety reasons, be considered as a
cause of aborting a sortie.

Rapid onset G-loads may also be found in
civilian competitive and aerobatic flying with
very maneuvrable small aircraft. Most dangerous
seem the rapid transitions from, for instance, 5
negative G to more than 5 positive G to be (5).
The baroreceptor response during the rapid
transitions from negative to positive G-loads
appears to be too slow, which may result in rapid
drop in cerebral blood pressure. Reports of
G-induced 1oss of consciousness of that reason
have also appeared (6).

Negative G-loads provoking occasional pre-
mature atrial and ventricular contractions and
bradycardia to the extent of asystole may also
impose a risk to pilots (6).

During the acceleration phase of a space
shuttle launched into space or during the re-ent-
ry, the astronauts are only exposed to G-loads
not exceeding about 3 G. Orthostatic reactions
may, however, be seen during the re-entry and the
immediate time thereafter, as a result of a
deconditioning of the circulatory system during
the microgravity in extended sojourns in space.

G-tolerance in  human  subjects may be
measured in many ways. Orthostatic tests on tilt
tables seem not to be a very effective tool to
estimate G-tolerance during high G exposure.
Instead, human centrifuges are used to measure
G-tolerance wusually relaying on subjective
end-points. Motivation and subjective experience
of the effort level may influence the results in
endurance type G-tolerance measurements to
volitional exhaustion. The tolerance to withstand
rapid onset and high sustained G-loads, where
tiresome straining maneuvres continuously are
required, 1is one way of defining G-tolerance.
Another way may be the passive G-tolerance
measurements, when subjects are exposed to slow
onset rate but gradually increasing G-loads
without the wuse of straining maneuvers until
peripheral 1ight 1loss end-point criteria is
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Although Coermann (2) years ago developed a
two-degrees-of-freedom model to measure the
response of his eight seated, human sub-
jects to vibration, his two-mass model did
not account for any of the peaks beyond the
primary one and assigned a small percentage
of the total mass to the upper torso.

In evaluating the new model further,
the model or calculated mass (m; + mp) was
compared to the actual mass (test weight)
of each primate. The results are shown in
Table 2. The agreement between the two
masses was very good in the case of all
seven test animals. It also strongly sup-
ports the previous observations (7-9) that
both the monkeys and baboons vibrate out of
phase rather than rigidly with the seat
over most of the frequency range tested.

Table 2. Comparison of measured and
model mass values™*

Hodel values
Animal Test weight (m) + m3)
Rhesus monkey:
$058 21.0 (9.53) 17.76 (B.06)
#314 20.3 (9.21) 20.31 (9.21)
#4360 16.8 (7.62) 16.79 (7.62)
#318 28.0 (12.70) 25.87 (11.73)
Mean 21.3 (9.66) 19.30 (8.75)
Baboon:
#F96 26.0 (11.79) 25.98 (11.78)
#F26 37.5 (17.01) 36.76 (16.67)
#F88 31.0 (14.06) 27.99 (12.70)
Mean 31.5 (14.29) 28.49 (12.92)

*All values in pound (1b) units (kg units in parentheses)

Interspecies Scaling. Based on the
insignificant difference in impedance and
transmissibility between the Rhesus monkeys
and baboons, the question was raised in the
previous report (9) concerning the selec-
tion of the baboon as a better biodynamic
model than the Rhesus monkey and also the
phylogenicity of the two subhuman primate
species. Moreover, in a study by Little
and coworkers (4), it was found that in
evaluating the viscoelastic properties
(e.g., max. strain rates) of the major
spinal ligaments of Rhesus, baboon and
chimpanzee, the Rhesus was closer to the
chimpanzee in many cases than was the ba-
boon. Thus, in combining the results of
both programs, it appears that the baboon
may not be in the same lineage with the
Rhesus and chimpanzee but on another con-
verging line. In view of the cost and
availability of both animals, the Rhesus
appears to be a good research model to
extrapolate data to humans (9).
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Fig. 5. Models. A. One-degree-of-freedom
model where mg = mass of lower half of body,
my = mass of upper half of body, c = damp-
ing factor, and k = spring factor [modifi