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Preface 
Current Concepts on G-Protection Research 

and Development 
A new class of fighter aircraft is emerging that will be operational or in advanced Test and Evaluation by 1995. These aircraft 
(e.g. MiG 31, YF-22, Eurofightcr, Rafale) are capable of developing G far in excess of 9G (i.e. 12G will be a realistic 
capability). The operational envelope of these agile aircraft will depend upon the G protection provided to the aircrew. In 
response to this challenge, established and new laboratories using human-use centrifuges arc developing new aircrew 
protection methods using different approaches yet frequently complementing the research of the others. These laboratories 
include: Armstrong Laboratory (US), SAM (UK), DCIEM (CA), LAMAS (FR), SAM (RU), KONIGSBRUCK Laboratory 
(GE) and FOA Laboratory (SW). In 1995, much of this research will have produced prototype flight-worthy 
equipmentimethods with advanced understanding of their physiological bases. This lecture series will review: (a) 
pathophysiology of high sustained G (9G and above); (b) recent equipment development and reports on equipment T&E. 
Therefore this lecture series will be timely and extremely important regarding new advanced weapons systems. Numerous 
AGARD technology linkages will he manifest. 

In consideration of recent funding constraints of AGARD, these lecture series will utilize maximally local scientific 
contributions with a guest lecture concept. Consequently the publication will be extensive containing the material of these 
guest Iecturcrs and those of the permanently appointed lectures, i.e. all significant research in this area from major scientists 
in all major laboratories will contribute. In addition, with Dr. General Stupakov's participation, it will be a FSU collaborative 
research effort. Interestingly and relevant here is that the SAM (Moscow) G protection research programme is significant and 
with breakthrough potential. 

Prkface 
Concepts actuels en recherche et dkveloppement 

pour la protection anti-G 
Unc nouvclle gtntration d'avions de combat est en cours de dkveloppement (MIG-31, YF-22, Eurofighter, Rafale, etc.). Ces 
avions, qui seront d'ici la fin 1995 soit au stade des essais, soit B celui de leur utilisation opkrationnelle, seront capables de 
produire des acctltrations suptrieures a 9 +Gz (une valeur de 12 +Gz est envisag6e pour certains d'entre eux). La capacit6 
d'utilisation ophationnelle de ces akronefs particulikrement manceuvrants dkpendra de la qualitk de la protection anti-G 
fournie a leurs tquipages. Pour relever ce dkfi, plusieurs laboratoires, r6putks ou moins connus, utilisant des centrifugeuses 
humaines effectuent des recherches complkmentaires pour mettre au point de nouvelles protections anti-G. Ces laboratoircs, 
dont la plupan appartiennent B des pays de I'OTAN, dkpendent des Institutions suivantes: le Laboratoirc Armstrong (AL) aux 
Etats-Unis (US), I'ecole de Mkdecine Aeronautique (SAM) au Royaume Uni (UK), I'lnstitut Civil et de Defense de 
Mkdecine Environnementale (DCIEM) au Canada (CA), le Laboratoire de Mkdecine Akrospatiale du Centre d'Essais en Vol 
(LAMAS) en France (F), l'lnstitut de Mkdecine Akrospatiale (IAM) de Russie (RU), le Laboratoire de Konigsbriick en 
Allemagne (G) et le Dtpartement des Etudes Facteur Humain de 1'6tablissement de Recherche de la Dkfense SuCdoise 
(FOA), (S). Plusieurs de ces travaux ont abouti en 1995 B la rtalisation d'kquipements de vols prototypes ou 6 la mise an 
point de nouvelles methodes prenant en compte les avanctes dans le domaine des bases physiologiques. 

Ce cycle de conftrences prtsente: (a) la physiopathologie des accklerations soutenues et trks Clevies (9 +Gz et plus), (b) les 
rkcents dkveloppements concemant les kquipements et les moyens d'essais pour les kvaluer. En constquence, ce cycle de 
conftrences est particulBrement important vis-a-vis des amkliorations des nouveaux systkmes d'armes et arrive i un moment 
opportun. De nombreuses implications technologiques en dkcoulent. 

Eu Cgard aux contraintes budgktaires rkcentes impostes a I'AGARD, ce cycle de confkrences fait appel, non sculement B des 
confkrenciers permanents mais aussi, dans toutc la mesure du possible, B des contributions locales, c'est-Mire B des 
confkrenciers invitks; par conskquent, les publications sont particulikrement nomhreuses. Ceci permet aux principaux 
scientifiques de tousles grands laboratoircs de faire I 'expod de l'ensemhle des travaux de recherche rkalisks dans le domaine 
de la physiologic appliquke B la protection anti-G. De plus, la contribution du Midecin Gkniral Stupakov (Russie) marque les 
efforts de collaboration Est-Ouest dans ce domaine de recherche. Dans ce contexte, il est important de souligner que les 
recherches mentes par la Russie sont prometteuses du fait des perctes technologiques potentielles. 

... 
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G-PROTECTION BASISIACCELERATION PHYSIOLOGY 

JW BURNS 
Crew Technology Division 

Armstrong Laboratory 
Brooks AFB TX 78235-5104 

USA 

Our major objective is to protect the air- 
crew against the detrimental effects of +G, 
by developing and assessing equipment and 
techniques to enhance high sustained accel- 
eration (+G,) tolerance, and minimize the 
hazards of G-LOC. The payoff is reduced 
pilot fatigue and improved combat effec- 
tiveness. To accomplish these objectives it 
is imperative that we leam as much as pos- 
sible regarding acceleration physiology and 
the influence that protective equipment and 
techniques have on acceleration physiology. 

Figure 1 illustrates maneuvering accelera- 
tion and the resultant inertial force that I 
will be discussing throughout this lecture. 
+G, is the correct terminology, however, 
sometimes G or G, will be used as abbrevi- 
ations. There are several excellent text- 
books which discuss the effects of accelera- 
tion in much greater detail (1,9). 
The three functional areas of the body most 

Figure 1. Maneuvering acceleration and the 
equal, but opposite, inertial force that aircrew 
ure exposed to during flight, 

sensitive to acceleration are: the cardiovas- 
cular system, the pulmonary system and the 
central nervous system (CNS). The cardio- 
vascular and pulmonary systems will be 
addressed in this lecture and the CNS will 
be covered in a following lecture. 

Two of the major cardiovascular problems 
associated with high sustained +G, are 
maintenance of venous retum to the heart 
and the maintenance of blood pressure and 
blood flow to the brain. Eye-level blood 
pressure (ELBP) is known to decrease by 
22-25 mmHgiG as a result of the inertial 
load on the eye-to-heart hydrostatic column 
of blood. Thus, the brain is at a disadvan- 
tage when the body is in the upright posi- 
tion (+lG,), where, if mean blood pressure 
at heart level is 100 mmHg then brain level 
blood pressure will be around 78 mmHg, 
assuming a 30 cm eye-to-heart distance 
(Figure 2). As +Gz progresses from +1G, 
to +5G, then ELBP will decrease from 78 
mmHg to -10 mmHg, resulting in a G- 
induced loss of consciousness (G-LOC), 
assuming no interventions. During +G,, 
venous retum generally decreases signifi- 
cantly, whereas with adequate protective 
equipment and the anti-G straining maneu- 
ver (AGSM) adequate brain level blood 
pressure and flow can be maintained. 
Recent swine data demonstrate that with 
adequate venous retum support (improved 
G-suit) brain level blood pressure and flow 
can be maintained with significantly 
reduced straining effort ( 4 3 .  

The normal cardiovascular compensatory 
responses to +GZ are an immediate increase 
in heart rate (HR) and a slower increase in 
peripheral resistance and relocation of 
blood volume. Figure 3 illustrates the cai- 

Puper presented at rhe AGARD AMP Lecture Series on "Currenr Concepts on G-Prorecrion Research 
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Hydrostatic Blood Pressure Effects 

Figure 2. Schematic of the hydrostatic blood 
pressure in the supine position, and erect posi- 
tion at +l Gz and +5Gz. 

diovascular response to a +3G, exposure in 
an anesthetized animal. Note the dramatic 
decrease in left ventricular and eye-level 
blood pressures with the onset of +Gz and 
the reflex compensation that occurs as the 
+G, profile progresses. Although mean 
aortic pressure changed very little, the 
large reduction in pulse pressure was relat- 
ed to reduced left ventricular peak pressure 
resulting from a reduced venous retum to 
the heart during +G,. The rise in left ven- 
tricular pressure as the +G, exposure pro- 
gressed was an autonomic response (note 
increase in dpidt) and was not associated 
with an increase in pulse pressure, proba- 
bly because venous retum had not 
improved, as evidenced by a decreased left 
ventricular end-diastolic filling pressure. 
Notice that the decrease in ELBP is almost 
linear with the onset of +G,. 

Venous retum into the thorax can only 
occur when venous pressure at the venous 
inlets to the thorax is greater than intratho- 
racic pressure. There is generally a posi- 
tive abdominal-thoracic venous pressure 

. . . .  
~~. . . . ACCELERATION 

l+Gr I 
. . . .  . . . .  . .  . 

d p l d t  
ImmHgISec  1 

AORTIC PRESSURE 
I mmHg 1 

EYE LEVEL 
BLOOD PRESSURE 

ImmHq l  

E.C.G. 

I O E C  

Figure 3. The influence of +3Gz for 30 sec on 
left ventricular, aortic and eye-level blood pres- 
sure of an anesthetized animal. 

gradient, which is amplified by G-suit 
inflation (6). However, the gradient 
decreases dramatically during the strain, 
explaining the sharp reduction in venous 
retum through the diaphragm at that time. 
Upon initiation of the AGSM venous flow 
abruptly becomes negative, gradually 
increases throughout the strain and then 
increases sharply during the no strain peri- 
od (expiratiodinspiration), and becomes 
greatest just prior to the next strain (Figure 
4). If the AGSM is maintained too long 
venous retum will be further decreased, as 
in the Valsalva maneuver, cardiac output 
will be dramatically reduced and ELBP 
will decrease, even though BP is normally 
elevated by the AGSM. On the other hand, 
if the time between strains is extended 
beyond several seconds the extended loss 
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suit inflation 

increased linearly with +G,, with and with- 
out an anti-G suit, but at a higher level 
with the G suit (Figure 6). He found that 
at +5G, a column of blood could be sup- 
ported to several centimeters above the 
dome of the diaphragm with G suit support 
(1 1). This information indicates that 
venous retum from below the diaphragm is 
supported by hydrostatic tissue pressure. 
However, without anti-G suit support the 
compliance of the areas below the 
diaphragm allows venous pooling and 
insufficient venous retum to the heart dur- 
ing high levels of +G,. The anti-G suit 
provides anti-G support by reduced vascu- 
lar compliance through increased arterial 
and venous transmural pressure. The 
newer, extended coverage anti-G suits 
amplify that protection by applying more 
uniform pressure to the lower body. Thus, 
the stiffer and less compliant the vascular 

system becomes the less it is affected by 
+G,. 

An additional benefit of the inflated G-suit 
is the foundation it provides for the AGSM. 
Figure 7 illustrates the benefits of G-suit 
inflation for the swine. The left panel is a 
60 sec +9G, exposure without anti-G suit 
inflation. Note that the animal does very 
poorly. There are several obvious struggles 
during the exposure, but very little rhyth- 
mical straining. Towards the end of the 
exposure ELBP and CVP fall well below 
zero and there is no indication of any 
straining activity for over 10 sec, indicating 
loss of consciousness. However, the pres- 
sures and flow recover immediately upon 
reduction of the +G, load. In contrast, the 
right panel is an identical +G, exposure 
with the same animal, but with inflation of 
an abdominal bladder anti-G suit, which 
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Figure 8. Demonstration of eficient transfer of 
intrathoracic pressure, as measured be esophageal 
pressure, into the cardiovascular system. 

provides the foundation for performance of 
the classical, rhythmical, AGSM. 

Currently, +G, protection is provided by: 
a) the standard 5 bladder G-suit, which has 
changed very little in design over the past 
45 years; b) pressure breathing during +G, 
(PBG) in some aircraft; and c) the anti-G 
straining maneuver (AGSM), which is a 
very fatiguing physical maneuver. The 
inflated G-suit provides average relaxed 
+G, protection of 5.4 G, while the AGSM, 
singularly, or in combination with the G- 
suit can provide variable +G, protection to 
+9G,, or greater, depending upon the effi- 
ciency and effectiveness of the AGSM and 
the physical condition of the performer. 
PBG can reduce the effort level during the 
AGSM by about 50%, thus decreasing the 
level of fatigue during +G,. 

The transfer of developed intrathoracic 
pressure into the cardiovascular system 
during the AGSM is demonstrated in 
Figure 8 which illustrates the influence of 
the AGSM on left and right ventricular 
pressure (LVP and RVP), central venous 
pressure (CVP) and EP (2). LVP, RVP and 
CVP were obtained from high fidelity solid 
state transducers while EP was obtained 
from an air filled latex balloon catheter. 
Note the close similarity between the dif- 
ferent waveforms. Also note that the sharp 
rises in LVP, RVP and CVP are the result, 
almost exclusively, of extravascular 
intrathoracic pressure generation by the 
AGSM and thus transmural vascular pres- 
sures are minimally affected. The linear 
relationship between the augmentation of 
ELBP in response to developed EP during 
the AGSM in the swine at +3, +5 and +7G, 
is nicely demonstrated in Figure 9 (6). 

70 r 

/ 

Q o  v .  ,o 20 IO 40 i o  60 i n  

h EP lmln H 8 ,  

Figure 9. Linear relationship between the 
response of eye-level blood pressure (ELBP) to 
changes in intrathoracic pressure (EP). 

More recent simultaneous pulmonary 
artery and aortic blood flow data from the 
swine demonstrate that during the AGSM 
output from the left ventricle increases rel- 
ative to the right ventricle and during the 
no strain period the opposite occurs (5) .  
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Figure IO. Effect of 60 mmHgpressure breath- 
ing at OGz. 

Thus it appears that during expiration/ 
inspiration (no strain period) a bolus of 
blood is moved through the vena cava and 
right ventricle into the lung but not into the 
left ventricle, whereas, during the strain the 
increased intrathoracic pressure forces 

blood out of the lung vasculature and 
through the left ventricle into the systemic 
circulation while slowing venous retum 
into the vena cava and right ventricle. 

Because of the fatiguing effort involved in 
performance of the AGSM and the continu- 
ing loss of pilots and aircraft to G-LOC it 
has become very important to develop 
additional techniques and/or equipment for 
G protection. A very successful G-protec- 
tive technique, adopted from altitude pro- 
tection, is pressure breathing during G 
(PBG). This technique provides balanced 
pressure (chest counterpressure) to the 
lungs at a maximum of 60 mmHg at +9Gz. 
It has been demonstrated that increased 
intrathoracic pressure from pressure breath- 
ing (PB) is transmitted into the intratho- 
racic vascular system on a 1: 1 basis (8). 
Thus, blood pressure can be expected to 
rise by 60 mmHg, with an associated rise 
in G tolerance. The most significant bene- 
fit of PBG has been a reduction in fatigue, 
demonstrated by extended time at G. An 
additional benefit of PBG has been the ease 
of obtaining inspiratory air since it is avail- 
able under pressure, even though, theoreti- 
cally, the transthoracic pressure should be 
zero due to the chest counterpressure gar- 
ment (3). Obviously the phasing of the 
counterpressure is not perfect, which is 
advantageous to the user. 

Figure 10 illustrates the immediate effect in 
the swine of PB of 60 mmHg without 
increased acceleration and without G-suit 
inflation (4). Mean data from 12 swine 
demonstrate a reduction of stroke volume 
and cardiac output from both ventricles and 
an increase in heart rate (Table 1). The 
increase in mean aortic blood pressure 
(AP) was only about 112 of mask pressure, 
probably because of the absence of G-suit 
inflation. The percentage of transfer of 
intrathoracic pressure to the cardiovascular 
system is dependent upon the amount of 
counterpressure (i.e., legs, torso, arms, 
etc.), and can be as high as 125% of mask 
pressure (8). 
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The suit on the left is the current USAF 
CSU-13BIP anti-G suit. The ATAGS has 
provided a 60% improvement in G-time 
tolerance on the centrifuge and a prototype 
has been well received by test pilots during 
preliminary flight trials. 

The lung is seriously affected by +G,, 
resulting in a dramatic ventilatiodperfu- 
sion imbalance. Simplistically, blood is 

Table I 

Peak LVP (mHg) 
LVEDP (mnHg) 

Peak RVP (nmHg) 
RVEOP (mHg) 

AP ImHg) 
r y s t o l  i c  
d i a s t o l i c  
mean 

CVP (nmHg) 

min 
mean 

max 

EP (mnHg) 

min 
mean 

MP h H g )  

LVSV lm l )  
LVCO (L /m) 

RVSV (m1) 
RVCO (L /m) 

nIdX 

HR I b l m l  

Pressure Breathing a t  0 Gr 

Pressure f lreathins 
Control 10 sec 20 sec 30 sec 
152t19 181t26 193t36 195k35 
lli9 58513 61tl3 61*10 

_ _ _ _ _ _ _ _  

45tll 89*17 9St19 93*18 
1+8 4&11 50t12 49t10 

153t13 176Q3 180*25 18Oi22 
109i14 136i19 139i19 142i21 
129*13 l53tZO 156t20 158i21 

21t7 63i6 65*5 64*5 
2t9 46i6 49t7 47i7 
lli7 54t6 57i6 56t5 

1234 67t3 7135 71i5 
-524 51i3 54t3 54i5 
4t3 59i2 6ZtZ 62*3 

6 t 2  63i2 65tZ 64i2 

28*10 19*7 20*8 18i7 
4.0i1.1 3.1t.9 3 . 2 t . 9  3.0t.9 

24*10 l7t8 17t7 17i7 
3.7t1.1 2.9i1.0 2 .9 t .9  2.8i.9 

14905 171i36 17249 175t40 

Data are mean t SD: n=lZ 

It can be seen from these data that the 
AGSM and PBG are similar in that they 
both produce intrathoracic pressure which 
augments cardiovascular pressures, most 
importantly head-level blood pressure for 
brain perfusion. The basic differences 
between these two pressure sources is that 
the AGSM is an active, fatiguing process 
which pressurizes the lung parenchyma 
from without, by respiratory muscle activi- 
ty, whereas, PBG is a passive process 
which pressurizes the lung parenchyma 
from within through the face mask and the 
trachea. 

Another recent improvement in G-protec- 
tive technology has been the extended cov- 
erage anti-G suit (ECGS). The USAF ver- 
sion of the ECGS is the Advanced 
Technology Anti-G Suit (ATAGS). As 
shown on the right in Figure 11, this suit 
covers the entire legs and feet with a con- 
tinuous bladder for uniform pressurization. 

Figure 11. The USAF extended coverage anti-G 
suit on the right has been labeled the Advanced 
Technology Anti-G Suit (ATAGS). The suit on the 
left is the current USAF operational CSU-13BIP 
anti-G suit. 

forced to the base of the lung and air is 
forced to the apices. Blood oxygenation 
occurs in the middle region of the lung. In 
the upper half of the lung capillaries col- 
lapse and blood flow stops. During sus- 
tained +Gz the increased weight of the 
blood in the lower lung zone collapses 
alveoli, and air flow stops resulting in a 
large right-to-left shunt of venous blood 
and significant desaturation of arterial 
blood (10). Figure 12 shows the progres- 
sive desaturation of arterial blood mea- 
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Figure 12. Ear oximeter representation of progres- 
sive arterial oxygen desaturution during a +5 to 
+9Gz centrifuge profile. 

sured with an ear oximeter during a +5 to 
+9G, exposure. The area of the lung 
where bloodgrs exchange occurs is signif- 
icantly reduced and limited to the middle 
zone of the lung. A complicating factor is 
the inflation of the anti-G suit during +Gz 
which elevates the diaphragm compressing 
the base of the lungs even further. 

Table 2 5 - 9  SACM w i t h  ECGS 

Without  PEG 
Con t ro l  5 t h  9 G 

Peak LVP (mmHg) 153f17 310t38 
LVEDP (mmHg) 14k6 180f25 

~~ 

Peak RVP (mmHg) 48t10 194t52 
RVEDP (mmHg) -If13 150f40 

AP 131f18 214t32 

ELBP (mmHg) 125+18 58f20 

CVP (mmHg) 1029 138224 

EP (mmHg) 6t3 126t20 

MP (mmHg) 7tO 4fl 

LVSV (ml) 27t6 lit3 
LVCO (L/In) 3.9t.9 1.4f.3 

R V S V  (ml) 23?5 lOf7 
RVCO (L/m) 3.lf.l 1.3t.5 

HR (b/m) 147f17 1SOt32 

Data are mean t SD: n-5 
ECGS=Extended Coverage G - s u i t  
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The swine has proven to be an excellent 
animal model for acceleration research (7). 
The swine is dimensionally similar to man 
and the swine does an excellent, sponta- 
neous AGSM with adequate anti-G suit 
support. The value of the swine was 
recently demonstrated when the introduc- 
tion of PBG into the operational U.S. Air 
Force was challenged by the aerospace 
medical community as being potentially 
hazardous because of high intrathoracic 
pressure (60 mmHg at +9Gz). Some of 
their concerns were: barotrauma; pneu- 
mothorax; air embolism; excessive trans- 
mural vascular pressure; cardiac valvular 
damage; over dilation of right ventricle fol- 
lowing +G, and PBG resulting in hypertro- 
phy; and, pulmonary hypertension. Using 
extensive invasive cardiovascular instru- 
mentation in the miniature swine we were 
able to investigate a number of the 
aeromedical concerns (4,5). Table 2 illus- 
trates the very high pressure within the car- 
diac ventricles, the thoracic aorta and the 
thoracic vena cava during +9G,, with an 
extended coverage G-suit (ECGS), and 
with and without PBG. Figure 13 illus- 
trates the dramatic reduction of LVP, both 
peak pressure, and minimum pressure (end- 
diastolic pressure, LVEDP) when intratho- 
racic pressure (esophageal pressure, EP) 
was subtracted from peak LVP and LVEDP 
during the shaded +5 to +9G, profile. The 
resultant transmural LVP was more like 
that observed during strenuous exercise. 
Thoracic AP responded similarly to maxi- 
mum LVP when adjusted for EP. 

The influence of the AGSM, PBG, and the 
ECGS on CVP during the +5 to +9Gz pro- 
file are shown in Figure 14. Note that 
when adjusted for EP the transmural CVP 
is well within normal values. When CVP 
was separated into strain and no strain seg- 
ments of the AGSM there was a progres- 
sive rise in CVP during the no strain peri- 
od, with and without PBG, throughout the 
+5 to +9Gz profile (Figures 15 and 16). 
The slope of the no strain rise in CVP dur- 
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cular pressures within the thorax were not 
excessive during +Gz. Thus, the differen- 
tial pressure across the cardiac valves was 
also not excessive and valvular damage 
would not be expected. The generation of 
much of the increased vascular pressure 
during +Gz was the result of the supple- 
mental forces of the AGSM, PBG, and the 
ECGS. Of the three contributing factors, 
PBG was the least significant. There were 
no significant differences in the data com- 
parison with and without PBG. Moreover, 
it has been demonstrated that AGSM-gener- 
ated intrathoracic pressure can be as much 
as 2-3 times greater than the current opera- 
tional PBG maximum of 60 mmHg (2). 

The gradual rise in CVP and RVP at 5G 
and 9G during the +5 to +9Gz profile 
(Figures 15 and 16) was not related to PBG 
since it occurred both with and without 
PBG, nor was it related to the AGSM since 
the data were from the no strain phase of 
the AGSM. Therefore, the gradual rise in 
pressure appeared to be the result of the 
efficiency and effectiveness of the ECGS 
through a gradual displacement of blood 
from below the diaphragm into the chest. 
The start point of the pressure rise at 5G 
and 9G and the transmural pressure are 
higher with PBG (Figure 15) than without 
PBG (Figure 16). However, the data at the 
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Figure 13. The influence of intrathoracic pressure 
(EP) on peak LVP and LVEDP during a +5 to t 5 G z  
profile. When LVP and LVEDP were corrected for  
EP the resultant transmural pressure was 
significantly lower. 
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Figure 14. Mean CVP before (closed squares) 

ing the +S to +5Gz profile. 
and after (closed circles) correction for EP dur- . L NO ,lis," x.,/l Par 

ing 9G was significantly (p=.026) greater 
than the 5G slope without PBG. Whereas, 
the two slopes were the same during no 
strain with PBG. Again, note that when 
CVP was adjusted for EP the transmural 
pressure was within normal values. Peak 
RVP, RVEDP and LVEDP responded simi- 
larly to CVP both with and without PBG. 

t 
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The data clearly demonstrate that the 
aeromedical concerns regarding elevated 
transmural pressure during PBG were 
unwarranted and that transmural cardiovas- 

Figure 15. Mean CVP at +5Gz and at +9Gz 
during the no strain phase of the AGSM, with 
PBG. 
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Figure 16. Mean CVP ut +5Gz and at +9Gz 
during the no strain phase of the AGSM, with- 
out PBG. 

last 5G and 9G plateaus, with and without 
PBG, were very similar. The fact that 
transmural pressure did not rise indicated 
that intrathoracic pressure must have fol- 
lowed the rise in CVP, supporting the sup- 
position that there is a gradual displace- 
ment of fluid (blood) into the chest from 
body areas below the diaphragm. It is 
unknown whether the slope of the rise in 
CVP would continue at the same rate if the 
+5 to +9G, profile had been extended 
beyond five 9G peaks. 
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NEGATIVE TO POSITIVE GZ ACCELERATION TRANSITION 
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SUMMARY 
Sustained negative Gz acceleration is an uncommon 
stress; i t  is poorly tolerated by the pilot, the airframe 
is normally stressed to only -3Gz and operationally 
there is no defined advantage for performing such a 
manoeuvre. However, during repeated pulls of high 
+Gz it is common practice to push negative Gz whilst 
regaining aircraft energy prior to another high G tum. 
During the period of negative G, which might be for 
only 1 or 2 seconds, there is the rapid development 
of bradycardia, peripheral vasodilation and the 
likelihood of cardiac arrhythmias. In this 
physiological state the pilot then pulls positive G 
giving rise to profound changes in cerebral perfusion 
and a marked reduction in G tolerance. The use of 
anti-G trousers reduces the magnitude of this effect 
but there remains a significant lowering of G 
tolerance which, it is suggested, might contribute to 
the genesis of G-induced loss of consciousness. 

INTRODUCTION 
Studies into the physiological changes and the effects 
of sustained negative Gz acceleration on aircrew have 
not received nearly as much attention as those 
associated with positive Gz acceleration. There are 
several reasons for this relative neglect. Aircrew 
generally regard -Gz exposure to be dangerous, as 
do their medical advisors, and normally only sanction 
manoeuvres which give rise to -Gz as an emergency 
procedure. Indeed, in some air forces such 
manoeuvres are prohibited. Consequently, there has 
been little incentive to study the effects of an 
environment to which aircrew are not normally 
exposed although investigations into its therapeutic 
effects were camed out many years ago, figure 1. 
Symptoms appear at relatively low levels of -Gz, are 
particularly unpleasant and impair function more 
readily than corresponding levels of positive Gz 
acceleration. Furthermore, the structural limits for 
most fast-jet airframes are commonly set to -3Gz and 
the operational tactics employed in-flight have 
evolved taking this into account. 

However, there are situations in flight in which 
negative to positive Gz acceleration transitions occur 
quite commonly. Depending on the aircraft type, a 
procedure is adopted where, following a high G 
excursion, the aircraft needs to regain energy prior 
to a further high G tum. In gaining energy there is 
frequently a transient exposure to -Gz followed by 
the next +Gz excursion. Verbal reports from aircrew 
indicate that the duration of -Gz is brief, only 2 
seconds or so, but there has been no study to confirm 
either the duration or the extent of -Gz exposure 
during such manoeuvres (to the knowledge of the 
author). 

A further confounding factor which has contributed 
to the lack of research effort directed toward -Gz 
acceleration, and certainly -Gz to +Gz transitions akin 
to those described in flight, has been the fact that 
most centrifuges, until recently, have required the re- 
orientation of the subject in the gondola in order to 
provide the -Gz acceleration exposure. This has been 
achieved either by pre-positioning or by the rotation 
of the subject once the centrifuge is in motion. Both 
ploys are unacceptable as the baseline physiological 
state of the subject is either -1Gz or a positive 
acceleration in excess of one. It is only with the 
advent of centrifuges with actively controlled, 
gimballed gondola systems that -Gz acceleration is 
readily achievable and reproducible. Even with such 
a centrifuge the subject is exposed to Gy acceleration 
during a transition from -Gz to +Gz and so is unlike 
the airbome situation as well as creating a risk of 
neck injury. As is often the case in acceleration 
research, the centrifuge has its limitations and the 
only way in which the research can he carried out 
satisfactorily is to perform it in-flight using an aircraft 
with suitable engineering and physiological 
instrumentation. 

PHYSIOLOGY OF -GZ EXPOSURE 
Cardiovascular effects 
The physiological disturbances arises mainly in the 
cardiovascular system as a result of the inertial forces 
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Figure 1. Apsychiatric 
patient is exposed to 
negative G on the 
centrifuge at La Charite 
inBerlin, 1814- 1818. 

causing a rise in vascular pressure in the upper thorax, 
neck and head and a reduction in  the vascular 
pressures at levels below the heart in the abdomen 
and lower limbs. There results a tendency to displace 
blood lowards the head. Initially, mean arterial blood 
pressure rises by 20-25 mmHglG at eye level, as a 
result of hydrostatic effects, so that at -3Gz the 
pressure rises to some 170 mmHg. Several seconds 
later the venous pressure rises following venous 
compartment filling and distension so that once 
equilibrium is reached, the venous pressure at eye 
level at -3Gz rises to over 100 mmHg. The high 
value for venous pressure arises becausc the effective 
length of the venous column is from the level of the 
head to the diaphragm under conditions in which 
there is distension of the venous compartment. This 
is unlike the situation seen during positive Gz 
acceleration where the point of venous hydrostatic 
indifference is located at the level of the right atrium. 

Upon exposure to -Gz acceleration, the large and 
rapid rise of arterial pressure in the neck stimulates 
the baroreceptors of the carotid sinus causing a reflex 
bradycardia and generalised arteriolar vasodilation. 
The stretch of the wall of the carotid sinus gives rise 
to an intense stimulation of the baroreceptor with a 
discharge of vagal efferent impulses which, in tum, 
generate a bradycardia and an increased likelihood 
of a variety of cardiac arrhythmias, figures 2 & 3. 
The rhythm disturbance may simply take the form 
of a prolongation of the P-R interval or, if more 

- . .  . 

severe, a complete dissociation of atrioventricular 
activity, with ectopic heats and asystole. Arrhythmias 
are common during levels of -Gz greater than - I  G 
and 5-7 second periods of asystole are not uncommon 
at -2.5Gz. 

The pressure rise within the vessels of the brain 
resulting from negative Gz acceleration are balanced 
by a similar increase in the pressure of the 
cerebrospinal fluid, hence the transmural pressure 
remains unchanged and there is no risk of rupture of 
the vessels within the skull. With progressive venous 
engorgement and a reduction of cardiac output 
produced by carotid sinus stimulation, the 
arteriovenous pressure difference across the 
cerebrovascular bed falls leading to reduced cerebral 
blood flow and the symptoms of mental confusion 
and the possible loss of consciousness. The latter 
generally ensues following prolonged cardiac 
asystole or a slow ectopic rhythm both of which 
reduce cardiac output and further compromise 
cerebral blood flow. 

"Red-out'' or "red-mist'' is a visual symptom 
experienced during -Gz acceleration and is analogous 
to grey-out or black-out with positive Gz acceleration. 
However, its occurrence is somewhat inconsistent to 
the extent that, in the author's experience, it has never 
been experienced first hand nor have any subjects 
participating in negative G trials, 14 in total, ever 
reported it. Nevertheless, the literature records 
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symptoms of indistinct, blurred vision followed by 
loss of contrast and loss of vision. At this stage "red- 
out" sometimes appears. It has been observed that if 
the subject tries deliberately to keep his eyes wide 
open during negative G then most symptoms could 
be alleviated. This has given rise to the hypothesis 

that the visual disturbance is due principally to the 
lower eyelid gravitating over the comea leading to a 
mechanical visual occlusion and a redness appearing 
as bright light shines through the eyelid (Ryan, 1950; 
Lombard et al, 1948). 



Pulmonary Effects 
As with positive acceleration, on exposure to -Gz 
the regional distribution of ventilation and blood flow 
are changed. In negative acceleration the apex of 
the lung is better ventilated and perfused than the 
basal region. However, as the level at which 
pulmonary vascular pressure remains unchanged 
during changes in the Gz acceleration vector is at 
the junction of the middle and basal thirds, most of 
the lung remains perfused under negative 
acceleration. -Gz acceleration causes closure of the 
terminal airways, trapping gas in the apical regions, 
so generating a right to left shunt and a consequent 
desaturation of arterial oxyhaemaglobin. 

Negative Gz acceleration also produces an headward 
displacement of the diaphragm so reducing vital 
capacity and the functional residual capacity. Overall, 
pulmonary ventilation is reduced which further 
compromises arterial oxygen saturation. 

Tolerance 
Generally speaking, negative acceleration is poorly 
tolerated. It is a most unpleasant experience in which 
there is a sensation of gross fullness in the head, 
difficulty with breathing, oedema of the soft tissues 
of the face, petechial and sub-conjunctival 
haemorrhages and loss of consciousness. Most 
individuals can tolerate -2Gz for 5 minutes and -3Gz 
for I O  - 15 seconds. At -5Gz the tolerable exposure 
time falls to no greater than 5 seconds. With 
experience, and possibly some degree of adaption, it 
is possible to tolerate -6Gz for short periods of time 
without immediate problems. This is seen in 
aerobatic display pilots although there is anecdotal 
evidence of gross dysarthria and ataxia following 
intense sessions of aerobatic flying in which negative 
Gz is a prominent feature. 

NEGATIVE TO POSITIVE GZ 
ACCELERATION TRANSITIONS 
Methods 
In order to generate -Gz/+Gz exposure either a 
suitably gimballed and controlled gondola on a high 
performance centrifuge must be used or the studies 
must be carried out in the air using an aircraft 
adequately stressed for such manoeuvres. However, 
recently a "coriolis acceleration platform", normally 
employed for vestibular research, has been adapted 
successfully so as to produce -Gd+Gz transitions by 
changing the orientation of the subject whilst rotating 
the device at constant angular velocity (Banks et al, 

1994). The device has a diameter of 6m and although 
reported to be well tolerated by participating subjects, 
the short radius does create a relatively large gradient 
of acceleration along the length of the subject so that 
the acceleration at the head differs considerably from 
that at the feet. 

Centrifuge based experiments 
In 1991, Lehr, Prior and Langewouters used the 
centrifuge at Konigsbmck, former E. Germany, to 
test the hypothesis that the relaxed tolerance to +Gz 
acceleration was adversely affected by a period of 
preceding -Gz acceleration exposure. Verbal reports 
from fast-jet and civilian aerobatic aircrew suggested 
that under some circumstances a manoeuvre in which 
"pushing" G was immediately followed by "pulling" 
G caused adramatic reduction in G tolerance manifest 
by a profound, and sometimes unexpected, blackout. 

Initially, the relaxed positive G tolerance of each 
subject was established using the criteria of 60% 
peripheral light loss as the end-point. Each subject 
then underwent either a 30,16 or 2 second period of 
negative G exposure immediately followed by a 
transition to +Gz acceleration at a rate of 1G/s. Three 
levels of negative acceleration were used, -1 .O, -1.4, 
and -1.8 Gz and the relaxed G tolerance from each 
of these -Gz baselines was obtained. Head and heart 
level arterial blood pressure were recorded using 
'Portapres', a non-invasive device using a 
photoplethysmographic technique to monitor digital 
artery blood pressure and referenced to either head 
or heart level. 

Figure 4 shows a typical trace of heart level arterial 
blood pressure, and the ECG, recorded from a subject 
exposed to -1.8Gz for 30s followed by a transition to 
2.4Gz. The striking bradycardia upon exposure to 
negative G can be seen to occur within 2 or 3 beats 
followed by a rhythm disturbance and, towards the 
end of the 30s period, a rise in heart rate. Heart level 
arterial blood pressure falls progressively throughout 
the period of negative G exposure as generalised 
peripheral vasodilation and a fall in cardiac output 
ensues. Upon transition to 2.4Gz the heart rate 
increases after approximately 5s as does the heart 
level arterial blood pressure. Figure 5 shows the same 
centrifuge mn but uses the capability of Portapres to 
reference arterial blood pressure measurement to eye 
level by means of its height correction unit. Here 
the profound influence of the hydrostatic pressure 
component of arterial blood pressure can be seen 
clearly as the applied acceleration changes from a 
negative to a positive value. Equally dramatic is the 
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Figure 4. Typical heart rate and heart level arterial blood pressure response to - 
Gz acceleration. Negative Gz produced using the Konigsbruck centrifuge. 

bradycardia induced by -Gz acceleration. 

The normal relaxed G tolerance to +Gz acceleration 
of each subject was measured and compared to the 
G tolerance immediately following a period of 
negative G exposure. The meaned responses of 8 
subjects are shown graphically in figure 6 for -Gz 
exposures lasting 2 and 16 seconds. All levels of 
preceding negative G in the range -1.0 to -1.8 Gz, 
for both 2 and 16 seconds, result in a reduction of 
relaxed G tolerance although the greater the duration 

and magnitude of negative G the greater the reduction 
in positive G tolerance. It should be noted that -1.0 
Gz for 2 seconds is sufficient to cause an average 
reduction in G tolerance of approximately 0.7 G. 
Such anegative /positive G manoeuvre is well within 
the realms of routine, operational, fast-jet flying and 
the results of this experiment suggest that pilots, in 
these circumstances, might well expect some 
reduction in their normal ability to tolerate G. 
Further, it can be postulated that negative I positive 
G manoeuvres might predispose to G-induced loss 
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Figure 5. Portapres output recorded during the same acceleration profile as shown in figure 4. 
The profound changes in heart rate and eye-level arterial blood pressure can be seen clearly. 
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of 8 subjects showing the 
decrement in  relaxed G 
tolerance as a result of 
previous exposure to 
negative Gz acceleration. 
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of consciousness. However, all the centrifuge work 
described here was performed on unprotected 
subjects, that is they were not wearing anti-G trousers, 
and it is possible that in the operational scenario the 
anti-G trousers offer protection against the effects of 
negative to positive G transitions. It is with this in 
mind that a series of in-flight investigations were 
performed, firstly to see if thecentrifuge results held 
tme in the air and secondly to assess the protective 
value of anti-G trousers under these circumstances. 

In-Flight Experiments 
The conduct of in-flight experiments of this nature 
poses several problems as the aeroplane cannot be 
regarded simply as a centrifuge substitute. With an 
experienced pilot, and with practice, each 
acceleration excursion, or combination acceleration 
profile, can be reproduced with reasonable accuracy 
but at best there is an error of +/-0.2 G. Moreover, 
the acceleration onset rate, although very 
reproducible, cannot be demanded by specifying a 
particular value. It is largely a case of accepting what 
is possible for a given manoeuvre. There is also a 
finite, comparatively short time available for each 
sortie, so limiting the number of acceleration profiles 
which can be performed, and also a limit on the 
number of sorties that can be undertaken within a 
reasonable period of time. In this particular 
experiment there is the additional problem of 
assessing a G tolerance end-point without the use of 
either randomly illuminated fixed lights or a light 

Baseline Acceleration (G) 

bar. It is for these reasons that the negative to positive 
G work in-flight was performed in a slightly 
unconventional manner. 

The Portapres blood pressure monitor was mounted 
in the ejection seat personal survival pack and the 
hydrostatic pressure compensating transducer placed 
at neck level by means of a thin Velcro collar. A set 
of +Gz acceleration excursions were performed 
which started at 3.0 G and incremented by 0.5 G steps 
until the subject reported a substantial greyout. 
Negative to positive G profiles were then flown with 
the intention of applying negative G followed 
immediately by +3.5 Gz for 15 seconds at negative 
Glevelsof-0.5,-1.Oand-2.5 Gfor2and loseconds 
durations. The procedure was repeated for the 
conditions of inflated and uninflated anti-G trousers 
achieved by either enabling or disabling the aircraft 
anti-G valve. Thus each subject performed 
approximately 6 +Gz profiles followed by 12 
negative to positive G transitions. 

In order to gain an estimate of relaxed G tolerance 
the minimum neck level systolic arterial blood 
pressure occurring over any 5 second period during 
an acceleration profile was measured. This 
measurement was made for each of the initial set of 
i G z  excursions and compared with those resulting 
from 3.5 Gz preceded by negative G. If the minimum 
arterial blood pressure was, for example, 60 mmHg 
during 3.5 Gz preceded by - 1 .O Gz and also 60 “ H g  
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Figure 7. Mean responses of 6 subjects showing the minimum systolic blood 
pressure occuring during either +Gz excursions or +Gz excursions preceded by 
10 seconds of -Gz. 

during 4.6 Gz without preceding negative G, then it 
was estimated that G tolerance had decreased by 1.1G 
as a result of negative G being applied before a +Gz 
excursion. If the minimum arterial blood pressure 
values did not match exactly, then a linear 
extrapolation between acceleration values was 

Typical results are shown in figure 7 and the mean 
results of 6 subjects for each of the levels of preceding 
negative G, for 2 or 10 seconds and with or without 
anti-G trouser inflation, are shown graphically in 
figure 8. In all cases a period of negative G 
immediately before pulling positive G results in a 

performed. more profound fall in arterial blood pressure and, by 

Arterial BP (mmHg) at 3.5Gz 
(%of response without preceding negative Gz) 

Figure 8. Mean responses 
of 6 subjects showing the 
fall in arterial blood 
pressure at 3.5 Gz 
expressed as a percentage of 
the response without 
preceding negative Gz. The 
use of anti-G trousers 
(AGTc) during either a 2 or 
10 second exposure 
(AGT+2s, AGT+lOs) 
attenuates but does not 
abolish the fall in blood 
pressure. 
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inference, a reduced G tolerance. This is true 
regardless of the short duration of applied negative 
G or whether anti-G trousers are operative. 

CONCLUSIONS 
The effect of preceding negative G upon relaxed G 
tolerance is substantial and is operationally 
significant even when the duration of negative G is 
only 2 seconds. The effects are reduced by anti-G 
trousers but by no means abolished. It is possible 
that G-induced loss of consciousness might more 
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Abstract 
For ensurance of the complete and efficient protection of flyers from exposure of high-sustained and 

rapid onset rate +G,-acceleration profiles, together with administration of modern sophisticated counter-G techni- 
cal appliances the important role plays individual physiological tolerance of flyer to the erects  of high level +G,- 
stress. 

There has been verified the nece.sity of practical implementation of methods of determination of +G,- 
acceleration tolerance to high-sustained +G,-stress for selection, carrying-out of special physiological preparation 
of flyers in order to magnify their tolerance to such effects. 

There have heen presented the results of study of health and special physiological preparednes on pilot's 
individual tolerance to high-sustained +G,-accelerations. There a re  disclosed the procedure and criteria of deter- 
mination of pilot's ability to tolerate high level +G,-accelerations in centrifuge tesb for selection to transition and 
mastering the high performance fighter-aircrafts of type MIG-29 and SU-27. 

There has been proved the possibility of individual pilot's tolerance to high sustained +G,-acceleration 
prediction; based on data of statoergometric functional loading test on special physical trainer "Statoergometer". 

For enhancement uf flyers' tolerance to high-sustained +G,-acceleration there has heen proposed the 
complex of means and ways of special physiological preparation, involving carrying-out of ground and simulator 
training, course of physical training exercises on special trainers, realization of training centrifugation runs and 
special inflight training in aerobatic sorties. 

There have heen analyzed the methodological particularities of carrying-out and efficiency of various 
kinds of above mentioned special preparation of flyer and discussed the probable prospective ways of its further 
improvement. 

* * *  
Enacting in practice of new generation fighter aircrafts, which possess the top lcvel 

pcrformance capabilities, has significantly increased the requirements to flyer's tolerance 
limits. The flyer's endowment to sustain the effects of +G,-stress is one of the most impor- 
tant factors, determining his combat preparedness and safety of agile maneuverable flight. 

The experimental invcstigations and experience in transition to high maneuverable 
fighter aircrafts have suggested, that it is impossible to guarantee the completc and effi- 
cient protcction of flycr from high leveled and intense +G,-accelerations by exclusively 
new anti-G technical equipments, such as upgraded anti-G suit, positive prcssure breathing, 
supination of pilot's seatback. 

Thc important role plays also individual physiological endurance of pilot to high 
sustained +G,-forces. 

It was rcvcalcd, that significant importance may have development and implemcn- 
tation in practical work of adequate methods of HSG-tolerance evaluation in flyers, aimed 
at sclcction and procurement of means and ways for special physiological preparation of 
flyers to boost their ability to withstand the adverse effects. 

In this lecture there have bccn presented the main results of long-standing scientific 
investigations and efforts of research workers at Russian Air Force Institute of Aviation 
and Space Mcdicinc, dedicated to substantiation of methodological approaches for assess- 
ment of high +G,-level tolerancc in flying staff and special physiological training to flights 
with intense +G,-accelerations. 

1. The methods of determination of flyers' tolerance to high sustained +G, 

The proposed methods of flyers' tolerance prognostication to high leveled +G,- 
accelerations embrace two directions. 

Paper presented a1 the AGARD AMP Lecfure Series on "Current Concepts on G-Protecfion Research 
and Development" held in Ohio, USA, May 15-16, 1995: Kdnigsbriick, Germany. June 12-13, 1995 
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The first - examination of flyers, piloting the high performance aircrafts, in ccn- 

The second - examination on "Statoergomcter" physical stand. 
To check the flyers' state on centrifuge there has been validated the methodology, 

which allows: 
- to simulate the main parameters of +G, accelerations (peak, onset rate, duration 

of action), which flyers face in intense maneuvering of fourth-generation fighter-aircrafts; 
- to disclose the level of pilot's adaptive capability and existence of any hidden 

pathology under exposure of complex ACM profiles with application of standard anti-G 
suit; 

- sufficiently precise to estimate flyer's individual tolerance to effects of high 
sustained +G, and prognosticate its durability in real flight conditions. 

In the process of centrifuge examination the flyers have been subjected to the cf- 
fccts of two complex profiles of simulated air combat maneuvering, while using the stan- 
dard anti-G garment (see Figure I ) .  The first profile consists of serial +G,-acceleration 
peaks at 4,O; 6,0 and 7,0 G each with duration of 15 seconds and onset rate equal to 1 G 
per second. Before reaching the every stage of +G,-acceleration profile and between neigh- 
boring peaks there is maintained during 15 s the plateau at 2 G. In case of good tolerabil- 
ity of +G,-accclcrations exposure there has been conducted the repeated centrifugation of 
the same tcstcc-pilot, approximately in 5-7 minutes after completion of the first one with 
increasingly alternating peaks SACM at 5,O; 7 5  and 8,0 G of analogous duration and onset 
rate. The used in presented procedure principle of stepped increment of repeated action of 
+G,-forces enables to warrant the maximal safety of carried-out investigation and simulta- 
neously renders the rehearsal effect. 

The estimation of individual tolerance of flyer to complex profile SACM has been 
done with taking into consideration of reached +G,-value. The changes of physiological 
indicators should not exceed some predetermined values, that is confirmed by absence of 
pathological aberrations of ECG, visual disturbances and stabile value of blood pressure 
(not lower than 40 mm Hg) in vascular arterial bed of car lobe. 

The explorations have shown, that flyers' individual tolerance to high +G,-ac- 
celcrations mainly depends on the state of  their health and psychophysiological and physi- 
cal prcparcdness to such +G,-stresses. 

The lowered tolerance to high +G,-accelerations at primary centrifugation in healthy 
flyers' population has been registered an average at 22.6% of cases. The  persons with vari- 
ous discascs, as a rule, havc lowered tolerance to high-level +G,-accelerations. 

Among pilot population those, who arc suffering from thc cardio-vascular, gastro- 
intestinal, nervous as well as urological diseases, approximately one half ( 5 0 % )  arc charac- 
tcrized by lowcrcd tolerance to high +G, complex profile. However, in majority of hcalth 
pilots and pilots, having some diseases, the lowered tolerance to high-peak +G,- 
acceleration is mainly caused by insufficient psychophysiological and physical prcpared- 
ness to counteract the unfavorable effects of hypergravitational forces. 

These flyers do not possess in adequate degree the mandatory skills of protective, 
a n t i 4  straining muscular procedures, and especially breathing anti-G strengthening. They 
arc poorly familiarized with specific features of a n t i 4  suit exploitation, they are also in- 
sufficiently trained in self-control proccdurcs to ensue its psychophysiological state under 
exposure of intense +G,-accelerations. 

Therefore, the urgent tasks in a system of special preparation of flying personncl, 
directed to heighten its tolerance to high-peak +G,-accelerations, are familiarization with 
peculiar features of high level +G,-submission on human organism as well as efficient 
elaboration of protective skills and managements. 

trifugation runs. 
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Fig. 1. +G, - acceleration regimens for medical investigation and selection of pilots on 
centrifuge expert run 

On a level with centrifuge testing of flying staff, the great importance should be 
attached to development of special loading tests, enabling to prognosticate the flyer's indi- 
vidual tolerance to high sustained +G,-levels. 

It was established in our experiments early, that under exposure on human or- 
ganism of intensified +G,-accelerations at 8-9 +G, with duration intervals up to 30 s, the 
muscular efforts of legs on pedals, while exerting anti-G straining maneuvers, may reach 
260-280 kG-power. This makes possible to improve the hemodynamics of upper body 
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parts and head at the cxpcnsc of blood pressure raisening. So, the individual tolerance of 
human to large scaled +G,-accelerations in much degree depends on its ability to develop 
and maintain protractedly the static strengthening of lcgs' and abdominal press muscles. 
To this relation for prognostication of flyer's individual +G,-stress tolerance we have 
worked out special functional loading test with static physical exertion, which is called as 
Statoergomcti-ic test. 

This test is carried out on special gear, which was devised and constructed as 
"Statocrgomcter" (Figure 2). It consists of seat on a metal basement with standard flyer's 
restraint and fixation helt system, pedals with foot supporting surfaces and strain-gauge 
indicator, measuring static muscular strengthening of tested flyer. 

Stand imitates the typical working posture of flyer in fighter's cockpit and feet 
prcssurc on pedals for cnsurance of protective anti-G straining maneuver. T h e  apparatus 
provides the possibility of individual fitting of pedals' position in dependence o n  pilot's 
accomplished standard angle of knee joint flexion. The force-measuring indicator gives to 
llycr and standing near him aviation physician the information about exercised by both 
lcgs 0 1  tcstcc person value of muscular strengthening. 

The statoergomcti-ic test is performed as follows. After appending the eleclrocar- 
diographic sensor the test-subject has fixed himself to backseat with harness system. Be- 
fore to start the loading test i t  is necessary to install with help of special goniometer and 
pedal displacement device the demanded knee joint flexion angle, equal to 120" of arc. 
Alter 5-minute duration rest and measurement of background data the test subject on a 
command of aviation physician causes by both legs muscular step-graded increasing pres- 
sure on pedal sequentially at 120, 160, 200, 240 and 280 kG-power with maintaining of 
required static effort for 30 seconds. The test is accomplished up to indicated level or  in-  
tcrruptcd due to physical exhaustion of testee, related to muscular fatigue or occurrence of 
some other objective and subjective signs, suggesting, that the test of physical strengthen- 
ing tolct-ance determination should be stopped. In process of static loading and after its 
completion at 1 -st, 2-nd and 5-ttl minute there have been performed electrocardiographic 
registration and monitoring and blood pressure measurements. 

Thc signs of physical exertion tolerance threshold achievement arc following: 
- appearance of  painful sensations; 
- emergence of weakness, dizziness, hcddache, dyspnoe; 
- inability to maintain required lcvcl of physical strain; 
- electrocardiographic disturbances; 
- exceeding thc maximal systolic blood pressure beyond 220 mm Hg, and dia- 

- marked tachycardia - above 85% level accordingly to Shepard's nomogram. 
Thc expert evaluation of statocrgometric loading test was performed, taking into 

consideration the parameters of physical effort culmination and physiological reaction, at 4 
point scale: 

- excellent (the consummation of full program of sequential efforts ~ 280 kG- 
power for 30 s); 

- good (not less than 240 kG-power for 15 s); 
- satisiactory (more than 160 kG-power for 30 s); 
- poor (160 kG-power for 30 s and lower). 
In case of physica! strengthening threshold tolerance limit attainment the total csti- 

The statoergometric loading test can not be replaced by widely spread and well 

stolic one beyond 120 mm Hg, 01' sharp fall of both parameters; 

mation is dccrcascd by 1 point. 

known vclocrgometric test. Statoergometric loading test performance as well as action of 
high +G, hypcrgravitational forces provoke similar in its direction and markedness hemo- 
dynamic reaction, while use of vclocrgometric functional loading test reveals qualitative 
differences in cardio-vascular system response to these effects (Figure 3). 
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Veloergometric test Statoergometric test +Gz Centrifuge test 
(+9 G) (1100 kGm/min) (280 kG power) I 

HR 
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co co 

CO 

Fig. 3. Comparison of hemodynamic reactions under influence of +Gz centrifugation, 
statoergometric and veloergometric functional load tests. 

Graphic designations: 
HR - heart rate; 
DBP - diastolic blood pressure; 
CO - cardiac output; SV - stroke volume 

SBP - systolic blood pressure; 
TPR - total peripheral resistance; 

All data a re  refereed to initial level, which is equal to 100, and expressed in per 
cents. 

The practical importance of statoergomctric test is based o n  strict correlational inlcrac- 
t i o n  (R=O,XX) between maximal static physical performance and single +G, ccntrilugation 
tolerance at peak values from 4 to X G for 30 sec without use of anti-G suit (Figurc 4). 

A 

2000 3000 5000 7000  10000 20000 

Static work, kgp.6 
Fig. 4 Correlational interdependence between maximal static physical performance 

and +Gz-tolerance. 
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As maximal static physical performance rises, so rises the limit of maximal cn- 
durable +G,-stress. 

The individuals with high static physical pcrformance arc capable to withstand the 
+G,-accclcrations at 8 G for 30 sec without anti-G suit, while persons with low static per- 
formance - less than 5 G. 

In centrifuge experiments there was proved the possibility of prognostication in 
flycr staff thc complcx profile SACM tolerance with peaks up to 9 G for 15 seconds with 
help of statoergomctric loading test accordingly to its estimation criteria. 

The  final possibility of prognostication of high level +G,-accelerations’ tolerance on 
a basc of statocrgomctric loading test was certificd in special flight experiments with par- 
ticipation of 75 military flyers, who madc expert test sortics on-board of MIG-29 fighter- 
aircraft. 

The  +G,-tolerance was estimated on a maximal +G,,-peak, attained by flyer in flight 
without visual disturbances. 

The  results of investigations have confirmed sufficiently high correlation in flyers 
bctwccn maximal endurable +G,-accclcration in flight and statoergometric loading test per- 
formance (Figure 5) .  

The excellent mark of statoergometric test performance with a probability 0,75 cor- 
responds to tolerance of +G,-accclcrations at 8 G and highcr, good mark - 7,5--8 G and 
satisfactory mark - 7 G and lower. 

The  excellent mark of statoergometric test performance leads to arrive at the con- 
clusion about sufficient physical preparedncss of flyer to flights with high +G,-intensilies. 
The individuals with good and satisfactory mark of statoergometric test pcrformance are 
recommended before being admitted to flights with high lcvcl +G,-stresses, to pass addi- 
tional course of special physical training exercises, directed at force and static endurance 
devclopmcnt for leg and abdominal press muscles. 

** 
t * T 

Satisfactory Good Excellent 
F i g 5  The dependence of flyer’s maximal +Gz - tolerance limit on mark of statoener- 

gometric endurance load test. 
Evaluation of statoergometric test validity 
* - difference is significant in relation to for mark “satisfactory” 
** - difference is significant between marks “satisfactory” and ‘‘good” 



The Ilycrs with lower assessment of their statoergometric loading test tolerance can 
not be admitted to flights in high performance fighter-aircrafts and arc ncedcd in dccpcncd 
medical examination with subsequent carrying-out of curative-prophylactic and rehabilita- 
tional measures. 

In estimation of efficiency of performed curative-prophylactic and rchabilitational 
proccdurcs as well as special physical training one should keep in mind, that augmentation 
of expert value of test by I point approximately corresponds to increase of +G,-tolcrancc 
of tlycr by I G. 

2. Special training of pilots to flights with high sustained +G, 

Stt-iving to heighten the flyer’s tolerance to high sustained +G, during transition on 
extremely mancuvcrahle fighter-aircrafts, the specialists of our Institute have elaborated a 
complcx of technical means and methods of special physiological preparation of llying 
staff. Such pi-cpai-ation envisions the teaching of flying personnel o n  special proccdurcs of 
ground theoretical and simulator training, the course of physical exercises on special 
simulator gears, the instructive and familiarizing centrifugation and special inflight training 
during sorties. In process of special preparation there have been carried out  the measures 
in following main dit-cctions: 

- theoretical education in the field of hypcrgravitational physiology, clucidating 
the effects of high-sustained and rapid onset rate +G,-accelerations o n  pilot organism and 
their inllucncc o n  llying performance; 

- learning and training of protective counter-(; muscular and breathing maneuvers, 
the spccifitics of pilot’s behavior and breathing activity under influence of high-sustained 
and ROR +G,-accelerations; 

- carrying-out of special physical training, directed for augmentation of efficiency 
o f  protective anti-G straining maneuvers: 

- the instruction of pilot personnel in exploitation of new standard anti-G protcc- 
tivc equipment; 

- theoretical and practical preparation of pilot personnel to safety measures during 
action of high-sustained and rapid onset rate +G,-accelerations (the particularities of self- 
control for own psychophysiological state, criteria of attainment of dangerous conditions 
and methods of prevention of such events ctc.). 

Implementation of developed complcx of technical means and procedures of  special 
preparation of young and healthy flyer population with initial lowered +G,-tolcrancc al- 
lowed to elevate i t  by 2,s-3,5 G. 

Approbation of special training course with participation of flyers’ groups, pio- 
ncct-ing the high performance fighter-aircrafts MIG-29 and SU-27, has confirmed, that 92%; 
of trainees successfully passed centrifugation tests with +G,-acceleration peaks up to 9,0 
G, with duration intervals at 15 s and onset rate 1 G/s and up to 8,O G for 15 s time intci-- 
val with onset rate 4,O G/s with support of standard anti-G suit. 

2.1. Theoretical and simulator preparation 

On theoretical lessons the flyers are used to familiarize with specific features of 
+G,-acceleration effects, influencing organism and its work performance, under exposure 
of high-sustained and rapid onset rate +G,-stress. There has been learned the procedure of 
AGSM performance, including muscular and brcathing protective skills, the  construction 
and rules of exploitation of a n t i 4  equipment. 

On practical Icssons with flying personnel there have bccn performed training ses- 
sions, aimed at: 

- checking of  the quality of anti-G suit fitting to pilot’s body; 



3-9 

- familiarization of flyer with particularities of breathing under inflation of anti-G 
suit chambers: 

- elaboration of anti-G straining maneuver skills, embracing muscular and hreath- 
ing methods. 

The sessions have been carried out on stand “Statoergometric”. The flyer is sitting 
in chair and has fixed himself with harness restraint system. The sessions are performed at 
two levels of pressurization of anti-G suit chambers: 0,15 kGp/cm2 - in first Stage and 
0,3 kGp/cm2 - in second stage (what approximately corresponds to subjective sensations 
of pilot in real flights under exposure of 4-6 G,-accelerations). The duration of each 
stage is 1 minute. The pressurization is created and dropped for 10-15 seconds. The total 
time of one training session at each stage is ahout 1,5 minutes. It is advisable to give the 
flyer between first and second training stagcs of pressurization of anti-G suit 5 minute rest. 

Under effect of a n t i 4  suit pressurization the pilot works out the skills of positive 
prcssure breathing and proccdnre of protective physical strengthening of legs and abdomi- 
nal press muscles. For this goal as the pressure in AGS chambers raises the flyer gains leg 
pressure effort on pedals and switches the breathing regimen from abdominal type to pec- 
toral one, while simultaneously maintaining the abdominal press muscles in strengthencd 
position (especially at inspiration phase). counter-acting to pressure of AGS abdominal 
bladdcr. The brcathing pattern should be kept rhythmical, with shortened inspiration phasc 
and delayed expiration with some lesser, than usual for concrete pilot, deepness of pulmo- 
nary excursion. 

2.2. Special physical trainings 

Recently carried-out investigations havc shown, that in improvement of flyer’s 101- 
erance to high-sustaincd +G,-acceleration the great importance has the realization of spe- 
cial physical sessions, aimed at development and formation of such professionally mean- 
ingful qualities, as force and static endurance predominantly abdominal press, leg, neck, 
spinal column muscles. Ability of pilot to perform the protective counter-G maneuvers to 
some degrce depends on the physical preparedness of above cited muscular groups. 

For working-out of these physical qualities it is desirable to apply the statodynamic 
exercises. These exercises should he performed in slowed tempo with involvement of a 
vast number of muscular groups at short-time Valsalva maneuver and thoracal brcathing. 
Gaining of force and static endurance has been tracked predominantly in such body posi- 
tions, in which were carried out the training excrciscs. Therefore for such physical training 
sessions we have developed special gears, complexes of excrciscs, which in vast dcgree 
consider the working posture of flyer in aircraft cockpit. 

In our experiments we have assessed the efficiency of special physical training 
sessions for uplifting of flyer’s +G,-tolerance. On special trainer the healthy young people, 
who took part in investigation, have performed the complexes of exercises, which provide 
the lifting by arms and legs the bar in various working posturcs (Figure 6). The training 
wcight of loading was about 70--80% from maximal level. Each session included the ex- 
ercises for physical rehearsal of 2-3 muscular groups. There were performed 3 ap- 
proaches. The trainees performed maximal endurable number of movements in slowed 
tempo without tugs and jerks. The rest interval hetween approaches was about 1,5-2 
minutes. The sessions were held two times per week for 2,5 months. 

After the cnding of  physical training program there was registered marked hoist of 
special physical qualities. The static endurance of leg, spinal column and abdominal press 
muscles has risen in average by 125,43 and 36% correspondingly. 

In general, the whole course of such physical rehearsals has boosted the +G,- 
tolerance by 0,5-1,O G, mainly in individuals with lower initial level. However, in indi- 



viduals with high initial +G,-tolerance level (+6 G, - for 15 seconds without anti-G suit) 
thcr-c was not rcgistcrcd the further improvement in +G,-tolerance. 

Lately, the scientists and research workers of our Institute have carried out the in- 
vcstigalions, dedicated to study the efficiency of isometric training exercises on static en- 
durance of flyers with support of stand “Statoergometric”. The training cycles were can-icd 
our 2 times in a week for 1 month. As the training loading was used the load about 75%; 
from maximal performed static work capacity according to data of statoergomctric test. 
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Fig. 6. Complex of special physical exercises with bar: 
1. For leg muscles; 
2. For abdominal press and spine; 
3. For arm muscles. 

Before to start training session the flyer fixed himself by restrained system. In 
proccss of loading rchcarsal hc has gcnerated by legs the stepped increasing push efforts 
o n  pedals at values 120, 160, 200 and 240 kGp with maintaining of each required exertion 
lor  30 s. Additionally between serial approaches to fulfill the statoergometric loading exer- 
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tion maintaining there wcrc carries out the training exercises for neck muscles with help of 
special neck loading appliance (Figure 7). 

In invcstigations took part 26 military flyers, aged 25-39 years, which havc dem- 
onstrated the satisfactory endurance of statoergometric loading test. 

As a result of 8 sequential rehearsals thc static cndurance of abdominal prcss and 
leg musclcs rose in avcrage by 28,2% (p~O,OOI), while the markedness of physiological 
reactions to static loading fell. 

In total, the implementation of special physical training course with help at 
“Statocrgometer” allows to raise the +G,-tolerance in average by 1,0 G. 

The data, received in cxperimental investigations, havc suggested the good cf- 
ficicncy of special training equipment, enabling for short-time periods to fulfill thc com- 
plex training exercises of main muscle groups, which determine the flyer’s tolerance to 
unfavorable cffccts of high-sustained +G,-accelerations. 

It is necessary to accentuatc, that physical rehearsal of forcc qualities should man- 
datory to be done in combination with means of general physical preparation: calisthenics, 
sport games, gymnastics, swimming etc. The complexing of various physical exercises on 
training session makes possible to solve in most efficient manner not only the tasks of 
special physical preparation, but to maintain the general physical condition of flying per- 
sonnel at high level. 

2.3. Centrifuge training 

The most efficient method of preparation to flights with high-sustained +G,- 
accclcrations is undoubtedly the centrifuge training run of flyers. 

In accordancc with procedure, developed by us, the centrifuge training of pilot per- 
sonnel has been conducted for three working days. During centrifugation the flyers are 
subjected to sequential exposure of 3 cycles of G,-accelerations profiles, with pcaks of 
+G,, varying from 2 to 9 G, and duration interval at each lcvel for 15 seconds (Figure 8). 
It must be stressed, that flyers in centrifugation use the standard anti-G protective equip- 
ment. 

At first day of centrifuge training the maximal peak of +G,-stress should not ex- 
ceed 7 G; at second day it is raised up to 9 G with onset rate 1,0 G/s. At third day thc 
centrifugation is performed with onset rate at 4,O G/s and maximal peak of +G,-stress at 
8-9 G in dependence on used anti-G suit. 

Abovc mentioned scheme of centrifuge training takes into account the main chardc- 
tcristics of simulated aerial combat maneuvering (peak, onset rate, time of exposure at 
achieved platcau and repeatedness of action) influencing on pilot in flight on-board of high 
performance fighter-aircraft. Incidentally the used principle of stepped increment of +G,- 
accclcrations considers the specific traits of flyer’s organism adaptational rcactions under 
effcct of hypergravitation, what significantly raiscs the safety of carried-out centrifuge 
trainings. And this circumstance to some extent confirms the absence of GLOC events 
during centrifugation runs of flying personnel. 

In a whole, the received data have suggested, that centrifuge training, as it is per- 
formed, allows to increase the individual +G,-tolerance of flyers by 1,5-2,5 G. 





A 

F i r s t  day of t r a i n i n g  
7.0 n 

- 
7.0 

+%A 
8.0- 

7.0 

6.0 

5 .0  

4.0  

3.0 

2.0 

1 .0  

0 

6.0 

5 .0  

4.0 

3.0 

2.0 

1 . 0  

+kz = 4 g / s  
C - 

T h i r d  d a y  of t r a i n i n g  
- 

- 

- 
+kz = zg/s  

- 

- 

- 
- 

Time 

> 
Time 

+% I 
9.0 

8.0 

7.0 

6.0 

5.0 

4.0 

3.0 

2.0 

1 . 0  

O 

B - 
Second day of t r a i n i n g  

L 



3-14 

2.4. Special inflight training of flyers in the sorties 

The systemic flights with stunt and acrobatic mancuvcring are a very effective way 
to lift the +G,-tolerance in flying personnel. In this connection it is necessary to provide 
the training sorties for pilots o n  a base of special flying complexes and aerial combat 
drills. These complexes enable from the physiological standpoint, with consideration of 
dynamic individual progress to master in a most safe way with high-sustained +G,-levels 
as well as to maintain and conserve the attained level of combat readiness and proficiency 
and to restore the requircd lcvcl of +G,-tolerance after prolonged suspension or abstentions 
from flying duties. Practical realization of such approaches must be based on considcration 
of irelationships of flyer’s adaptational reactions to rcpcated and chronic exposure of hy- 
pel-gravitational loads during flight, several sorties in llying day for week, month etc. Cer- 
tainly, these specific features must be analyzed in contcxt of flyer’s professional activity, 
caused by performance of highly intensive +G,-maneuvering evolutions. Proceeding from 
such notions, we believe ourselves to bc in the right to substantiate as rcasonablc the ad- 
hcrcncc to the following principles in process of special inflight training of pilot personnel 
during flights with intense and cncrgctic mancuvcring. 

As it is well known, the flyer’s control activity under influence of +G,-accc- 
Icrations is shared multi-task performance, So at initial phase of flight training i t  is rc- 
commendable to perform the acrobatics maneuvering sub-tasks with +G,-accelerations up 
to 6-7 G with duration of peak up to 15 s. The main goals of flight training in pilot per- 
sonnel arc to elaborate the solid flight skills in such bizarre conditions, as well as to ac- 
quire and master protective muscular and breathing counter-G maneuvers, the ability to 
control its own psychophysiological state. 

After fulfillment of first stage of flight training the pilots are making a stat1 to for- 
mation of flying skills under exposurc of high-sustained +G,-accclcrations with peaks more 
than +7 G and duration for 15 s. For solution of that task it is necessary to perform the 
systemic flying missions with sophisticated stunt flights. The rest intervals between two 
consecutive flight training missions should he not less than 2 days, in order to guarantee 
thc complete restoration of physiological functions, and not more, than 10 days, in ordcr to 
prevent the loss of training effect. The total number of flight missions, the admissible 
maximal peak of +G,-acceleration must he determined, taking into consideration the indi- 
vidual level of pilot’s llying proficiency and his flying log-hook. 

It is desirable to plan for one llying day only 2 flight missions with intense +G,- 
maneuvers. In accomplishment of such missions the maximal +G,-tolerance and profi- 
cicncy of  flyer has been rcgistcrcd at second flight. Therefore, for the first flight it is rec- 
ommendable to perform the acrial combat maneuvers with +G,,-peaks up to 7 G, and loor 
thc second flight mission with +G,-peaks more than 7 G. It was shown in our previous 
investigations, that initial compensatory-adaptive reactions of human pilot are revealed at 
5-7-th seconds of rcpcatcd cxposurc of +G,-accclcrations, hut their maximal cxprcssive- 
ness occurs in 1-13 minutes. Hcncc, for mobilization of physiological compcnsatory 
mcchanisms of organism and enhancement of its flying efficiency the flyer must perform 
at the beginning of acrobatic complex 1-2 maneuvers with +G,-peak accelerations at 4- 
5 C ,  and after that to makc piloted evolutions with higher lcvcls of +G,-accelerations. The 
gradual and smooth increasc of +G,-acceleration enables to pilot more reliable and safer to 
control his psychophysiological state, because interval between occurrence of visual distur- 
hanccs and +G,-loss of consciousness, as a rule, is more than 1,0 G. 

For conservation and maintaining of achieved +G,-level acceleration tolerancc it is 
ncccssai-y to perform not less than 4 sorties per month with total duration of aerial combat 
mancuvcring activity up to 5 minutes with Ilight-free rest periods for 7-9 days. It should 
he strcsscd, that 3 sorties arc performed with maximal +G,,-acceleration peak at 7,0 G and 
duration for 15 s, and one sortie - with 9,0 G of same duration. 
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In case of temporary grounding or suspension from flying activity, lasting for 2-5 
weeks, the +G,-acceleration tolerance level is decreased by 0,5--1,s G. The initial levcl 0 1  
psychophysiological tolerance and progress has been restoring for 2 4  flying days. This 
circumstance should be constantly kept in mind at planning of flight missions with high 
level +G,-accclcration for flyers, who were forced to hc abstinent from their rcgular flying 
duties. 

To maintain the required level of flyers’ combat readiness and preparedness to 
flight with high-sustained +G,-profiles the major importance has also systemic carrying-out 
of special physical training exerciscs. 

In turn, in case of abundant and excessive exposures to intense and frequent high 
+G,-accclcrations there is possiblc not only the lowering of training effect, but appearance 
of cumulative effects in form of astheno-neurotic syndrome and dccrease of +G,- 
acceleration tolcrancc. In order to minimize the probability and risk of cumulative effects 
of repeated action of high +G,-acceleration profile it is recommendable to pcrform not 
more often, than 2 sorties per flying day at 2 flying days per week. 

The homeland experience of flight mission planning of high level +G,-acceleration 
sorties on high performance fighter-aircrafts has suggested, that for well trained combat 
pilots it is sufficiently to provide not more than 2 sorties with high +G,-maneuvcring and 
maximal +G,-peaks up to 8-9 G for 15-20 s per one flying day. The rest intervals he- 
tween 2 sorties must be not less than 60 minutes with consequent release from flying du- 
ties for period not less than 2 days. In some cases there may he rcquired the realization of 
complex of restorative-rehabilitational measures under supcrvision of senior aviation phy- 
sician. 

For this rcason only complex and correct administration of various counter-G 
means and procedures may warrant efficient protection of flyer from high-sustained +G,- 
levels in flight on-board of modern fighter-aircrafts. 

Implementation in practice of developed in process of long-standing invcstigations 
complex of appliances and methods of selection and special training of flyers, directed to 
lift the high-sustained and steep onset rate +G,-acceleration tolerance, will conduce to 
more efficient use of maneuvcring potentials in new generation fighter-aircrafts, augmenta- 
tion of flyer’s efficiency and ensnrance of flying safety. 
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1. INTRODUCTION 
The relaxed Rapid Onset Rate (liGs) G-level 
tolerance of an individual seated upright 
(primarily +Gz exposure) is about 4 G (Cochran 
et coll., 1954). Since pilots are expected to fly 
high performance aircraft with 9 +Gz capability, 
G tolerances must be increased by 
approximately 5 G. This increase is 
accomplished using the anti-G suit that accounts 
for about 1 G increase and the anti-G straining 
maneuver (AGSM) that increase G tolerance by 
4 G. These operational methods to increase G 
tolerance are standard throughout the world, 
although some differences in the manner in 
which the AGSM is performed have been 
reported for the USSR and China. 

The concept of preventing acceleration 
intolerance symptoms by an artficial system was 
recommended after World War I (WW-I). The 
first idea, in France, seems to be a kind of elastic 
band wrapped around the legs (a kind of support 
stocking). In 1932, in USA the concept of the 
first " anti-G suit " was developed by Dr. Cecil 
Drinker, Hanvard School of Public Health and 
Lt Cdr John Poppen, US Navy Bureau of 
Aeronautics. It was an inflatable abdominal belt 
which was tested on dogs and finally on humans. 
However, the G protection provided was poor, 
so research was discontinued (Poppen et 
Drinker, 1951). First real anti-G suits and their 
use as an artificial system for enhancing 
protection against G were made during WW-11. 

In Australia, Cotton developped a non-stitched 
fabric pneumatic suit that increased G tolerance 
by about 30% (Brook, 1990). The " Cotton " 
suit was flown by American fighter pilots in the 

Pacific and Europe. In Canada, Frank invented 
an anti-G suit that was filled with water offering 
an increase of 1 G and which saw limited 
combat in Europe. Several types of anti-G suits 
were developed in the world, but the 5 bladder 
inflated anti-G suit, prevailed and is the 
forerunner of the current operational anti-G suit. 
This early anti-G suit was developed by David 
M. Clark (manufacturer of cloth and 
underclothing) in close association with Drs. 
E.J. Baldes and Earl Wood of the Mayo Clinic 
Acceleration Research Group. 

For a number of years, no major development of 
anti-G suits appeared in operational use. 
Several reasons explain this fact. The first is 
linked to the absence of any real necessity for 
such development. Life support systems are 
relatively inexpensive, but the increased 
capabilities they provide are difficult to quantify. 
This problem was exacerbated by the common 
feeling among crewmembers that " only the 
weak guys have a problem with G " (Hill, 1995). 
Life support systems by their very nature can 
encumber the crew member, penalize comfort, 
and take time to don. Pilots like flying their 
aircraft with minimal equipment. Already, when 
the first anti-G suits appeared as an operational 
system, they were only used by a few test pilots. 

During the 80', several mishaps induced by G 
loss of consciousness (G-LOC) obliged us to 
reconsider anti-G protection (Pluta, 1984). So, 
centrifuge training was one of these new 
methods enabling to reduce the risk of G-LOC. 
If pilots, in good health, are well trained on a 
centrifuge, they are able to sustain a 9 +G, run 
with no G-LOC. The necessity of improving 
anti-G suits is linked to the repetition of 
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acceleration periods during a dog-fight, which 
induces fatigue and reduces pilots ability to 
sustain high levels of acceleration several times. 
Furthermore, the goal of a new anti-G suits is 
also to improve combat effectiveness. So, 
improvements of anti-G suits stem from new 
concepts or from old concepts but using new 
technologies. This chapter is divided into 
several sub-chapters : description of anti-G 
suits, physiological effects and the different 
improvements made by several Air Forces. 

2. DESCRIPTION OF AN ANTI-G SUIT 
The different anti-G suits, such as the CSU- 
13B/P in US or the ARZ 817 and 820 in France, 
are typically standard anti-G suits. Current 
operational suits have a 5 bladder system and 
cut-away style. They have several goals. The 
main one is to protect pilots against G-load but 
they have, in fact, other benefits : they protect 
pilots in case of fire, they can be used to carry 
maps or other flight tools. Most of the time, 
they are worn over the flight suit. They are 
available in several sizes (4 to 6) for different 
male statures (female combat-pilots are 
emerging in certain NATO Air Forces). The 
suit is zipped onto the the body and with lacing 
or strapping, which allows for minor body 
adjustment, that can be accomodated with only 
4 to 6 different sizes. The suit must fit snugly to 
the body so that the maximum benefit is 
obtained from pressurization of the bladders. 

Anti-G suits are the essential part of a system 
which constitutes the anti-G system. This anti- 
G system comprises a gas supply, which is 
usually a gas compressed by the jet engine. This 
gas is filtred and supplied at a normalized 
pressure (200 to 1500 kPa or 29 to 220 psi). 
An anti-G valve which is set on the seat or in the 
cockpit delivers the pressure in the anti-G suit, 
via a hose. Specified air pressure as provided by 
this valve will not operate in G fields less than 2 
+Gz - so it is not activated during aircraft 
buffeting and moderate turns. However, at 2 
+Gz, in most NATO Air Forces, air pressure is 
provided at 7 to 10.4 Wa (1 to 1.5 psi) per G, 
depending on its type, to a maximum of 
approximately 70 kPa (10 psi). For different 
aircraft, in France, the anti-G suit gas is the 
same oxygen supplied for breathing and the 

pressure schedule is always at 7 kPa per G 
(1 psi/G) to a maximum of 55 kPa. These 
schedules and specifications are normalized by 
the STANAG 3 200. 

3. PHYSIOLOGICAL EFFECTS OF ANTI- 
G SUITS 

Anti-G suits have several effects. The principle 
goal of anti-G suits is to increase arterial 
resistance by compressing the main arteries of 
the lower body (Wood et Lambert, 1952). This 
explains why the first anti-G systems were 
developed with cuffs set at the beginnings of the 
limbs. So, arterial pressure is increased as well 
as the relaxed G-level tolerance . At 4 +Gz, this 
increase is approximately 15 mmHg that occurs 
because of a similar relative increase in vascular 
resistance. This increase in arterial pressure 
accounts for about 0.7 G increase in G tolerance 
or 50% of the increased G value of the suit. The 
other half increase in G tolerance comes from 
the reduction of the eye-heart vertical distance 
of 3 cm - raising the heart and diaphragm with 
the inflation of the abdominal bladder. This 
reduction of 3 cm at 5 +Gz has the same effect 
as increasing the arterial pressure by 
approximately 11 “ H g  or about 0.5 G 
(Burton, 1988; Rushmer, 1947). The least 
effective cardiovascular support provided by this 
anti-G suit is in the cardiac output and stroke 
index parameters that show where 
improvements can be made in the design of this 
suit to provide better support for venous return. 

The relative contribution of the various elements 
of the pneumatic G-suit in enhancing G- 
tolerance has been determined (Burton et coll., 
1974). As noted in the previous paragraph, the 
majority of increase in relaxed G-level tolerance 
comes from the abdominal bladder. 
Pressurization of legs accounts for only 0.2 G- 
this tolerance increase is in addition to the 
increased tolerance contribution of the 
abdominal bladder. A properly fitting anti-G 
suit without pressurization will increase relaxed 
G-level tolerance by 0.3 G that in addition to the 
increase in G-level tolerance from inflating the 
suit (Burton et Krutz, 1975). The approximate 
1-1.5 G protection provided by the anti-G suit is 
independent of (additional to) the 1 G protection 
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designated as the UP (uniform pressure) anti-G 
suit was evaluated using an Aerial combat 
maneuver (ACM) acceleration program 
(Shdstall et Burton, 1980) 

The uniform pressure suit utilized a pneumatic 
lever to apply pressure to legs, and a restricted 
abdominal bladder to apply pressure to the trunk 
area. The pneumatic levers were individually 
sized for each subject in order to transfer 
pressure to the calf region using a 4 : 1 capstan - 
to leg-pressure ratio and a 5 :1 capstan to leg 
pressure ratio for the knee and thigh. Two 
valves were set to start suit pressure 
pressurization at +2 Gz ; hence, suit 
pressurisation was expressed as psi x (G-2). 
One valve pressurized the abdominal part and 
the second the leg capstan system. 

from the baroreceptor response (GOR 
tolerance). 

The effect of the operational anti-G suit on fluid 
shifts below the heart in the abdominal, thigh, 
and calf regions of a subject during a gradual 
onset rate (GOR : 0. I G/s) to 5 +Gz without the 
suit and 7 +Gz with the suit has been studied. 
Without the suit, an increase in fluid volume of 
nearly 10% occurs below the heart, whereas, 
with anti-G support this fluid shift is reversed 
with a net reduction in fluid shift at 7 +Gz over 
1 +Gz controls. Some shift in fluid below the 
heart begins immediately with the onset of G 
even with the anti-G suit that, of course, has not 
begun to inflate until 2 +Gz. However, before 
3 +Gz is reached, the anti-G suit begins to 
reverse the shift of fluid below the heart. 

Even in these action modes, anti-G suits protect 
poorly (1 .5 G) in comparison with more 
physiological methods such as a tank in which 
subjects were totally immerged and which 
permitted them to sustain 31 G (Gray et Webb, 
1960). This is why several projects were 
pursued after WW-I1 in order to improve the 
effecticiency of the anti-G suit ensemble. 

4. EVOLUTION OF THE ANTI-G SUIT 
SYSTEM 

The anti-G suit system, which comprises an anti- 
G suit, an anti-G valve and a gas supply has 
been improved at different levels : the anti-G 
suit it-self, the schedule of inflation, and the 
response time of the anti-G system. 

4.1. Evolution of anti-G suits 
For operational raisons and particularly for easy 
use, the 5 baldder anti-G suit has been used 
since WW-11. In fact, for a pilot flying a fighter 
with a standard reclined seat (between 10 to 20' 
back angle), the concept of an uniform 
pressurized anti-G suit is in contradiction with 
the physiologic basis (Burton, 1988). The 
hydrostatic pressure on the lower part of the 
body (feet and legs) is higher than on the thighs 
abdomen. This is why the idea of a system with 
uniform pressure and gradient pressure concept 
was incorporated in the pneumatic level anti-G 
suit and developed at USAF-SAM. This suit, 

The principle of capstan anti-G suit from Shafl.itafl 
etcoll., 1980) 

The evaluation of this anti-G suit demonstrated 
that, during a 4.5 - 7 +Gz, 10 s, ACM profile, 
G-time tolerance was 497.0 i 112 s with the 
following pressurization : abdominal bladder 
schedule : 83 hPa/(G-2) (1.5 psi/G-2), 
pneumatic lever schedule 5 17 hPa/(G-2) 
(7.5 psi/G-2). This tolerance was higher than 
the tolerance obtained with the standard USAF 
CSU 13P anti-G suit, which was pressurized at 
the same schedule as the UP abdominal bladder. 
For this last anti-G suit, the time tolerance was 
only 213 +41 s. To explain this better 
performance, the study suggested an increased 
venous return. It also suggests that abdominal 
bladder support during high +Gz accelerations is 
less important than adequate leg pressure. 
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These findings correspond to those of Burton 
and Krutz (1975) --namely, that the abdominal 
bladder is more important during accelerations 
when the subject is relaxed, and leg 
pressurization is the dominant factor during high 
+Gz accelerations which require straining. In 
order to obtain a better venous return, efforts 
have been made with other concepts : extended 
or full coverage anti-G suit. These concepts 
were recommended because the initial UP suit 
was bulky, hot, and slow to inflate using 
standard anti-G valves. 

Several models of extended or very extended 
bladders suits were developed in US : the 
TLSS (Tactical life Support system) anti-G suit, 
the Navy EAGLE (Enhanced Anti-G Lower 
Ensemble) anti-G suit (Burns et Hill, 1994). In 
Europe, several models were also produced by 
different countries for their own new fighters : 
ARZ-830 anti-G suit for the Rafale program 
(Clere et coll., 1993) ; different extended anti-G 
bladders concepts was studied for EFA (Green, 
1992). 

The concept of extending coverage is linked to 
the utilisation of Positive Pressure breathing 
during G (PBG). Although this method 
increases G-time tolerance by reducing fatigue 
induced by AGSM, it has also a potential inverse 
effect which is to create chest pressure which is 
above normal pressure and potentially reduces 
venous return. This is why extended bladder 
anti-G suits enabling better venous return were 
developped. 

Reor view of the Aerumr 830 anti-G suit 

Green (1992) reported the tolerance obtained 
with different brands of anti-G trousers : 
Standard UK Mk-4 suit, Extended Mk-4 suit, 
Intermediate FAGT (full cover anti-G trousers), 
crotchless FAGT and full FAGT 

Relaxed G-level tolerance was estimated by a 
series of centrifuge runs of 15 s duration at peak 
G for each protective condition. The 
acceleration level of the next run was 
determined by the subject's visual response to 
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The ATAGS (Advanced Technology anti-G 
suit) was the lastest modified version of the 
uniformed pressure suit. Compared to the CSU 
13 B P  suit, it has an improved (internally 
restrained) abdominal bladder and provides 
complete bladder coverage of the legs, and also 
feet, by means of optional pressure socks. 

With a 5-9 +G,, 10 s SACM profiles, the G time 
tolerance was compared between ATAGS and 
CSU 13 B P  suit. It was demonstrated that with 
a schedule pressure of 103 hPaf(G-2) 
(1.5 psi/(G-2)), G time tolerance was 164 * 38 s 
with ATAGS and only 80 * 15 s with CSU 13 
B P  inflated at the same pressure schedule 
(Fisher et coll., 1991). 

In order to explain the improvement of G 
tolerance time, it was argued that a reduction of 
fatigue and an increase of venous return occured 
with AGSM, when subjects wore an extended or 
a full coverage anti-G suit (Krutz et coll., 1990). 

During the experiments presented above, several 
subjects sometines found discomfort induced by 
the enhancement of the surfaces of the bladders 
and a certain difficulty of mobility or an heat 
stress (Lejeune et Loncle, 1993). In certain 
cases, this was not true and pilots rated ATAGS 
overall comfort as equivalent to standard anti-G 
suits (CSU 13 B P )  (Morgan et coll., 1993). 
But, it was sought a pressure schedule enabling 
an equivalent protection without this discomfort. 
These schedules are often lower than the 
standard schedules as it is presented in the 
following chapter. 

his previous run until the endpoint was achieved. 
In all cases, the G onset rate was 1 G/s. In this 
study, it was demonstrated that the crotchless 
anti-G trouser improves by 1.1 G the level of 
tolerance compared to the standard Mk-4 suit. 
Moreover, Etxended coverage anti-G trousers 
have not significantly increased G tolerance. 

Similar results were obtained in the study carried 
out in the Aerospace Medical Laboratory, in 
France (Kerguelen et coll., 1995). An ARZ-830 
anti-G suit was evaluated by a similar protocol. 
This suit has 30% more baldder surface than the 
standard anti-G suit (ARZ 820) It was 
compared to the ARZ-AGSS of which the 
bladders have 50% more surface than the ARZ- 
830 and to a reference condition (no anti-G suit 
and relaxed). Under these experimental 
conditions, a gain of 2.1 G was observed with 
these two anti-G suit without statistically 
difference between them. 

Nevertheless, if the comparison had been made 
with PBG (18hPafG 4 to9G), and with a 5- 
9 +Gz 10 s SACM profiles, it would have 
concdded differently. It was observed during a 
first trial with an anti-G ensemble (VHA 90 
counter pressure vest and a standard ARZ-820 
anti-G suit (70 hPa/G-2)) that the G-time 
tolerance was approximately 3 minutes. In a 
second trial, with a similar protocol, it was 
observed that G-time tolerance was 5 minutes if 
ARZ-820 was changed to ARZ-830 (Ossard, 
Morgan et coll., 1994). This comparison is 
controversial because the population of subjects 
is not the same. Other arguments can be 
presented with other experiments which were 
carried out with full coverage anti-G suits. 

Full coverage anti-G suits were developed to 
give better G level and time tolerance. 

The anti-G suit which was developed by the 
Swedish for their Grippen aircraft program is a 
full coverage anti-G suit. It has the particularity 
of being worn below the flight suit and not over 
it (Balldin et coll., 1989). A 0.5 G level 
tolerance increase was observed if compared to 
a normal anti-G suit during a GOR (0.15 Cis). 
The schedule of PBG was 18 hPa/G, 4 to 9 +G, 
and the anti-G suit schedule was 100 hPa4G-2.) 
(1.5 psi/(G-2)). 

4.2 Pressure Schedules of the anti-G pants 
Since the fifties, in France, the pressure 
schedules of anti-G suits have been lower below 
(70 hPaf(G-2) or 1 psi/(G-2)) than the schedules 
currently used in the other NATO Air Forces 
which are often 100 hPaf(G-2) or 1.5 psi/(G-2)). 
After questioning several recently retired 
engineers and test pilots, it was assumed that, 
during this period, test pilots had the choice 
between the two schedules and most of the time 
they chose the low schedules giving them better 
comfort. After that, for reasons of simplicity, 
only the low schedule was set in the anti-G 
valves. 



This subjective appreciation made us concerned. 
With the Rafale aircraft program, it was decided 
to study the potential interest of a 100 hPd(G- 
2) or 1.5 psi/(G-2)) for improving G level 
tolerance compared to 70 IiPd(G-2) (Ossard, 
Clere et coll., 1993 et 1994). This study was 
carried out in the human centrihge of the 
Aerospace Medical laboratory with a series of 
10 s runs incremented by one G until G level 
tolerance limit (50% peripheral light loss, PLL) 
was reached. The G onset rate was 0.8 G/s. No 
statistical difference of G-level tolerance nor 
blood velocity difference measured by 
transcranial Doppler were found. Moreover, 
subjects found the highest pressure schedule 
uncomfortable. 

Several authors, in the world, have performed 
similar research concerning a lower pressure 
schedule. 

Meeker (1991) demonstrated that for a 5-9 +Gz, 
10 s SACM, the G time tolerance was not 
statistically different between an anti-G suit 
pressure schedule of 100 and 78 hPd(G-2) (1.5 
to 1.14 psi/(G-2)). It was recommanded to use 
the lower schedule for the future. On the other 
hand, a lower pressure schedule (57 hF’a/(G-2) 
or 0.83 psi/(G-2)) was insufficient. 

In another similar experiment with PBG, uneven 
results were observed (Krock et coll., 1994). 
This experiment compared with extended 
coverage anti-G trousers different pressure 
schedules 55, 76, 103 hPd(G-2) (0.8, 1.1, 
I .5 psi/(G -2)). It was observed that the G level 
tolerance during a GOR (0.1 G/s) with the 
lowest pressure schedule was significantly 
different (84 s) from the other schedules (95, 
94 s). During SACM, the statistical difference 
of G tolerance time was between the two lowest 
pressure schedules and the highest. The G level 
tolerances are 1 4 7 i 4 6 ,  164+31 and 232 * 
85 s from the lowest to the highest pressure 

schedules. It seems in this experiment, that the 
highest pressure schedule gives the best SACM 
tolerance. This difference is probably induced 
by the anti-G trouser and by the presence of 
PBG. 

In a final experiment carried out at the 
Armstrong Laboratory with French equipment 
(a very extended coverage anti-G suit with 

pressurized socks) and with PBG, it was 
demonstrated during a similar SACM profile 
that low pressure schedules inflating anti-G 
pants permit a long time tolerance. The anti-G 
suit had two different compartments (abdominal 
and legs) inflated respectively at a schedule of 
62 and 56 hPa/(G-2). No statistical difference 
was observed between the tolerance obtained 
with this equipement and the ATAGS equipment 
using also a system of PBG. The time tolerance 
was approximately 5 mn (Ossard, Bellet et coll., 
1994). 

To conclude this chapter, we need to get obtain 
more results to validate an equal G tolerance 
with a pressure schedule around 70 hPd(G-2) 
and 100 hPd(G-2). It is normal that the lowest 
pressure schedule gives the least discomfort. 

4.3 Response time of the anti-G valve 
ensemble 
As the gas is supplied by the jet engine, all the 
gas circuits must be designed to give sufficient 
flow. In the past, with standard anti-G valves, a 
delay (approximately 2.5 s) was observed 
between the plateau of acceleration and the 
plateau of pressure in the anti-G suit It was 
acceptable during the seventies, because the G 
onset rate of the jets was low. With the new 
generation aircraft, this delay have been 
considered as questionnable. New electronic or 
pneumatic anti-G valves were developed for 
reducing this delay. Even, with a solenoid set 
on a pneumatic anti-G valve, it was possible to 
anticipate the inflation of the anti-G suit of 
several 100 ms. It was necessary to make sure 
that a reduction of the delay or even an 
anticipation, permitting a reduction of this delay, 
had an interest in terms of protection 

A study made by Burton (1988) demonstrated 
that a maximal 2 s delay was acceptable for G- 
tolerance when G onset rate was 6 G/s. It was 
demonstrated in this work that reducing delay, 
did not give a G protection advantage 

Cammarota J. (1978) found that the ALAR 
high-flow G-valve, a rapid response valve, and a 
servo valve programmed to anticipate the onset 
of G by 500 ms, all offered similar protection for 
G tolerance in ROR profiles, and duration 
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tolerance in SACM tests, but these were greater 
than the protection offered by standard ALAR 
G-valve. 

In another experiment (Lejeune et coll., 1991), it 
was also demonstrated that it was no statistical 
difference of tolerance between situation with a 
2 s delay and 2 s anticipation when G onset rate 
was 1 GIs. 

In a final experiment, with PBG, it was 
demonstrated that the reduction of the delay 
even anticipation of inflation of the anti-G suit is 
very questionable. This experiment was carried 
out with G onset rate of 4 GIs and 9 +G,, 20 s 
plateaus. A pneumatic anti-(; valve, set with a 
solenoid, controlled by a computer was enable 
to anticipate the level of pressure at the plateau 
of acceleration (and not the inflation before the 
onset of the G). Intolerance symptoms (G- 
LOC) were observed for several subjects who 
had physical endurance training. Less 
intolerance symptoms were observed without 
anticipation. It seems, for these subjects, that 
the very rapid inflation induced a parasympathic 
reflex. Indeed, the heart rate of these subjects 
was lower at the beginning of the 9 +Gz plateau 
than at the rest period before the run (Clere, 
1993). 

5. CONCLUSIONS 
Several improvements were carried out on the 
anti-G suits and on the anti-G valves. These 
improvements should enhance G tolerance and 
pilot effectiveness under G. Most of these 
improvements need to be applied in operational 
use and not be simply reserved for the research 
world. In order to achieve this, these new anti- 
G equipements must be the least cumbersome 
and intensive for pilots and efforts must be made 
to ensure their acceptablility. 
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ABSTRACT 

Modern, high performance, combat aircraft are 
capable of high sustained +Gz acceleration, at high 
G onset rates, for which enhanced G protection of 
the pilot is required if the performance of the aircraft 
is not to be limited by the capabilities of the pilot. 
Given that the pilot is essentially seated upright in 
the cockpit, the most suitable system of enhanced G 
protection is that of positive pressure breathing 
(PBG) with the possible addition of new anti-G 
trousers having considerably greater bladder 
coverage than previous garments. PBG used with 
in-service anti-G trousers reduces pilot fatigue and 
doubles G endurance.  An anti-G straining 
manoeuvre (AGSM) is still required as the relaxed 
G tolerance of the pilot is increased by only 1G. PBG 
used with full or extended coverage anti-G trousers 
enables the pilot to tolerate 8G without needing to 
employ the AGSM and provides a high degree of 
protection against G-induced loss of conscious. 
However, the increased bladder coverage of the 
trousers, and that of the chest counterpressure 
garment which is probably required for PBG, 
imposes a higher heat load on the pilot and has a 
tendency to reduce mobility. In addition, the oxygen 
mask must be capable of effecting an adequate seal 
of the PBG pressure against the face without user 
intervention, furthermore the system must be 
compatible with helmets containing display and 
sighting systems and he capable of use with NBC 
protective systems. Development PBG systems have 
yet to be fully optimised and their routine use by 
aircrew requires further assessment particularly with 
regard to the longer term consequences. 

INTRODUCTION 

With the advent of high performance, fly-by-wire, 
combat aircraft capable of sustained c G z  
acceleration in excess of 9G, and at G onset rates 
greater than 15G/s, the need for an anti-G system to 
provide the pilot with enhanced protection in keeping 
with the performance of the aircraft was identified, 

This need was largely stimulated by the high 
incidence of G-induced loss of consciousness (G- 
LOC), some 30% of F16 aircrew stated that they 
had experienced G-LOC in flight (Pluta, 1986), and 
the increasing number of fatal aircraft accidents 
attributed to G-LOC. An in-flight recording of 
arterial blood pressure during G-LOC is shown in 
figure 1. In several air forces a formal programme 
of centrifuge based high G training of fast-jet aircrew 
was instigated in an attempt to reduce the incidence 
of G-LOC. Meanwhile, the development of an anti- 
G system designed to enhance pilot G protection 
followed from research programmes of which the 
technique of positive pressure breathing was shown 
to be the most suitable in terms of implementation, 
protection afforded and pilot acceptability. However, 
as a technique to beused in isolation it was somewhat 
misrepresented as the solution to combat G-LOC. 

Positive pressure breathing (PPB) is the application 
of pressure by a regulator to the breathing gas 
throughout the respiratory cycle. Currently, it is used 
operationally for emergency hypoxia protection on 
exposure to altitude above approximately 12,000 
meters and as such is now known as positive pressure 
breathing for altitude protection (PBA). When the 
application of PPB is used for its ability to enhance 
G protection it is known as positive pressure for G 
protection (PBG). Thus, both PBA and PBG are the 
same technique but, from a subjective point of view, 
the techniques feel quite different from one another 
to the extent that a case could be made for renaming 
PBG so that aircrew in particular do not prejudge 
PBG adversely as a result of their personal 
experience of PBA. Whereas PBA, breathing at a 
pressure of, for example, 45 mmHg causes a reversal 
of breathing effort between inspiration and 
expiration, a feeling of fullness in the face and neck 
and is generally described as a moderately unpleasant 
experience, that of PBG, at the same breathing 
pressure, is virtually transparent to the user as a result 
of the concomitant application of G. 
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Figure 1. An in-flight recording of neck level arterial blood pressure dur- 
ing an occurence of GLOC in the subject passenger. Note that the accel- 
eration preceding the event was less than 1Gz. 

PHYSIOLOGY OF PRESSURE BREATHING 

Positive pressure breathing as a means of protection 
against the effects of hypoxia associated with 
exposure to altitudes above 12,000m is a well 
established technique and was described in the open 
literature by Gagge et al (1941). Its use as a means 
of providing protection against +Gz acceleration was 
described by Wood and Lambert (1952) but the 
details are scant. He found that PPB had no 
appreciable effect upon G tolerance, but the 
protective value of an anti-G suit was enhanced when 
the subject was pressure breathing. 

Lung mechanics 
The breathing of oxygen under pressure as an 
emergency procedure for altitude protection has the 
desired effect of increasing oxygen tension but also 
has effects upon the cardiovascular and respiratory 
systems which limit the level and duration of 
pressure breathing. In a subject who is instructed to 
relax his respiratory muscles, the lungs are fully 
distended at 20 - 25 mmHg pressure breathing and 
if the pressure exceeds 80 - 100 mmHg tearing of 
the lung parenchyma can OCCUJ (Henry, 1945). 
Under normal conditions, however, the expiratory 

muscles are contracted throughout the respiratory 
cycle during pressure breathing and 30 mmHg mask 
pressure can be tolerated for 10 - 20 minutes. Above 
this pressure, breathing becomes vety difficult and 
fatigue sets in rapidly. There is also a tendency for 
respiratory minute volume to increase with a 
corresponding fall in alveolar PCO,. 

Hypertensive effect of PPB 
The physiological effects of PPB at lG, for altitude 
protection, are described in detail by Emsting (1 966). 
Of direct relevance to G protection are  his 
observations of the hypertensive effects of PPB. He 
reports that the elevated intrapleural pressure is 
applied directly to the heart and intrathoracic great 
vessels causing an initial rapid rise in arterial blood 
pressure equal to the increase in intrapleural pressure. 
This response, at lG, was followed by a slight fall 
in mean arterial blood pressure and pulse pressure 
as a decreased venous return reduced the cardiac 
output. Approximately 10 - 15 seconds later, arterial 
blood pressure increased again, although the pulse 
pressure was still reduced, due to a resumption of 
venous retum as limb venous pressures increased to 
that of the applied breathing pressure. With 



Figure 2. A sustained increase in arte- 
rial blood pressure results from the ap- 
plication of pressure breathing at 1Gz 
(PBA). From Emsting (1966). 

continuous PPB a sustained increase in mean arterial 
blood pressure of 50 - 100% of the level of applied 
breathing pressure was observed (figure 2) .  

When exposed to increased +Gz acceleration it is 
the reduction in head level arterial blood pressure 
that is the prime cause of symptoms. Therefore, any 
technique which results in an elevation of arterial 
blood pressure is likely to be of benefit under these 
circumstances and have the effect of improving G 
tolerance. In this way the G protective benefits of 
PBG are similar to those of the AGSM. The 
increased intra-pulmonary pressure is transmitted to 
the left ventricle and intra-thoracic vessels, and 
results in an increase in systemic arterial pressure. 
However, the high intra-thoracic pressure can impair 
venous retum, so tending to compromise cardiac 
output and decrease systemic arterial blood pressure 
unless lower body counterpressure is applied, in the 
form of anti-G trousers, so as to maintain the pressure 
gradient between peripheral venous and central 
venous blood pressures. 

Pressure breathing also tends to support the 
respiratory system during +Gz acceleration by 
reducing inspiratory breathing resistance and 
increasing the overall breathing volume of the lung. 
Gas exchange is thus improved by reducing the 

effects of increased closing volume and increased 
weight of the thoracic wall associated with increased 
+Gz acceleration. High inspiratory volumes are also 
likely to assist the performance of an anti-G straining 
manoeuvre (Cote et al, 1986). 

The possible routine use of pressure breathing as a 
means of enhancing G protection for aircrew has 
given rise to the voicing of safety concerns over the 
increased intrathoracic vascular pressures and 
potential risk of air embolism and rupture of the 
tympanic membrane (Jennings and Zanetti, 1988). 
In this paper, however, the authors fail  to 
acknowledge the fact that although the pressures 
within the heart, the great veins and pulmonary 
circulation are raised, the transmural pressure 
remains normal and no additional work is placed 
upon the heart. Furthermore, pressure breathing has 
been used routinely for many years, both in altitude 
studies and aircrew training, at pressures up to 70 
mmHg without there being any adverse effects. 
Therefore, it is concluded that the concems expressed 
by Jennings and Zanetti are unfounded. 

Effect of chest counterpressure 
Ernsting (1966) further demonstrated that, at IG, the 
increase in arterial blood pressure for any given level 
of breathing pressure was greater, with less reduction 
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Figure 3. The effect of different extents 
of counter pressure coverage on the rise in 
arterial blood pressure induced by positive 
pressure breathing. From Emsting (1966). 
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(1990). 
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of pulse pressure, with the addition of chest 
counterpressure to PPB. Still greater increases in 
mean arterial blood pressure were attained by whole 
trunk and whole trunk plus limb counterpressure 
(figure 3). With the latter combination, arterial blood 
pressure increases in excess of the applied breathing 
pressure were observed, reaching 125% of the PPB 
pressure. Such chest or trunk counterpressure 
decreases lung distensibility during PPB resulting 
in a greater increase in intrapleural pressure at the 
same airway pressure. 

Breathing against positive pressure tends to reduce 
the inspiratory reserve volume although the total lung 
capacity is increased and, in order to prevent lung 
over-distension when the applied breathing pressure 
exceeds 30 m d g ,  chest counterpressure is required. 
An ideal counterpressure garment would maintain 
the sub-divisions of lung volume at similar levels to 
those observed whilst breathing ai ambient pressure. 
Brown et a1 (1990) used the ratio of expiratory 
reserve volume (ERV) to forced vital capacity (VC) 
as a measure of lung distension during pressure 
breathing using different coverage chest 
counterpressure garments. Their results, shown in 
figure 4, indicate that not only is the coverage of the 
garment important in determining lung distension 
but also that the presence of inflated anti-G trousers 
has a marked effect. The minimum coverage of a 
chest counterpressure garment for PBA is generally 
accepted to be that of a waistcoat. Whether the 
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waistcoat should comprise inflatable bladders over 
both the front and back of the thorax, or just over 
the front, is still a matter of debate. 

During PBG the situation differs in that, whilst under 
G, the weight of the chest wall and any protective 
clothing over it, for example a life preserver, 
contribute markedly to the effective counterpressure 
acting to prevent over-distension of the lungs. Thus, 
if a similar experiment to that of Brown (1990) is 
performed whilst using PBG at 5,  7 and 9Gz with 
either no chest counterpressure, full waistcoat or 
backless waistcoat, no significant difference in lung 
volume is found when compared to the control 
condition of no PBG. Figure 5 shows the results 
obtained by Green (1994). These results should not 
be regarded as sufficient evidence for the disposal 
of a chest counterpressure garment for PBG as there 
is no measurement of regional lung distension. 
Considerably more work is required before definite 
recommendations can be made safely although the 
evidence to date does point to the chest  
counterpressure garment being unnecessary under 
these conditions. 

Effect of lower body counterpressure 
Pressure breathing under 1Gz conditions, for altitude 
protection, results in the displacement of blood 
volume to the periphery of the body as a direct result 
of the raised intra-thoracic pressure. As shown in 

Ermr bars indicate i-1 SE 

5Gz - 24mmHg 
7Gz - 5 M g  
9Gz - 65mmHg 

5Gz no PBG 5Gz Full 5Gz Backles 5Gz None 7Gz Full 7Gz Backless 7Gz None 9G-L Full 9Gz Backless 

Condition 

Figure 5. The effect of different degress of chest counter pressure garment coverage upon 
lung distension, as expressed as a percentage ofthe subject's vital capacity at lGz, at 5,7 and 
9Gz. There is no significant differance between the conditions ofno PBG, full chest coverage, 
coverage of the front of the chest only and no chest counter pressure. From Green (1994). 



Figure 6. The reduction of effective 
blood volume as a consequence of a 
high intrathorasic pressure induced by 
positive pressure breathing. In time, the 
loss of effective blood volume leads to 
pressure breathing syncope. From 
Emsting (1966). 

figure 6, from Ernsting (1966), the reduction in 
effective blood volume rises with increasing 
breathing pressure and increases with the duration 
of applied pressure breathing leading to the condition 
of pressure breathing syncope. Under increased +Gz 
acceleration there is already a marked tendency to 
peripheral venous pooling as a result of the increased 
hydrostatic pressure applied to the peripheral 
vasculature and, with the application of PBG, there 
is further loss of effective blood volume. Thus, with 
PBG although the raised intra-thoracic pressure tends 
to increases arterial blood pressure, the venous 
pooling which it also induces leads to reduced 
cardiac output. Without lower body counterpressure 
the result is a fall in arterial blood pressure and 
syncope but with conventional, in-service, anti-G 
trousers providing support to the circulation there is 

a net increase in arterial blood pressure and so an 
improvement in G protection. 

In respect of raising arterial blood pressure, PBG 
tends to act against itself and the outcome is 
determined by the balance between its direct 
hypertensive effects and those tending to induce 
venous pooling. The balance can be modified by 
changing both the applied breathing pressure and the 
effectiveness of the lower body counterpressure in 
preventing, or indeed reversing, venous pooling. 
Prior (1991) measured the changes in lower body 
blood volume at different +Gz accelerations with 
different coverage anti-G trousers whilst pressure 
breathing at 30 mmHg. The coverage of the anti-G 
trousers used is shown diagrammatically in figure 7 

Figure 7. Schematic diagram of the 
bladder coverage of standard, in- 
service, anti-G trousers and 
developmental full coverage trousers. 
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Figure 8. The reduction in lower body blood 
volume which ensues following inflation of either 
full coverage (FAGT) or normal coverage (AGT) 
anti-G trousers whilst under G and with, orwithout, 
PBG applied at 30mmHg pressure. From Prior 
(1991). 

and the blood volume changes in figure 8. In the 
case of both garments their inflation results in the 
displacement of blood headwards and the addition 
of  30 mmHg pressure breathing reduces the 
magnitude of the shift in blood volume. However, 
the greater coverage anti-G trousers produce a larger 
change in blood volume both when used alone and 
in conjunction with pressure breathing. The resulting 
change in eye level arterial blood pressure on 
exposure to G is shown in figure 9. Relative to the 
use of standard coverage anti-G trousers alone, the 
addition of 30 mmHg PBG and the use of full 
coverage anti-G trousers (FAGT) both reduce the 
fall in blood pressure due to the applied Gz 
acceleration. When FAGT are used with PBG the 
arterial blood pressure fall is reduced markedly, 
indeed at 2.5 and 3.OGz there is an increase in eye- 
level blood pressure under G. The full coverage anti- 
G trousers are far better at providing counterpressure 
to the lower body the result of which is manifest as 
a better preservation of eye-level arterial blood 
pressure whilst under G and using PBG. The 
efficiency of the system can be expressed as the ratio 
of applied breathing pressure to the rise in arterial 
blood pressure so that a 30mmHg rise in blood 
pressure as a result of 30mmHg PBG would be 

Change in mean eye level 
a i l e k  blwd piwure (mmHg) 

n . 5  

-sa4 1 
Figure 9. Eye level arterial blood pressure changes 
under G comparing the use of full coverage anti-G 
trousers (FAGT) or an in-service garment (AGT) 
with, and without, the addition of PBG at 30mmHg 
pressure. From Prior (1991). 

regarded as 100% efficient. Figure 10 shows the 
difference between standard coverage and full 
coverage a n t i 4  tronsers in terms of the hypertensive 
efficiency of PBG where it can be seen that the latter 
garment allows the hypertensive effect of PBG to 
be more fully realised. 

EFFECT OF PBG ON G TOLERANCE 

PBG has been compared to the M-1 manoeuvre for 
its efficacy in augmenting G tolerance (Shubrooks, 
1973). He found that PBG, at a pressure of 25 - 35 
mmHg started 30 - 40 seconds before the onset of 
acceleration, increased relaxed G tolerance by 0.3 - 
1.5G. This was not significantly different to that 
resulting from an M-1 manoeuvre performed without 
muscle tensing. With PBG raised to 40 mmHg 
pressure and generalised muscle tensing added to 
both the PBG and M-1 conditions, an increased 
tolerance of 0.7 - 2.2G resulted from pressure 
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Figure 10. The "hypertensive efficiency" of PBG 
using either conventional (AGT) or full coverage 
(FAGT) anti-G trousers. From Prior (1991). 

breathing. The mean increase in G tolerance was 
1.2G and did not differ significantly from the 
protection given by an M-l manoeuvre. When PBG 
was used in conjunction with an anti-G suit during 
an 8G exposure for 45 seconds it was noted that the 
performance of an AGSM was far less fatiguing than 
when PBG was omitted. 

Similar results have been found both on the human 
centrifuge and during flight testing of a PBG system. 
Leverett et al(1973) used a breathing pressure of 30 
mmHg at accelerations above 2Gz during 60 second 
exposures to 3 , 6  and 8G. They confirmed that there 
was no difference in G protection betwee.n PBG and 
performing an M-l manoeuvre but fatigue was less 
during the pressure breathing. They also noted that 
arterial oxygen saturation was better maintained 
during PBG. Glaister and Lisher (1976) found PBG 
of 5 mmHg per G improved G tolerance by 0.8'3 on 
the centrifuge. They proceeded to install the PBG 
system in  a Hunter aircraft to investigate the 
usefulness of PBG in the air and to canvas aircrew 
opinion of the technique. Generally, aircrew were 
enthusiastic of the system, finding fatigue under G 

to be reduced. Glaister and Lisher used a PBG 
system that is noteworthy in being the first to provide 
breathing pressure which increased in proportion to 
the +Gz acceleration. They had derived the pressure 
breathing schedule from observations made during 
investigations into the use of seat reclination for 
improved G protection, where pressure breathing 
was used to offset inspiratory difficulty arising from 
the increased weight of the chest wall under G. The 
system was arranged so that PBG cut-in abruptly at 
2.5G, generating a mask pressure of 12.5 mmHg. 
However, during the flight trials this feature was 
found by aircrew to be particularly distracting and 
withdrawal of this particular feature of the pressure 
breathing schedule was requested. 

Shaffstall and Burton (1979) investigated the value 
of providing chest counterpressure during positive 
pressure breathing for G protection. Up to this time 
experiments involving PBG had not included any 
garments specifically for the purpose of providing 
chest counterpressure. The breathing pressures 
involved had been relatively low and, to some extent, 
the increased weight of the chest wall under G 
fulfilled the role of a counterpressure garment. 
Shaffstall and Burton adopted the terms 'assisted' 
and 'unassisted' PPB for the conditions of pressure 
breathing under G with and without a chest 
counterpressure garment inflated to a pressure equal 
to that delivered to the oro-nasal mask. Using a 
simulated air combat manoeuvre (SACM) on the 
centrifuge, comprising repeated cycles between 4.5 
and 7.0 Gz of 10 seconds duration at each G level, 
they found the tolerance time for this manoeuvre was 
increased by 27% when pressure breathing was 
augmented with chest counterpressure. There was 
no significant difference between the tolerance times 
for the conditions of a n t i 4  trousers alone and 
unassisted PPB. It should be noted, however, that 
the method of delivery of pressure breathing differed 
from that used by Glaister and Lisher, PPB was 
delivered to the mask at a pressure of 30 mmHg, 
commencing 20 seconds before the onset of 
acceleration rather than increasing mask pressure in 
proportion to the prevailing +Gz acceleration. 

Bums and Balldin (1983), however, used an assisted 
pressure breathing system which 'cut-in' at 1.2 Gz 
and increased mask pressure linearly to either 50 
mmHg or 70 mmHg at 9.OGz. They also used a 
centrifuge SACM profile and measured subjects' 
tolerance time of exposure to these repeated cycles 
of high G. Paradoxically, they found tolerance time, 
compared to the control condition of anti-G Trousers 
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Figure 11. G endurance time during a simulated air combat manoeuvre, 
without PBG (PPB,), with PBG at 17mmHg (PPB,,) or 5OmmHg (PPB,,). 
From Burns and Balldin (1983). 

only and straining, to be increased by 115% whilst 
pressure breathing to a maximum mask pressure of 
50 “ H g  but only an 88% increase with the higher 
pressure schedule (figure 11). The  higher 
intrathoracic pressure generated by higher mask 
pressures would have been expected to cause a 
greater rise in arterial blood pressure so improving 
G tolerance. They attributed their findings to 
discomfort caused by a tightly fitted mask necessary 
to seal the higher pressures. Although not considered 
by the authors, it can be postulated that the degree 
of counterpressure to the lower body was inadequate 
in its support of the circulation at the higher mask 
pressures, so preventing the full hypertensive effects 
of pressure breathing to be realised. 

Bagshaw (1984) conducted flight trials with a PBG 
schedule of 5 mmHg/G, starting at 4 G during 
increasing G, and terminating at  3 G during 
decreasing G. The press-to-test facility of the oxygen 
regulator was modified to deliver 100% oxygen 
during PBG, but deliver airmix before and after G. 
With instructions that straining could be added if 
needed, 71% of pilots felt that PBG increased 
tolerance to air combat manoeuvres and was more 
effective than using an AGSM, furthermore less 
fatigue was felt afterwards. The abrupt cut-in/cut- 
out of PBG at 4/3Gz was considered to be less than 
ideal. 

In early 1987, USAF conducted flight trials in an F- 
16 aircraft fitted with prototype assisted PBG 

systems designed to assess their G protective 
capability and effects on aircraft operation. This 
technology had been developed from the work of 
Bums and Balldin at USAFSAM using 50 and 70 
mmHg at 9 G. The three pilots strongly endorsed 
PBG as an anti-G system, feeling that they were well- 
protected and probably could tolerate G loadings for 
longer durations and at greater than present limits. 
The prototype PBG systems, however, limited pilot 
mobility and comfort. 

Several other studies into the efficacy of pressure 
breathing with chest counterpressure have been 
made, both on the centrifuge and in the  air. 
Universally, the technique has been found to be of 
benefit in terms of reducing the amount of effort 
required to strain under G, thus reducing fatigue and 
so allowing subjects and pilots to pull G for longer. 
The delivery pressure schedules differ in all studies, 
both for the maximum pressures used and the 
acceleration at which pressure breathing first starts. 
However, all investigators have employed a linear 
rise of pressure with G between the cut-in point and 
maximum pressure. The studies also have in 
common the extent of lower body counterpressure; 
all have used standard, in service anti-G trousers 
appropriate to their country. They are all of similar 
design and are inflated with more or less the same 
pressurisation schedule (Domazuk, 1983; Bagshaw, 
1984; Harding and Cresswell, 1987; Cresswell et al, 
1988; Clere et al, 1988; Balldin et al, 1989). 
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During the 1950s when attention was focused on 
providing high altitude protection for aircrew, many 
improvements were being made to full pressure suits 
so that they became potentially suitable for G 
protection. Seiker et al (1953) compared the 
protection given by RAF cutaway anti-G trousers 
with that of trousers having circumferential bladders 
and full coverage finding that it improved G 
protection by some 2.6G. With the more recent 
upsurge of interest in providing aircrew with 
improved G protection, full coverage garments have 
been re-examined and, of course, renamed giving 
rise to a number of variants known as Advanced 
Technology Anti-G Suit (ATAGS), Uniform Pressure 
Suit (UPS) or Full Coverage Anti-G Trousers 
(FAGT). It is when the enhanced lower body 
counterpressure provided by these garments is used 
i n  combination with PBG that dramatic 
improvements in G protection are seen. 

Whereas the use of PBG with conventional coverage 
anti-G trousers enhances G endurance, in that the 
amount of effort required in performing an anti-G 
straining manoeuvre is much reduced, the 
improvement in relaxed G tolerance is small. 
Therefore, unless it is advocated that physical fatigue 
is an important factor in G-LOC, such a system is 
unlikely to be successful in reducing the incidence 
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of loss of consciousness. However, the combination 
of PBG and anti-G trousers using full coverage, 
circumferential bladders results in a relaxed G 
tolerance of 8.3‘3 and allows 9G to be tolerated for 
several minutes with only minimal leg tensing effort 
being required intermittently to maintain full vision 
(Prior, 1989). Figure 12 shows a comparison of the 
relaxed G tolerances resulting from the use of 
conventional anti-G trousers (AGT) and full 
coverage G trousers (FAGT), with and without the 
addition of PBG. It can be seen that the use of PBG 
with AGT offers about 1G improvement in relaxed 
G tolerance and is comparable to the use of FAGT 
alone whereas the addition of PBG to FAGT allows 
a substantial improvement in tolerance and is in 
keeping with the findings concerning PBG 
hypertensive efficiency described in a previous 
section. It should be noted that although 9G can be 
tolerated with relative ease and clear vision, the eye- 
level arterial blood pressure is only just sufficient to 
maintain adequate retinal perfusion (figure1 3). Any 
reduction in either the extent of anti-G trouser 
coverage or the level of breathing pressure available 
at a given acceleration is likely to result in substantial 
grey-out at 962. In this context it is important to 
consider the flow characteristics of the PBG delivery 
system and its ability to maintain mask cavity 
pressure demand inspiratory flows (see below). 

AGS 

PBG 
FAGl NO AGS 

PROTECTION ONLY + 
FAGT 

W G  

Figure 12. Relaxed G tolerance using either conventional (AGS) or full 
coverage (FAGT) anti-G trousers with, and without, PBG of 2G cut-in, 
1 I ” H g / G .  From Prior (1989). 
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Figure 13. Eye-level arterial blood pressure, measured using Finapres, during a 9Gz 
centrifuge run using full coverage anti-G trousers and PBG at 65mmHg. The subject 
reported no loss in vision and remained relaxed (non-straining) throughout the run. 

Anti-G TO full coverage supply pressure breathing in 
proportion to the applied Gz valve - 

Anti-G 

IMPLEMENTATION OF PBG 

The usual arrangement for the implementation of a 
PBG system is shown in figures 14 and 15. A 
pneumatic signal is taken from the anti-G valve outlet 
and is fed to a 'G' module attached to the breathing 
regulator which responds by supplying positive 
pressure proportional to the magnitude of the 
pneumatic signal. Thus there is a sequence in which 
G is applied, the anti-G valve responds according to 
its specified pressurisation schedule, the anti-G valve 
outlet pressure is fed to the breathing regulator which 

schedule of pressurisation. This arrangement has 
been adopted in view of the fact that the use of PBG 
in a high G environment without functioning anti-G 
trousers severely compromises the pilots ability to 
tolerate G. Also, it should be noted that if there is a 
complete failure of the anti-G trousers then PBG 
automatically ceases. When using a system 
comprising full coverage anti-G trousers and PBG, 
and so not performing any straining manoeuvre, if 
such a failure occurs at 9Gz then G-LOC ensues after 
a delay of approximately 2 seconds. 

then provides PBG 

SUPPlY 

according to a predefined 

Regulator To Mask 8 

Jerkin 

Module 

Figure 14. Schematic diagram of 
a typical PBG system in which the 
anti-G valve outlet  pressure 
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The current UK PBG regime is shown in figure 16 
and is slightly unusual in that PBG starts at 2G, in 
most other systems a value of 4G has been chosen. 
It is most likely that the schedule will be changed in 
the near future to cut-in between 5G and 6G based 
on the general statement that G protection in excess 

70r 

+Gz Acceleration ( G )  

Figure 16. Current UK PBG and anti-G valve 
pressurisation schedules. These schedules are used 
in the RAF School of Aviation Medicine Hawk 
aircraft and as an interim system for EF2000. 

Figure 15. An implementation 
ofthe schematic diagram shown 
in figure 14. This arrangement 
is currently fitted to the RAF 
School of Aviation Medicine 
Hawk aircraft. 

of that required by the pilot is unnecessary and 
undesirable. At 9G most PBG systems provide a 
breathing pressure of between 50 and 70mmHg. 
Generally speaking the higher the pressure the better 
the protection afforded, providing there is adequate 
lower body counterpressure. Other considerations 
such as comfort, ease of breathing, the ability to talk, 
mask sealing and arm discomfort are also taken into 
account when deciding upon the optimum schedule. 
Work in this area has been performed on a largely 
empirical basis and has given rise to a variety of 
PBG schedules used by different air forces. To date 
no PBG is yet in service although the French Rafale, 
the UK, German, Spanish, Italian Eurofighter 2000 
and the Swedish Grippen soon enter service all with 
PBG specified. In the USAF there is currently a 
programme to retrofit the F16 and F15 aircraft with 
PBG and the Finnish Air Force, Canadian Air Force 
and US Navy are to install PBG in their F18 aircraft. 
Much valuable information will be gained once these 
aircraft are flown using PBG routinely and it is likely 
that the various PBG schedules will come into accord 
in the light of pilot opinion. 

Of the new aircraft entering service with PBG, all 
also have a high altitude capability which requires 
the pilot to be protected by PBA. The pressure 
breathing system has a dual function, providing both 
PBG and PBA, moreover the PBA system requires 
that the anti-G trousers inflate such that there is a 
ratio between trouser and breathing pressure of 
between 2: 1 and 4: 1 depending on the individual air 
force implementation. To further compound the 
situation these aircraft are also capable of pulling 
high G at high altitude and so require that the 
breathing pressure delivered to the pilot is the greater 
of the PBA and PBG pressures demanded. The 
breathing regulator is designed to accommodate 
these requirements, however, the aircraft tend to have 
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Figure 17. Original trace showing that a demanded inspiratory flow in excess of the 
capabilities of the regulator causes a fall in PBG mask cavity pressure. 

severe space and weight constraints so that there is 
a need to make the regulators light and compact yet 
still be capable of meeting the inspiratory flows 
demanded by the pilot. Figure 17 shows the mask 
cavity pressure during PBG at various inspiratory 
flows. If the regulator has an inadequate flow 
capacity then, as shown, the mask cavity pressure 
can fall toward zero when even moderate respiratory 
demands are placed upon it. 

DISADVANTAGES OF A PBG SYSTEM 

A PBG system adds complexity to the aircraft life 
support system but this is a comparatively minor 
disadvantage. Of greater concern is the added 
aircrew protective clothing required, in particular the 
chest counterpressure garment and, if full or 
extended coverage anti-G trousers are employed, the 
surface area of the body which is covered by 
impermeable material. The extra bulk, decreased 
mobility and heat load imposed by such garments 
are at best a disadvantage and at worse a positive 
encumbrance which, in the view of some pilots, 
compromises his operational capability. In this 
respect the PBG system is the same as any other 

protective assembly in that the clothing is only of 
value if the pilot is exposed to an environment which 
warrants the protection. In other words, unless high 
G is pulled on a regular basis, the equipment can be 
regarded as superfluous. On the other hand, the 
likelihood of G-LOC, and the possible loss of both 
aircraft and pilot, increases with the G performance 
of the aircraft. 

With a PBG system the mask must seal against the 
face to prevent both a loss in mask cavity pressure 
and either distractingly noisy leaks or leaks which 
blow into the eyes causing them to run. However, 
the mask must remain comfortable on the face, not 
being so tight that it cannot be tolerated for extended 
periods of time. A variety of automatic mask 
tensioning systems have been devised which cause 
the mask to tighten onto the face to effect a seal as 
PBG is applied in response to Gz acceleration. Two 
common systems are employed. One is a bladder in 
the helmet at the nape of the neck, which inflates to 
the same pressure as the breathing pressure, tending 
to pull the helmet rearwards and so bring the mask 
into closer facial contact. The other system is a 
bladder interposed between the exoskeleton of the 



Figure 18. Forearm venous 
pressure rise during a centrifuge 
run with the subjects hands 
positioned 23cm below heart 
level and exposed to 7Gz with 
PBG at 55mmHg. 

mask and its facepiece such that the inflation of the 
bladder pushes the facepiece more firmly onto the 
face. Both systems are currently being assessed by 
several research laboratories and by industry. 
However, it is the authors view that neither system 
is entirely satisfactory as they do not provide reliable 
mask sealing and are heavily dependent upon an 
almost perfect helmet and mask fit to the individual. 
In addition, the latest generation of aircrew helmets 
incorporates helmet sighting and display systems 
which require a particularly stable helmet platform 

3 0 0 ~  

for their satisfactory operation. The mask sealing 
systems currently employed have a tendency to 
compromise helmet stability and may not be 
compatible with the helmet mounted devices. These 
problems may prove extremely difficult and costly 
to overcome, possibly leading to the value of PBG 
being questioned closely. 

Under G the venous pressure in the arms is dictated 
principally by their vertical distance below heart 
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CONCLUSIONS 
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with the use of PBG ranging from the optimal 
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outweigh those disadvantages. 
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Abstract 
1,rcturc summarizes practical experience and results of theoretical investigations in the field of anti-G, protcc- 

lion of flyer in high performance fighter-aircraft. 
There have been examined the physiological and ergonomical issues of implementation in aerospace flying prac- 

tice of the anti-G variable geometry seat, which a re  aimed a t  the prophylaxy of adverse effects of high sustained, rapid 
onset rate longitudinal (+C.,), lateral (G,j and combined (G,/G,j accelerations. 

There have been presented the results of estimation of protective cffcirncy for variable geometry seat, received 
a t  multiple centrifuge testing, as well a s  its advantages with reference to prolonged flights, which were discevcred in 
ground flight simulator experiments. 

There have been elucidated the main physiological particularities of effects of lateral G, and combined (GJG,) 
aerial combat maneuvering accelerations. There is verified the applicability of variable geometry reclining Seat for pre- 
vention of some deleterious effects of hypergravitation of flyer's organism. 

Significant role is shared to physiologo-hygienic aspects of flyer's articulate seal in context with arrangement 
schemc for flight cabin workstation in high performant fighter aircraft. 

* * *  
The aerial combat +G,-accelerations. acting on military flyer onboard of last generation 

fighter-aircrafts, are characterized not only by high peaks, but also by rapid onset rate as well as 
by extended duration. At such adverse conditions pilot may suffer from serious functional inca- 
pacitation up to loss of consciousness, in some cases - without any precursors in form of 
"gray-or blackout". As it is well known, emergence of unforeseeable loss of consciousness under 
exposure of high maneuverable aircraft control evolutions was the cause of some flying acci- 
dents. 

So as to gain the flyer's tolerance to intense and powerful +G,-stresses, generated during 
high performant and energetic control of modern fighter-aircrafts, at prescnt there have becn 
used and dcveloped various physiological procedures: selection of pilot personnel with especially 
high +G,-acceleration endurance centrifuge training, efficient rehearsal and sophistication of 
protective a n t i 4  straining physical skills, general and special physical preparation of flying staff 
and so on. On a line with this, major attcntion in achievement of high +G,-tolerance lcvels has 
been shared to implementation, improvement and further development of  physical means and 
ways of counter-+G,-protection. 

However, the majority of aerospace medical specialists are biased to think, that the rc- 
sources of +G,-acceleration tolerance cnhancement at the cost of further adjustment and condi- 
tioning of traditionally used methods and practices in pilots to some extent are near to cxhaus- 
tion. 

In these circumstances there has been observed relatively renascent interest and urgency 
to implementation in fighter-aircraft cabins of special counter +G,-stress seats, which change the 
working posture of military flyer in reference to +G,-acceleration vector. 

The  initial theoretical premises to construction and design of such scats are following. In 
order to support the brain circulation, the most important thing is diminishment or aorto-retinal 
hydrostatic column height. So, any way and manner, which lcad to reduction of the distance on 
a vcrtical line between heart and brain, will be efficient procedure to maintain vision and coil- 
sciousness in flyer, submitted to high level +G,-accelerations. 

This task may be solved by change of flyer's working posture in aircraft cockpit. 
It is common knowledge, that during World War I1 some English and German fighter 

pilots bcl'orc to start aircraft maneuvering with high +G,-level of accelerations have had bent 
forward and occupied the specific stance of "writhed" position. To alleviate to flyer the such 
posturc occupation in some aircraft cockpits the aviation technicians have had raised a little thc 

Paper presmted or rhe AGARD AMP Lecture Series on "Current Conceprs on G-Prorecrion Research 
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control pedals up to 15 cm higher above their standard position. But heightened rate of spinal 
column traumas in that posture forced the flyers to give up such a n t i 4  protective procedure. 

Later, as a result of special investigations, it was acknowledged more rational and ade- 
quate the backward deflection of flyer's body in reference to acting +G,-acceleration vector at 
somc angle. There was established, that the climbing of a n t i 4  working posture protective cffi- 
cicncy has progressing character at deviation of body's longitudinal axis on angle more than 45" 
(Figurc I ) .  

G 

+G, = G coscx 
+G, = G - cosa 

Fig. 1. Anti-G protective efficiency of seatback supination angles 

This particularity may be theoretically explained, if one takes into considcration, that 
during flyer's torso supination the change of longitudinal constituent of acting on his body acccl- 
cration may be presented in form of trigonomctric function cosa.  

So, provided, that aorto-retinal angle (approximately equal ~1.5') and backseat supination 
changes from 30" up to 45", we have come to conclusion, that absolute value of cosa alters by 
1,X times less than at augmentation of above mentioned angle from 45" to 55". 

Rising the body longitudinal axis supination angle in reference to +G,-acceleration vector 
may scrve as rather efficient way of counter- +G,-acceleration protection. But it should be kcpt 
in  mind, that during +G,-acceleration vector angular co-ordinates modification, apart from 
hemodynamic effects, it is necessary to consider also other biomechanic reactions, the specific 
importance of which might significantly change with transfer from longitudinal +G,-accelerations 
to transvcrsc +Gx-ones (Figure 2). 

As may be seen from drawing on Fig. 2, the main biomechanic feature of body position 
in dcviation of its longitudinal axis by 45" from acting acceleration vector consists of equality 
between longitudinal and transverse components, which explains the particular traits of physio- 
logical criteria of tolerance to accelerations in such conditions. That is precisely, alongside with 
visual disturbances in equal expansion of inertial forces the limiting role bcgin to acquire thc 
factors of transverse constituent of acceleration - breathing discomfort. With supine deviation 
of longitudinal body axis by 55", thcrc is decreased inertial pooling of blood in lower body and 
extremities, on one hand, and significantly arises the probability of breathing distresses. 



Angle of seatback supination 
in degrees from vertical line 

Fig. 2. The values of +Gz - and - Gx acceleration vectors in per cent for any given angle of 
seatback supination. 

In investigations, made by our Institute research workers Bondarenko R.A. and Tikhonov 
M.A., there were detailed the specific relationships of physiologic mechanisms interaction in 
combined application of various anti.(; means and devices: anti-G suit inflation, positive pres- 
sure breathing, augmentation of supination angle of backseat. The authors have noted, that in 
augmentation of longitudinal body axis supination angle from vector of acting +G,-aCCelerdtiOn 
it is necessary to decrease the inflation pressure of a n t i 4  suit in lower body region (Figure 31, 
but at the same time for compensation of growing transverse gravitational load on breast and 
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Fig. 3. Pressure regimens in AGS bladders in dependence on angle of seatback supination 
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belly arcas thcrc emerges the need to increase the level of positive pressure breathing up to 60 
mm Hg. In turn,  the positivc pressure in breathing system, provoking the systemic increase of 
arterial blood pressure, shifts the boundary of thigh and leg arterial vasa occlusion, gcncratcd by 
positivc pressure on lower body, increasing simultaneously the possibility of inertial blood depot I fillinrr in lower limbs. 

I 

" 
Considering, that augmentation of backseat supination angle must be coupled with altera- 

tion 01' pressure regimen in bladders of anti-G suit and oxygen breathing system, the technical 
solution of  this problem means the development of adaptive multi-regimen anti-G suit automated 
pressure regulator and oxygen breathing apparatus. 

The other way of  a n t i 4  protection on a basc of posture changes is a use of elevated 
thigh position (Fig. 4). In such posture there is decreased pooling of liquid phases in lower body 
which conduces to conservation of circulating blood volume and ergo might raise the tolerance 
in  humans to action of +G,-accelerations. 

G 

Fig. 4. Anti-G protective efficiency of thighs' elevated position 

As a result of specially performed experimentations, directed for determination of flyer's 
optimal posture under exposure of +G,-stress, there was established, that there is a need in a 
strict observation and maintenance of alignment between supination angle of backseat and head 
support angle in reference to +G,-acceleration vector, as well as thighs and tibia in relation to 
body torso. 

In relation to this in Russia sub specie to implementation on prospective fighter - air- 
et-afts was developed and successfully tested in static conditions and dynamic exposures of +G,- 
accelerations on centrifuge the experimental model of variable geometry ejection seat. In stan- 
dard position the seat has a backseat supination angle equal to 23" (seat bowl angle - 13'), and. 
during reclining transformation under action of +G,-accelerations the angle of backseat supina- 
tion extends up to 48" (seat bowl ~ 10") (Fig. 5). Considering the aircraft's angle of attack, the 
angle of reclining of longitudinal body axis in reference to direction of acting +G,-accelerdtionS 
resumes correspondingly the approximate values at 30" and 55". 



Fig. 5. Scheme of supination of variable geometry seat 

Thc use of articulating variable geometry pilot seat, anti-G suit and positive pressure 
breathing system warrants to trained flyer the efficient protection against high-sustained +G,- 
acceleration levels (Fig. 6). 
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Fig. 6. Efficiency of seatback supination angle in positive pressure breat and AGS inflation 

A) Maximum tolerable +Gz - level with onset rate 0.1 G/S; 
B) Maximum time duration limit of +10.0 Gz tolerance; 
C) Maximum time duration limit of air combat maneuvering profile +Gz - tolerance 

from +5.0 to +9.0 Gz 

As can be seen from graphic data on Figure 6, the increase of backseat supination angle 
in articlating chair from 30" to 55", combined with above cited additional protective means lcads 
to enhancement of +G,-acceleration tolerance more, than 3,8 G. The total timc duration of  +10 
G,-acceleration endurance augments more than 4 times, and tolerance to complex ACM profile 
of +G,-accelerations from +5,0 to +Y,O G, more than 1,5 times. The magnification of scatback 
supination angle up to 55" also significantly reduces the degree of physical fatigue and markcd- 
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ness of organism's physiological reactions to submission of high-sustained +G,-acceleration lev- 
els (Fig. 7). 
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Fig. 7. Dynamics of pulse frequency and systolic blood pressure in vascular bed of ear lobe 
of test-subjects in variable geometry seat under inflation of anti-G suit and positive 
pressure breathing during +Gz - acceleration exposure with onset rate 0.1 G/S 

0 - angle of seatback supination - 30" 
0 - angle of seatback supination - 55" 

The work in variable geometry seat diminished the risk of occurrence of some prognosti- 
cally unfavorable remote health effects due to repeated systemic exposures +G,-accelerations, 
such as scquclac of pelvic vasa lesions, deformation of bicuspid and tricuspid mitral valves, 
traumatic injuries of vertebral end-plates and ligamentory apparatus of spinal column. 

Therefore, the alteration of working posture of flyer by enhancement of backseat supina- 
tion angle, thighs elevation is an efficient way to increase the tolerance of flyer to +G,, and cor- 
responding technical solutions look very attractive and prospective. 

But there exist some other aspects of flyer's posture change, which enable to increase its 
cndurancc to air combat maneuvering accelerations. 

In example, performance of aerobatic evolutions and stunt flying on prospective fighter- 
aircrafts may be accompanied with action of side lateral accelerations (Gy) as well as combined 
cllccts of accelerations (GJG,), where the significant role plays the acceleration vector. The 
peak of tolerable lateral accelerations is approximately 4 G lower in comparison with longitudi- 
nal +G,-acceleration one (Fig. 8). The time limit of tolerable combined action +G,/G, accclcra- 
tion has declined, when the value of constituent aceeleration +G, exceeds 5G, and G, - 2G 
(Fig. 9). 



Fig. 8. Dependence of maximum tolerable values of +Gz and +Cy on their alignment and 
duration of action. 
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Fig. 9. Dependence of maximum tolerable duration time under combined exposure of 
+Gz/+Gy on value of +Cy - acceleration. 

The main causes, limiting the flyer's tolerance under exposure of lateral, as well as com- 
bined accclcrations, are blunt deviation of head and torso in direction of acceleration vector, im- 
portant tiredness of posture supporting muscles, significant disorganization of working posturc 
and painful sensations in forearm and cubital joint areas. 

The cardio-vascular system reacts to the effects of combined accelerations GJG, with 
increase of lateral acceleration constituent by heightened pulse rate and diminished stroke vol- 
ume and cardiac output. 

Breathing rate under combined action of +GJG, = 5,0/3,0 accelerations is approximalcly 
25%, while pulmonary ventilation 50% higher in comparison with same parameters, observcd 
during exposure of longitudinal +5,0 G,-acceleration. T o  some exlent there arc rising the indiccs, 
characterizing the physiological cost of withstood subjection. Exampli gratia, under 1,0 G, expo- 
sure the value of oxygen debt corresponds to level, which is registered under effect of 5,0 G,- 
acceleration. In accordance with this trend under submission of lateral accelcrations the pulmo- 
nary diffusion - perfusion processes are disturbed in much greater degree, than in action of 
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longitudinal accclcrations, which is stipulated by shift of mediastinum, compression of pulmo- 
nary Iobcs, ebbing of alveolar ventilation and gaining of physiological pulmonary by-pass. 

Thc lateral acceleration reveals extremely negative effccts on pilot's performanee: the I 
cqual probability of mission failure has bccn observed at much - l e s se r -  peaks of +G,- 
accclcrations, than +G,, including the cases of comhincd exposures. 

According to data, published by J.Frazier et al. (1982), under effect of 5,0 G,- 
accclcration the quality of stccring activity of flyer has been deteriorated only by 19% in con- 
trast to static condition, while in cxperimcntal runs with combined exposure of +5,0 G,  and + I , O  
G,-accclcrations this indcx plummeted by 45% and under +5,0 G, and +2,0 G, - even morc by 
70%. 

It should hc also stressed, that under combined action of accelerations there rises the 
prohahility of illusory spatial attitudc perception. 

The abovc noted phenomena of influence on organism of lateral and combined accclcra- 
tions clearly suggest the necessity of dcvelopment of prophylactic capabilities to cope thcir ad- 
vcrsc and delctcrious effccts. 

Succcssfully approbated and tested in experimental conditions seat of variable geometry 
with spccially adjustcd rcstraint and fixation system and side arm stick engine and plane control- 
Icrs might be recommended as cfficient way of protection of flyer against not only longitudinal, 
hut lateral and combined accelerations too. 

Thcrc was cstahlished, that in comparison with serially manufactured ejection Scat of 
type K-36 DM with enhancement of seathack supination angle in reclining seat from 30' to 55' 
thcrc occurs an cxtcnsion of tolerance to combined action of +GJG, acceleration in average by 
2-3 G and improves the efficicncy of human operator performance approximately 2,5 times. 

However, the augmentation of articulated seathack supination angles with corresponding 
body support surfaces has challenged a set of serious physiologic-ergonomic problems: there are 
sharply rcduccd the conditions of aircraft control organs accessibility and the scope of view for 
information-controlling field with in-cabin displays and instruments panels. 

Disturbance of flyer's acccssihility to reach engine throttle, control stick and some other 
organs is duc mainly to backward departing of the brachial point and pedals - with upward re- 
moval of knee joint point. Bothered view of flight display panel is related to upward shift of 
pilot's line of sight. On account of this considerable part of display panel is dislocated from the 
zonc of optimal visual performance, which is found in limits f15" from standard position o l  
sight linc. When flyer's head leans on a headgear of seathack, the comfort zone of visual per- 
lormancc cmbraccs only collimator and head-up display. For adequate perception of instrumcntal 
information pilot nccds to refocus his visual axes and to incline his head in downward position, 
which in turn Icads to additional straining of eye and neck muscles and in prolonged flight mis- 
sions this may provoke prcmature muscular debilitation and lower pilot's work capability. 

Therefore the augmentation of body support surfaces inclination angles in articulate scat 
dcmands not only the recalculation of accessibility zones for engine throttle, control stick, pcdals 
o r  replacement of  traditional plane's control stick by sidc-arm controller, but research and devel- 
opmcnt of new arrangement schemes for onboard and instrument panels in aircraft cockpit. It 
should be emphasized, that thc optimal sector for making-up of avionics indicators with consid- 
eration of thcir vicw conditions is located at upper part of instrument panel. 

The i.csults of conducted invcstigations have led to conclusion, that in formation of ar- 
rangement schcmc for seat with augmented angles of body-supportive surfaces inclination it is 
necessary to cnsurc their optimal correlation with each other and optimal mutual allocation with 
cnginc throttle, control stick, pedals. 

So, it should he noted, that position of pilot eyes' visual axes depends not only on back- 
scat supination angle, hut this angle in itself plays certain role in formation of position of eyes' 
visual axes in comfortable working posture. 

Important significancc in change of seatback supination angle has a maintenance of some 
optimal angle in hip joint, the valuc of which lays in rather narrow range - from 100" up to 
1 0 7 O .  
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Especial role for formation of flyer's working posture in reclining seat with augmcnted 
angles of supination of body surface supporting seatback belongs to a solution of optimal allo- 
cation between seat's headgear and spinal part of scathack. 

The optimal position of flyer's head while fixating the eyes on point of instrumental 
board, located at cyc level and determined on angle between horizontal collimator line of sight 
and eye-aural line, is characterized by values, which spread rathcr wide hand. At vertical posi- 
tion of scatback the comfortable position of flyer's head is set by average value of 17", and in- 
dividual dispersion comes to average from 6" to 32" upward from horizontal line. In casc o l  
further seatback supination angle augmentation this value grows non-significantly, and at 55" 
supination angle reaches some averagc 26" (with individual dispersion from 12" up to 43"). 
These data suggest the necessity of taking into consideration the most frequently read by pilot 
indicators in the area of optimal visual performance, that is, not lower, than 15" from line of 
flyer's visual regards. So, for flyer being in a seat with seatback supination angle 30'. the most 
sampled indicators and displayed must be located not lower than 8' from collimator linc 01' 
sight. 

The profiled curvature of upper thoracic and neck parts of spinal column has its own ref- 
crenccd anthropometric point - the maximum promontory on perpendicular to seatbacks plane 
(ncck point - Fig. 10). During augmentation of seatback supination angle in seat from 0 to 55" 
the average value of neck point promontory changes insignificantly (from 100 to 150 mm), but 
individual variation is rathcr large: from 55-200 mm at 0" angle of scatback supination up to 
75-220 mm - at 55" of the same parameter. This yields to the notion, that it is impossible to 
design strictly "unified", non-regulated profile -of neck-brachial part of scatback, ignoring the 
seathack supination angles at all, because such construction will be awkward for prcdominant 
population of flyers. 

I 
Apex of ncek bwdosk 

( neck p in t  ) 

Fig. 10. Position of apex of neck bordosis ( neck point ). 

An exemplary configuration of neck-brachial cradle for variablc geometry seat and the 
limits of individual adjustment of such support assembly are presented in Fig. 11. The above 
indicated configuration of cradle enabled to build it on type of movable brachial support, fixed 
to backseat in point of rotation, which is situated 150-200 mm lower relatively to projection of 
neck point on backseat. Such technical solution allowed to decrease the risk of ejection escape 
trauma thanks to preliminary "pressing" of cradle and rear headgear toward backseat on safe 
value. 
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plane of seatback 23" plane of seatback 23" 

Line of neck point level 
( maximum lordosis ) 

~~ 

Fig. 11. Transverse profile of collarshoulder bed cradle corresponding to anatomo- 
physiologic curvatures of spinal columu in optimal conditions of line sight posi- 
tion 

- mean value; 
- minimum and maximum values; 

@ - occipital point. 

Vertical adjustment of configured bed (on a maximum promontory - ncck point) in rcl- 
crcncc to backseat demands significantly lesser limits: 150-60 mm, which probably, made 
possiblc to restrict in a scat construction by only perpendicular "out-of-backseat" adjustment of 
mobile cradlc elcment to ensure the flyer a comfortable posture with corresponding anatomo- 
physiologic curvature of upper-thoracic and ncck parts of spinal column. 

Starting from anthropometric charactcristics of head and their alignment with coordinalcd 
of ncck point, the occipital point (or point of contact with headgear) will bc stationed 50-60 
mm higher the ncck point, and the limits of individual adjustment of headgcar will in [act coin- 
cide with such at adjustmcnt of  cradle element. 

According to prognostic estimations and cxpcctations of specialists in 90-ics there will 
occur the real possibility to overcome the existing technical and physiologo-ergonomic limita- 
tions in implementation of variable gcomctry scats in agile aircraft fighter cockpits. 

Striving to prcvcnt the deterioration of sight levels in pick-ups of  in-cabin pancl display 
and instrumcnt indication information, as well as reachibility of control stick, engine throttlc and 
some other control dcvices, which are traditionally placcd in forward hemisphcrc of cockpit, thc 
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arrangement scheme of variable geometry seat is made in such way, that during transformation 
of scat from seatback supination angle position at 23" to configuration with 48" of one, therc 
practically does not occur the displacement of brachial point and eyes' visual axes. Despite this, 
the installation in aircraft cabin of variable geometry seat demands mandatory use of side-at-m 
aircraft and engine throttle controllers, as well as pedals, which must ensue thc transfiguration of 
seat in order to guarantec the maintenance of optimal zones of accessibility, while manipulating 
with them. 

As a result of investigations, made in static conditions and under exposure of +G,- 
accelerations, there were determined the arrangement characteristics of side-arm aircraft stick 
controller and pedals (Fig. 12). 

It should b e  stressed, that at installation of sidc-arm stick controller on height 250 mm 
above scat-referenced point "S" in conditions of high +G,-acceleration, exceeding 7,0 G, some 
test-subjects revealed and suffered from the painful sensations in muscles and petechial hcmor- 
rhagcs in skin of forearms, though in static conditions such arrangement of side-arm stick con- 
troller was quite agreeable. In this relation the arrangement characteristics of variable geometry 
scat under exposure of high +G,-accelerative forccs need closer definition. This leads also to 
necessity of further improvement of existing anti-G garment and deviccs to bar uniavorablc hy- 
drostatic effects in forearm vessels. 

It should be emphasized, that use of variable geometry seats makes possible not only to 
heighten the tolerance of flyer to high +G,-accelerations, but also significantly to improve the 
ergonomic environment for his controlling activity, especially in prolonged flying missions. 

As data, received in our experiments, suggest, in case of application of mass-produced 
ejection seat with reestablished seatback supination angle at 17" the time limit of comfortable 
duration of flyer in it amounts 2-2,5 hours while in use of variable geometry seat with back- 
seat supination angle at 30" this parameter protracts up to 7 hours and at position 55' - cven 
greater - 10 hours. 

The periodic change of backseat supination angle in prolonged flying missions is a very 
efficient procedure to maintain the flyer's performance in demanded condition. It is worthy to 
note, that owing to redistribution of pressure on flyer's soft tissues, which contact the seat sup- 
portivc surfaces, there occurs the delay in development of pain syndrome, which plays a leading 
role in lowering of pilot's functional state and work ability in long-standing duration in  ejection 
seal of conventional configuration. 

It is established, that maximum time limit of comfortable duration of flyer in reclining 
seat, achieved by periodic, as pilot wants, transfiguration of seat from position with seatback 
supination angle at 30" to one with 55" and vice versa, might extend cven up to 16 hours. 

Howevcr, despite some revealed advantages and assets, related to prospective implemen- 
tation of variable geometry seats, therc exist still some issues and aspects, which need further 
explorations. In particular, they involve the problems of safe bail out and ejection escape from 
aircraft as well as some other important things. 

Therefore, the use of variable geometry seat in complex with anti-G suit and positivc 
pressure breathing will enable significantly to raise the flyer's counter- +G,-acceleration protcc- 
tiun in combat maneuvering of high performant fighter-aircrafts, which yields the blockade of 
adverse effects of immediate action of high-sustained +G,-accelerations on his body, as well as 
extends the prophylactic protective capabilities against negative sequelae of systemic and re- 
pcatcd +G, exposures, 
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Fig. 12. Arrangement scheme of control organs at installation of changeable geometry seat in aircraft cabin. 
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SUMMARY 

New non-invasive techniques for measur- 
ing cardiovascular parameters have been 
introduced to the acceleration research in 
centrifuge and in flight in fighter aircraft. 
Transcranial Doppler blood flow velocity 
measurements have been used in the cen- 
trifuge to detect brain blood flow changes 
during high G. As probe movements dur- 
ing high G is a problem, a remote control 
probe system has  been developed and 
tested for better accuracy. Infrared spec- 
trophotometry has  been tested during 
increased G, but further development is 
required. Ear  opacity blood volume 
measurements of circulatory endpoints 
during high G has  been re-introduced. 
The use of Finapres or similar equipment 
to measure finger blood pressure has 
shown to be a very effective tool in 
acceleration research, both in the cen- 
trifuge and in flight, when used properly. 
Impedance plethysmography has  also 
shown to be a useful tool in acceleration 
research. Doppler ultrasound blood flow 
measurements and echocardiography are 
difficult to use a t  high G-level, if not new 
robotic techniques are developed. 
Subjective scales for ratings of perceived 
exertion during testing of G-protecting 
measures or during centrifuge fatigue 
studies seem to be valuable tools in accel- 
eration research and may help to avoid 
the need for maximal tests in the centri- 
fuge and thereby discomfort and injuries. 

INTRODUCTION 

The use of invasive measurements of in- 
travascular blood flow and blood pressure 

with venous, arterial and intracardial 
probes in human subjects during centri- 
fuge exposure is requiring, time-consum- 
ing, and necessitates sterile conditions 
and thorough surveillance of the subjects. 
A risk of succeeding thrombophlebitis and 
thrombosis is always existing. As the sub- 
ject usually is unaccompanied in the cen- 
trifuge car during the G-exposures and is 
only monitored by TV-cameras and voice 
communication, the safety of the subject 
during the runs is always of concern. The 
invasive techniques are, though, more 
often used in animal centrifuge experi- 
ments, e.g. the use of transonic flow 
probes in the common carotid and 
internal carotid arteries in baboons and 
the use of radio labeled microspheres (25, 
36, 37). 

NON-INVASIVE MEASUREMENTS 

Non-invasive ECG, EMG and EEG meas- 
urements have successfully been accom- 
plished during increased G-loads for 
many years. With the introduction of 
non-invasive measurements of cardio- 
vascular response to increased G-forces in 
humans, part of the psychological stress 
can be diminished, there is no need for 
sterile conditions and the surveillance of 
the subjects does not have to be so in- 
tense. These medically safer, non-invasive 
techniques are, though, most used dur- 
ing resting conditions, when the probe 
outside the body easily can be manipu- 
lated and moved to the proper position for 
a good signal. 

* Currently Visiting Scientist, Crew Technology 
Division, Armstrong Laboratory , Brooks AFB, 
Texas, USA 

Paper presenred ar rhe AGARD AMP Lecrure Series on "Currenr Concepts on G~Prorecrion Research 
and Developmenr" held in Ohio, USA, May 15-16, 1995; Kfinigsbriick, Germany, June 12-13, 1995 

l r  , I I 7  .r r 1c 1z 7nnr  - ~ ~ J  ~~~ 1 1 ; . 1 ,  :.. r C  I", 



1-2 

PROBLEMS WITH PROBE 
MOVEMENTS DURING HIGH G 

A problem, however, is that many of the 
non-invasive techniques for cardio-vascu- 
lar registrations are very sensitive to 
probe motions during high-G, which may 
result in the loss of the signal or false 
values. It is very difficult to move the 
probe when it is used in a human centri- 
fuge with the subject sitting by himself 
without immediate access to the probe. 

For that reason some of the non-invasive 
techniques of measuring physiological 
variables during resting conditions have 
not been very successful during exposure 
of subjects to high G-loads in the centri- 
fuge. This is valid for e.g. Doppler ultra- 
sound registrations of temporal artery 
blood flow, although some researchers 
have been able to successfully use this 
technique during moderate G-exposures 
without straining maneuvers (e.g. 24). 
The proper position of the probe is with 
this type of registration very critical, 
which has  made the use of this technique 
very difficult or almost impossible during 
high G-loads with the execution of 
respiratory and muscle straining ma- 
neuvers to increase cerebral blood pres- 
sure in the centrifuge. 

The connecting lines or optical fibers with 
laser Doppler registrations of the skin 
blood flow in the head region may also be 
very sensitive to movements during 
increased G-loads. As the temporal artery 
is an extracranial artery and the face skin 
flow is also outside the skull, these 
measurements only represents the 
vascular blood flow outside the brain a t  
head level and are not necessarily 
reflecting changes in the brain blood flow. 
The large fluctuations in the skin flow 
with time and large variations with 
temperature cause these measurements to 
be of very little value for estimating 
changes in the blood circulation inside the 
skull a t  the brain level. 

The temporal artery Doppler ultrasound 
flow meter has also been used in 

combination with ECG-related pulse wave 
delay for +Gz tolerance assessment (19). 
Similar difficulties to obtain a true signal 
during high G forces, straining 
maneuvers and pressure breathing with a 
breathing mask must also appear with 
this technique. 

Comparable drawbacks must apply to an 
equipment to measure eye-level blood 
pressure using the infrared photoelectric 
volume oscillometric variations with com- 
pression cuff and photo detectors above 
the superficial temporal artery (22). This 
device has, though, successfully been used 
up to 6 +Gz. 

TRANSCRANIAL DOPPLER 

The introduction of transcranial Doppler 
blood flow velocity registrations (TCD) for 
measuring brain blood flow with 
ultrasound (l), in e.g. the middle cerebral 
artery during increased G in the 
centrifuge, gave new information about 
the cerebral circulation during these 
conditions (16, 28, 29, 34). In some cases 
it has  been possible to register the 
cerebral blood flow velocity changes dur- 
ing G-loads up to 12 G (G. Ossard, per- 
sonal communication). With this tech- 
nique it has also been possible to estimate 
the blood flow to different regions of the 
brain during increased G . For instance, 
estimations have been made of the perfu- 
sion of the visual cortex in human sub- 
jects exposed to increased G-loads in a 
centrifuge, while registering the blood 
flow velocity in the posterior cerebral ar- 
tery using the TCD-technique (28). 

A problem with the use of the TCD tech- 
nique is, also here, the movements of the 
probe in relation to the underlying blood 
vessels during high G-loads, especially 
with simultaneous respiratory and 
muscular straining maneuvers. As the 
straining maneuvers are necessary to 
increase the heart level and cerebral blood 
pressure for improving the G-tolerance, it 
is important to make registrations 
including such maneuvers, when evaluat- 
ing G-protection techniques. 
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INFRARED SPECTROPHOTOMETRY 

During many years ear oxymeters have 
been used in centrifuge experiments to 
detect slowly developing oxygen de- 
saturation of the blood reaching the ear 
lobe. Other new devices that has  been 
tested for measuring the cerebral 
microcirculation is the use noninvasive 
multiwavelength near infrared 
spectrophotometry based on the oxidative 
status of the brain (18, 40). With this 
method is possible to measure the relative 
quantities in the brain of hemoglobin, 
oxygenated hemoglobin, blood volume and 
oxidative status of cytchrome c oxidase. 
Reductions have been seen in Hb, blood 
volume and Hb02 during G-exposures. 
However, with this technique several 
matters have to be considered before 
further use according to Glaister (18): a 
needed pressure of the probe to the skin, 
movements artifacts, weight of the 
equipment, quantification of the signal 
output and more experience with the 
technique is required before it can be used 

REMOTE CONTROLLED TCD 

A new technique has  been developed to 
move the probe with three different mo- 
tors, mounted on the helmet (7). Remote 
control of these motors allows precise tilt- 
ing and sliding of the probe during G-ex- 
posures (see Figure 1). Prior to use of this 
device a good TCD signal from the middle 
cerebral artery must roughly be obtained. 
Thereafter, when the subject have donned 
the helmet, a more exact probe position 
may be found with the remote control sys- 
tem. The positions during high G may be 
mapped on a computer screen for proper 
repositioning during movements of the 
probe a t  recurrent G-exposures. Usually 
only vertical movements are required 
during G-loads. A computerized system 
has also been developed to automatically 
repositioning the probe to different 
precalibrated vertical positions during 
high G-loads (33). With this device, blood 
flow velocity in the middle cerebral artery 
can be registered at G-loads up to 9 +Gz 
with increased accuracy. 

From 
SAFE 

JOURNAL 
24 (1) 1994; 

Balldin & 
Werchan (7) 

F i o .  1. T h e  helmet w i t h  renote controlled orobe. A )  TCD-Probe. B )  
an; C) motors f o r  tilting, 0)  knob t o  apply pressure O f  t h e  probe 
to t h e  skull. E )  knob f o r  gboss tilting. F) knob f o r  g r o s s  vertical 
m o v e m e n t s .  and G) m o t o r  f o p  vepticdl movements o f  t h e  probe. 
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regularly in the centrifuge or aircraft en- 
vironments. 

However, a cerebral oximeter (Somanetics 
INVOS 3100) using the above described 
principle has  been tested by Bagian et  a1 
(3) during graded hypoxia. Correlations 
have been made to an ordinary pulse 
oximeter and the cerebral oxygen 
measurements seemed to follow the 
general downward trends of arterial 
oxygen saturation values as measured 
with the pulse oximeter during 
desaturation (3). The ability of this 
cerebral oximeter to measure rapid 
changes in tissue oxygen saturation 
makes it a viable candidate for monitor- 
ing these changes in the dynamic accel- 
eration environment according to the 
authors. Further development of this 
technique seems, however, necessary. 

EAR OPACITY MEASUREMENTS 

Other equipment for use of objective cir- 
culatory end-points to evaluate anti-G 
suits and respiratory and muscle strain- 

ing maneuvers is the reintroduced photo- 
electrical ear pulse device for registering 
decrements in arterial pulsation and blood 
content in the ear (12, 38, 39). This device 
will be discussed elsewhere in more detail. 

FINAPRES 

The Finapres monitoring system (Ohmeda 
model 2300, Madison, WI) using a cuff for 
the continuos monitoring of finger arterial 
blood pressure has  also been introduced 
in centrifuge activity. I t  uses a 
photoplethysmogram to measure blood 
volume in a segment of a finger. The 
fluctuating component of the plethysmo- 
gram is related to the arterial blood pres- 
sure in the finger and give an accurate 
measure of the blood pressure (30). The 
signal acts to alter the pressure in the cuff 
around the finger, holding the 
photoplethysmogram steady a t  a futed 
value. The transmural pressure of the 
finger artery is, thus, kept a t  zero. In that 
way changes in thepressure of thecuff 

.. ..n . ... . . . .  . . . . . . .  ............... . . I  ..........,,.,., l... .. ....... ......... 
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COMPARISON OF FINAPRES AND INTRA-ARTERIAL BLOOD PRESSURE 
MEASUREMENT AT 3 OG. SUBJECT RELAXED. 1 0 NO ANTI-G-SUIT 

Figure 2. From PROCEEDINGS of the 
28th ANNUAL SYMPOSIUM, SAFE 
ASSOCIATION 1990; I McKenzie (27) 
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instance, a box enclosing the hand with 
electric heating pads. 

With the Finapres technique is has  been 
possible to measure blood pressure 
changes during centrifuge exposures up 
to 9 +Gz, even if the signal quite often is 
lost, a t  least intermittently, during such 
high G-loads. A recalibration procedure 
(which may be shut  of) also may disturb 
the registration. 

PORTAPRES IN FLIGHT 

A similar but somewhat modified portable 
blood pressure monitor equipment 
(Portapres) has  successfully been used 
inflight with a Hunter aircraft in the 
pilot's personal survival pack a t  both 
positive and negative G-loads as reported 
by Prior et  al(31). 

IMPEDANCE PLETHYSMOGRAPHY 

Another physiological technique that re- 
cently has  been successfully used in the 
centrifuge is the tetrapolar impedance 
plethysmography for measurements of 
regional blood volume changes in calf, 
thigh and abdominal segments (32). 
Passive electrodes are placed over the 
calf, thigh and abdominal regions and 
active electrodes on the foot and in the 
axillary region and conveys a 1 milliamp 
50 KHz alternating current. The calcu- 
lated volumes are expressed as changes 
from the baseline, with negative values 
reflecting decreases in volume. The re- 
sults, using this method, suggest that 
hydrostatic changes alone during rapid 
onset +Gz are responsible for an observed 
decrease in eye-level blood pressure and 
that increased venous pooling is not a 
contributing factor to G-LOC in subjects 
wearing a well fitted anti-G suit. 

CARDIAC OUTPUT USING 
DOPPLER ULTRASOUND 

equal the finger artery pressure. The 
Finapres technique has  been validated to 
invasive measurements during orthostatic 
stress (20) and Valsalva maneuvers (21). 

When used during acceleration in a cen- 
trifuge there is a tendency to under- 
estimation of both systolic and diastolic 
blood pressure with the Finapres com- 
pared to intraarterial measurements (27). 
The systolic finger pressure may be about 
12 mmHg lower with the Finapres and 
the diastolic pressure about 2 mmHg 
lower according to McKenzie (27), see 
Figure 2. However, it correlates well with 
intraarterial line measurements and the 
slope of the relationship between Finapres 
and intraarterial values is close to unity . 

When using the Finapres during accelera- 
tion studies it is important to keep the 
probe at heart level. During high G the 
extra hydrostatic liquid column pressure 
effect is increased by the multiple of the 
actual G-force. To achieve the eye-level 
blood pressure a water column may be 
mounted on the subject's head to refer- 
ence finger arterial pressure a t  heart level 
to eye level. This seems to be preferable to 
the positioning of the finger a t  eye-level, 
due to difficulties to have the Finapres 
work properly at or close to zero blood 
pressure, when an internal error check- 
ing routine is triggered (27). 

I t  also important to keep the arm so that 
is supported in a way that prevents local 
tissue compression in the forearm during 
centrifuge exposures. Of three different 
devices used by McKenzie (27), consisting 
of a gutter supporting the forearm, a 
thumb suspension system and a padded 
flat plate supporting the whole arm, the 
latter performed best .  

Still another factor of importance in the 
use of Finapres is to avoid cooling of the 
hand by a cool ambient temperature. The 
signal from the Finapres seems to be very 
sensitive to the finger temperature with 
lower temperatures causing vasoconstric- 
tion and impaired pulse amplitude regis- 
trations (C Lassvik, personal communica- 
tion). This may be taken care of by, for 

Direct measurements of cardiac output in 
man has  been accomplished during para- 
bolic flights using Doppler ultrasound 
(35). Measurements have been made on a 
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continuous basis during 1 G and 2 G and 
during the microgravity phases of the 
flight. Cardiac output was estimated us- 
ing a purpose built Doppler flowmeter 
that measured the frequency shift, and 
hence the flow velocity of blood, through 
the ascending aorta. It used an ultra- 
sound beam that projected vertically down 
the aorta via the jugular notch. The sub- 
jects were examined in seated, standing 
and supine positions and the cardiac out- 
put  was recorded at various phases of the 
parabolic flights. An investigator has do 
the examination, why it seems M i c u l t  to 
perform these tests at high G in a centri- 
fuge without the use of robotics, which 
still has  to be developed. 

ECHOCARDIOGRAPHY 

Similar problems will appear with the use 
of echocardiographic registrations of the 
heart dimensions and changes during G. 
Research is currently going on in the cen- 
trifuge at Armstrong Laboratory, Brooks 
AFB, Texas with this technique at lower 
G-levels with a technician lying beside the 
subject and performing the investigation 
(P Celio, personal communication). Even 

BEFORE TRAINING 
RPE 5.7unilr 
HR 162 bom 

with this technique, robotic movements of 
the probe should possibly be of value to 
avoid the need for a technician in the cen- 
trifuge at higher G-levels. 

SUBJECTIVE SCALES 

Other methods to evaluate the effective- 
ness of a G-protecting device or proce- 
dure are the use of subjective scales for 
the experience of the effects of the stress. 
Likert (26) introduced scales for subjec- 
tive experience of different stresses many 
years ago. They have successfully been 
used in centrifuge experiments for assess- 
ing the fatigue, comfort, s w e a t i n g h a t  
stress and perceived level of G-protection 
for evaluating different G-protective 
equipments (cf 4, 23). 

PERCEIVED EFFORT LEVEL 

It would be operationally and medically 
advantageous in the research to have 
submaximal measures of G-tolerance 
without the need to go all the way to the 
subjects' maximal endpoint. Recent 
experience of extensive foot pain, edema 
and petechiae in a fighter pilot subject 

RPE 10.5 units 
5 0 72% = 2 .  

G 

I I 4 

Figure 3. Reproduced with permission 
from Aviat. Space Environ. Med. Balldin 
et al. (6). 
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(14) and to assess physical effort during 
various manual tasks (2,17). 

The ratings of perceived exertion scale 
has  also been successfully used in a cen- 
trifuge study before and after physical 
training (6), where it showed a significant 
difference in RPE values after the train- 
ing (Figure 3). The technique is now 
routinely used in centrifuge studies of 
different G-protective measures or in 
centrifuge fatigue studies (cf 4, 23). An 
example of a finding of a non-difference 
between the use of an  anti-G suit system 
with and without immersion protection in 
a 5 to 9 G simulated aerial combat 
maneuver G-profde is shown in Figure 4. 

emphasized this need (5 ), He succeeded 
to accomplish 35 9 +Gz peaks (in a 
simulated aerial combat maneuver 
centrifuge G-profde consisting of 10 s 
alternating periods a t  5 and 9 G) using 
extended coverage anti-G suit with 
pressure breathing during G . 

Scales for ratings of perceived exertion 
developed by Borg (9) has  successfully 
been used during different sports and ex- 
ercise situations in healthy individuals 
(10,11,13), during environmental stress- 
changes in body temperature (8) and 
ambient pressure (41 ), during immersion 
testing of diving equipment (15), during 
testing of respiratory protective devices 

RPE 
units 

7 

3 peaks 

I 0 NI 

I II 

7 peaks 0 peaks 9 peaks 10 peaks 

Ratings of perceived exertion ( mean RPE-units +/- SD, modified 0-10 Borg 
scale) after different number of peaks at 9 G in SACM exposure With immersion (I) 
and nonimmersion (NI) suit. No siginiticant changes were found between I and 
NI. 

Figure 4. From SAFE JOURNAL 24 (3) 
1994. Balldin et  al. (7). CONCLUSIONS 

New advances in physiological measure- 
ments during high G include several non- 
invasive techniques. The high G environ- 
ment comprises many difficulties as  the 
subject can not easily be reached in the 
centrifuge. Remote control of the measur- 
ing probe is one solution. Careful use of 
other equipment allow good registrations 



even without immediate availability of the 
subject. Subjective ratings are still an- 
other way to get important physiological 
information during high G. Further de- 
velopment of suitable techniques is re- 
quired. 
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SUMMARY 

The often-used subjective measurements of +Gz toler- 
ance are inadequate because they are prone to subjec- 
tive bias and cannot document the time-dependent 
changes in the reacting physiology. This lecture de- 
scribes non-invasive, objective measurements used to 
measure the human subject's physiological status, to 
monitor physiological reactions in order to compare the 
+Gz protective value of various +Gz countermeasures, 
and to measure endpoints which will guide the termina- 
tion of +Gz exposure. 

LIST OF SYMBOLS 

+Gz the inertial force vector acting in the foot- 
ward direction 

as the number of laboratories studying these problems. 
This lecture will describe the procedures we are cur- 
rently using at DCIEM. 

PROTECTION 

Conducting experiments in the centrifuge can be com- 
plicated. +Gz exposure is stressful for the centrifuge 
riders, their physiological changes can develop rapidly, 
and they are isolated from experimental personnel. The 
following principles have guided our methodology: 

(i) expose the subject to no greater magnitude 
or duration of +Gz than is required to satisfy 
the requirements of the experimental protocol: 

e.g. +7Gz the inertial force vector with an absolute 
magnitude 7 times normal gravity: most 
commonly used to describe the amount of 
force acting on the body 

(ii) collect as much information as is neces- 
sary to ensure adequate description of the 
physiological changes and have confidence in 
those measurements. 

e.g. 7+Gz a general inertial force vector 7 times the 
normal gravity beginning from any level 
of force; typically used to describe a 
change in +Gz 

1 .O INTRODUCTION 

The human centrifuge offers a good platform with 
which to simulate some of the forces acting on the body 
as they might occur during high speed and maneuver- 
able flight (13, 14). Using such a facility has led to the 
development of various methods for protecting against 
the effects of high +Gz exposure, methods such as the 
G-suit (24), the anti-(; straining maneuver (23), and 
centrifuge training (IO). These were important devel- 
opments because exposure to high +Gz can lead to un- 
consciousness and potentially fatal consequences 
should it occur during flight. 

Much of our efforts over the past several years have 
been aimed at understandingheasuring the physiologi- 
cal limits relevant to issues of +Gz tolerance and +Gz 
protection. We have endeavored to make our mea- 
surements as objective as possible. While comments 
from the centrifuge rider on the percentage vision loss 
during the preceding centrifuge profile are satisfactory 
in some instances, there are several problems when this 
measure becomes the primary metric for quantifying 
+Gz tolerance: 

(i) it is subjective and determined by the rid- 
er's ability to integrate and recollect a complex 
response, especially when anti-G straining ma- 
neuvers are involved; 

(ii) subjective measurements generally require 
more frequent profiles to reduce within-subject 
variability; 

Means of measuring the physiological responses and 
protection in humans exposed to high +Gz are as varied 

(iii) changes in +Gz level during flight tend to 
be in the rapid-G-onset-rate range (>l+Gz/s) 
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and the head-level blood pressure and vision 
reactions are transient which cannot be docu- 
mented by a single measurement; 

(iv) in rapid +Gz onset profiles, there is insuf- 
ficient time for warning signs of potential 
losses of vision and/or consciousness. 

2.1 EXPERIMENTAL PROFILES 

We are generally interested in measuring the physiolog- 
ical reactions to different +Gz levels or the “stimulus 
and the response”. Also, we wish to find the +Gz level 
which evokes a predetermined endpoint in a particular 
subject. This endpoint would be used to measure +Gz 
tolerance. This follows the “bio-assay” approach 
developed for +Gz investigations by the Mayo 
Aeromedical Unit during the 1940s (1). A graph dis- 
playing the changes in some physiological variable (the 
dependent variable) with respect to +Gz level (the inde- 
pendent variable) offers a useful depiction of the pro- 
gressive physiological deterioration with +Gz intensity 
and its improvement with +Gz protective procedures. 
The extent to which the physiological changes are 
transposed on the graph are a measure of the +Gz pro- 
tection (see later discussion of Figures 6-8, 11). 

Many of our investigations employ the relaxed, rapid 
+Gz onset rate with plateau centrifuge profile, for the 
following reasons: 

(i) The rapid +Gz onset rate profile puts the 
greatest demand on our physiology, its adapta- 
tions, and on the performance of any +Gz pro- 
tective procedure. In our centrifuge, the 
maximum rate is 2+Gz/s when the baseline is 
+1.4Gz. (While a slightly faster onset rate 
would be achieved by slight elevation of the 
baseline +Gz, our aim to maximally stress the 
cardiovascular system is achieved by the 
greatest A+&, i.e. from the lowest practical 
baseline +Gz possible.) 

(ii) The centrifuge plateau is usually 15-20s. 
This is sufficicnt to expose the period of pro- 
gressive failure and the subsequent period of 
compensation of the cardiovascular system. 
Thus, there will be a phase when the subject is 
at his most +Gz intolerant state, and suscepti- 
ble to +&-induced loss of consciousness, fol- 
lowed by a phase whereby his reflexes will be 
fully activated. 

(iii) The subject is usually relaxed during our 
investigations. While all of our centrifuge rid- 
ers are trained in the use of anti-G straining 
maneuvers, accumulated physical fatigue and 
the need for a volition component to determine 
an experiment endpoint complicate the repro- 
ducibility of the physiological reaction under 
study. 

(iv) While still using primarily rapid +Gz on- 
set rate profiles, recently we have modified the 
cenIrifuge profiles by employing a fixed rise- 
time for the A+Gz (e.g. 3 s). Within limits, the 
time taken from baseline +Gz to any plateau 
+Gz is predetermined for an experiment. 
Thus, the time for cardiovascular reflexes to 
react will be constant at the moment the +Gz 
plateau is reached, regardless of the +Gz level 
of the plateau. If a constant +Gz onset rate 
were used for all profiles, it would take longer 
to reach the higher +Gz levels than the lower 
ones. 

In a typical experiment, the order of profiles would ex- 
pose the subject to a set of successive profiles from low 
+Gz to high +Gz and/or his endpoint. If this were the 
control condition, e.g. relaxed and without G-suit pro- 
tection, it would be followed by the experimental 
condition. The same set of profiles carried out IO the 
endpoint criterion would be used, this time with a G- 
suit. Ideally, the control responses should be verified at 
the end of the experiment, but sometimes only one or 
two profiles around the control +Gz tolerance or end- 
point level can be repeated. 

Keeping the total number of profiles to a practical level 
is important. Our subjects seem comfortable participat- 
ing in 20 successive profiles separated by a short rest. 
It is important that the subject begins each profile from 
the same physiological condition. At least 1 min of re- 
covery between profiles has been recommended (7). 
The total number of profiles will be determined by the 
+Gz increment between successive profiles. Some use 
0.3 +Gz (20) which allows good discrimination of +Gz 
tolerance. To limit the number of profiles in one exper- 
imental session with two experimental conditions, we 
resort to 0.5ffiz increments, and further reason that po- 
tential +Gz protective procedures which fail to increase 
+Gz tolerance by at least 0.5 +Gz merit no additional 
study. The Table is a reproduction of the record sheet 
from one of our investigations showing the run-by-run 
account of +Gz exposure, the experimental conditions, 
the acceptability of the light bar and ear pulse record- 
ings, and the subjective visual responses. 

2.2 MEASUREMENTS 

2.2.1 Mechanical 

Before attributing any effect to +Gz intensity or the 
+GI. protective value of different procedures, +Gz lev- 
els and mechanical conditions must be verified. Our 
data acquisition system, both polygraph and computer, 
record the gondola accelerometer output and pressure in 
any of the life support equipment components, e.g. G- 
suit, oronasal mask cavity, jerkin. To confirm that sub- 
jects were relaxed during profiles, we record elec- 
tromyographic activity from vastus lateralis, rectus ab- 
dominis, and intercostal muscles. A pneumograph 
could be placed around the rib cage to monitor chest 
wall motion and guard against possible breath-holding 
and straining. Until the mechanical conditions of the 



+Gz exposure have been verified, no assessment or 
comparison of the physiological reactions should be 
made. 

2.2.2 P h v s i o l o a  

The following sections describe our most frequent 
physiological measures in studies of +Gz protection. 
Most of our attention is directed to the cardiovascular 
and visual systems. 

2.2.2.1 Electrocardiogram: 

The five-lead electrocardiogram is the one measurement 
made on all centrifuge riders at DCEM when they are 
exposed to greater than +3Gz, research or training alike. 
It helps the Flight Surgeon monitor the subject and the 
R-R interval from the EKG is used to calculate herut 
rate. 

2.2.2.2 Blood Pressure: 

The very thorough studies conducted at the Mayo 
Aeromedical Unit during the 1940s and ‘50s (24,26) 
have given us much information about the cardiovascu- 
lar aspects of human +Gz exposure. Those invasive 
studies are difficult to replicate today: however, ad- 
vances in technology now give us the ability to perform 
some of these measurements indirectly. 

Blood pressure at heart level is measured with the 
Finapres unit (4). While wrapped around a finger, a 
cuff-with-bladder photo-electric-plethysmographicall y 
controls arterial inflow to digit tissue to produce a real- 
time pressure waveform. Since any hydrostatic pres- 
sure differences are magnified by +Gz, it is essential 
that the relationship of finger position to a point of ref- 
erence be known. Our standard procedure is to place 
the cuff on the middle finger of the left hand which 
crosses the chest at a level putting the cuff at the third 
intercostal space, approximately the location of the aor- 
tic valve. The forearm and hand are supported in a non- 
slip sling with the straps secured around the back of the 
neck. In this way, should the hand and chest be dis- 
placed during +Gz, they do so in concert. Keeping the 
thumb perpendicular to the forearmband midline ap- 
pears to prevent the occasional loss of the blood pres- 
sure waveform during +Gz exposure. 

2.2.2.3 Ear Opacity: 

Blood in the ear, as measured by photo-elecyic 
plethysmography, is used as a marker of head-level per- 
fusion. We use a non-invasive and non-obtrusive de- 
vice to measure ear opacity fabricated after the design 
principles (28) first used at the Mayo Aeromedical Unit 
in the 1940s (Figure l), Light from the unit is emitted 
at a wavelength of -800 nm onto the ear surface. 
Hemoglobin absorbs this light, therefore, changes in the 
intensity of transmitted light detected at the photocell 
behind the ear are due to changes in total blood content. 
The lamp portion of the ear-piece is adjusted until the 
ear rests next to the detector. A strong opacity pulse in- 
dicates correct positioning of the ear-piece. 

Ear blood flow and blood volume in the control condi- 
tion at +1Gz must be stable. While thermogenic oint- 
ments can raise local blood volume within 20 min, our 
experience to date shows the effect to be transitory. 
Heating the pinna may produce a more stable blood 
volume level. In the Mayo earpiece, the lamp, in addi- 
tion to providing the light source, heated the ear locally. 
This feature is lost in designs using solid-state compo- 
nents. 

Similarly, the earpiece position must be stable. Plaster 
casts on the head provide a strong base for the support- 
ing rod on which the earpiece is mounted. Head hands 
are also useful Unfortunately, neither of these tech- 
niques is possible when helmets are used and earpiece 
size must be reduced to only its essential electronic 
components. 

The oscillographic measurement of light transmission 
through the ear is filtered producing two recordings: 

(i) Ear Opacity - The component of the detec- 
tor output between DC-5 Hz produces the ear 
opacity record, the relatively low frequency 
changes in light transmission caused by 
changes in overall blood content of the ear. 

(ii) Ear Opacity Pulse - This recording is de- 
rived from those output components between 
1-5 Hz. It shows the rate of change of blood 
content produced by each heart beat. 

The voltage output of the photocell is inverted so that 
increases in light transmission during +Gz show de- 
creases in ear opacity, i.e. the blood content of the ear 
has decreased. Subsequent logarithmic Iransformation 
can express opacity output in terms of blood content as 
%A from rest. 

It is possible to calibrate the ear opacity unit. Referring 
to Figure 2, the position of the ear opacity signal when 
the lamp is off simulates complete light absorption 
(artificial condition of maximum blood content). 
Calibration for the minimum opacity condition 
(maximum light transmission or a “bloodless” ear) is 
achieved by occlusion of local ear flow by pressuriza- 
tion of a miniature pneumatic capsule on the light 
source side of the ear-piece. Graded reductions in 
blood content of the pinna at +1Gz are produced by in- 
cremental capsule pressures which simulate the effect 
of decreased blood pressure at ear level during hyper- 
gravity. The Figure shows that as capsule pressure is 
increased from 20 to Io0 mmHg, ear opacity is reduced. 
The ear opacity pulse is finally obliterated with a pres- 
sure of 120 mmHg. 

2.2.2.4 Respiratory Measurements: 

In some studies, it may be necessary to measure ventila- 
tion and/or inspiratory and expiratory flow. Calibrated 
pneumotachographs have performed satisfactorily for 
us in the centrifuge. A normal breathing pattern during 
f f i z  exposure provides assurance that the rider is not 
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using the respiratory component of the straining ma- 
neuver. The inductance plethysmograph Respitrace 
and, as stated earlier, the pneumograph, also provide 
this information. 

2.2.2.5 Vision: 

We use two methods to measure the status of the visual 
field during +Gz exposure. 

Semi-Obiect ive. The centrifuge gondola contains a 
light bar situated 60 cm in front of the subject at eye- 
level. In addition to the central red light emitting diode 
(LED), there are two green LEDs positioned at 25 de- 
grces from center of the visual field. The subject is in- 
structed to focus on the center light at all times during 
hypergravity. When either the center LED or the pe- 
ripheral LEDs are illuminated, the rider is to extinguish 
them as quickly as possible using finger-activated 
switches on the center/side control stick. Figure 3 
shows the process. Each upward displacement on the 
peripheral or central visual field light record marks the 
illumination time of the LED. The deflection returns to 
baseline when the LED is switched off by the subject. 
The lights are presented in semi-random fashion by a 
technician monitoring the subject’s responses. An un- 
extinguished LED is evidence of complete light loss in 
that region of the visual field, the duration of which can 
be easily measured by the time between light on and 
off. The ability to detect an illuminated light bar LED 
will be affected by both the ambient light in the gondola 
and the intensity of the LED. Therefore, these must 
remain constant. 

Subiectivq. After each +Gz exposure, the subject is 
asked to rate his vision during the exposure using the 
following descriptors: 

clear - vision was as clear as at rest; 
dim - less than one-half of normal vision 
lost; 
grey - over half of normal vision lost, but 
could still see the LED 
peripheral light loss (PLL) -unable to see 
peripheral LEDs; 
central light loss (CLL) - unable to see 
central LED. 

* 

- 
* 

- 
These descriptors are used to rate four situations: (i) 
worst status of vision in peripheral field; (ii) worst sta- 
tus of vision in central field; (iii) best status of vision in 
peripheral field after the situation in (i); and (iv) best 
status of vision in central field after the situation in (ii). 
These responses are recorded on the data sheet shown 
in the Table. 

Any discrepancies between the subjective and the semi- 
objective assessment of visual status in the preceding 
profile are queried immediately. 

3.0 OBSERVATIONS 

3.1 CIRCULATORY RESPONSES DURING +Gz 

Some of the measurements from one subject in an ex- 
periment with an extended coverage G-suit are repro- 
duced in Figure 3. In the left panel of the Figure, ac- 
celerometer output shows smooth rapid +Gz onset from 
+I AGz baseline reaching +5Gz sustained for 20 s. The 
G-valve responded properly as indicated by the G-suit 
pressure record and respiration was continuous as con- 
fumed by the rhythmic movement of the chest wall. 
As +Gz and G-suit pressure increase, systolic blood 
pressure begins to increase from the resting value of 
130 mmHg. Head-level blood pressure is lowered in 
the early phases as reflected by the decreased ear opac- 
ity level and the decreased amplitude of the ear opacity 
pulse. The lowest pulse amplitude occurred 4.5 s after 
leaving baseline +Gz. Only when heart-level blood 
pressure reached 160 mmHg, 2 s after plateau +Gz, is 
there recovery of ear pulse amplitude and ear blood 
content. The peripheral light response shows the well- 
known delayed reaction of the development of visual 
symptoms. This subject experienced peripheral light 
loss 6.5 s after baseline +Gz. The time-dependent cir- 
culatory changes correlate with the impairment of vi- 
sion (22). Complete visual blackout occurred after a 
secondary decrease in head-level perfusion. Despite in- 
creased G-suit pressure in the +5.5Gz exposure shown 
in the right panel of Figure 3, the further increased hy- 
drostatic gradients result in complete loss of ear pulse. 
The pulse is obliterated when brain-level arterial pres- 
sure falls to zero. When 3-4 s of ear pulse obliteration 
is observed during any +Gz exposure, the profile is 
terminated to avoid possible loss of consciousness. 
This subject only experienced peripheral light loss on 
the moment of deceleration. Close inspection of the ear 
pulse shows slight improvement as the run was being 
terminated. The profile was repeated and the subject 
completed the run with virtually identical physiological 
responses, but with complete visual blackout. 

This example shows how obliteration of the ear pulse is 
an objective and unmistakable endpoint Attainment of 
a predetermined endpoint terminates +Gz exposure. 
The ear pulse endpoint is reproducible and has the 
added feature that it manifests ifself near the subject’s 
+Gz tolerance level. Obliteration of the ear pulse is 
also a useful warning sign for potential loss of con- 
sciousness. The average time from abolished ear pulse 
until unconsciousness is 6 - 7 s (2,21). 

3.2 MEASURING +Gz TOLERANCE AND +Gz 
PROTECTION 

+Gz tolerance can be any metric used to describe the 
capacity of an individual to withstand +Gz exposure 
with or without the development of measurable bodily 
reactions. These reactions could be of any nature such 
as physiological, sensory, motor, cognitive, or perfor- 
mance-based. Physiological +Gz tolerance is generally 
described more specifically as either +Gz intensity tol- 
erance or +Gz duration tolerance. The Canadian Forces 
have no aircraft which can sustain high levels of +Gz; 



therefore, most of our studies focus on +Gz intensity 
tolerance, that +Gz level producing a reliable, repro- 
ducible, and measurable physiological symptom or set 
of symptoms. Of course qualifiers such as protection 
(e.g. relaxed or straining) and type of centrifuge profile 
must be clearly described when quoting +Gz tolerance 
values. For a group of 15 relaxed and unprotected sub- 
jects exposed to 15 s rapid +Gz onset rate profiles, the 
average +Gz level at which ear pulse was abolished was 
+4.mZ (range +3.0 to +5.OGz) (13). 

The +Gz protective value of any procedure or equip- 
ment must be described with the same considerations 
for measurement and description as for +Gz tolerance. 
Whereas +Gz tolerance relies ultimately on the re- 
sponses to one +Gz level, this need not necessarily be 
the case for quantifying +Gz protection. The 
physiological changes over several +Gz levels are 
monitored and then compared in different +Gz 
protection conditions. Therefore, observations at 
submaximal +Gz levels could be sufficient to 
adequately measure +Gz protection. 

Figure 4 shows a series of successive +Gz profiles and 
oscillographic recordings from a 1943 bio-assay per- 
formed at the Mayo Aeromedical Unit centrifuge study- 
ing protection from the Progressive Arterial Occlusion 
Suit PAOS) . In the third tracing from top (Run no. 
2AA-13), there is zero ear pulse at onset of +5Gz 
plateau and a subsequent 5 s (retinal anoxic reserve 
time) failure to respond to peripheral light signal (PLL). 
Next, there is compensatory recovery of ear pulse 7 s 
after plateau onset, followed by two secondary failures 
at cyclic 10 s intervals, and a corresponding 5 s delayed 
PLL. Maintenance of the ear pulse and peripheral light 
responses at +8Gz with pressure in the suit (Run no. 
2AA-10) shows a protective value of > 3 +Gz. 
Similarly, the suit plus the M-l maneuver (Run no. 
2AA-11) shows a protective value > 5 +Gz. 

Figure 5 shows the kymograph recordings correspond- 
ing to the +Gz exposures in Figure 4. The top channel 
displays respiratory tidal volume. The central channel 
records ear opacity as a shadow (white tracing) of the 
sensing filament, the “string”, of an Einthoven string 
galvanometer. In this Figure only, upward deflection 
indicates decreased ear opacity, i.e. loss of blood con- 
tent. Vertical white lines delineate 5 s intervals. The 
peak deflections in ear opacity at +6 and +8Gz with suit 
pressurized @un no. 2AA 6 and 10) were similar to 
control run deflections (Run no. 2AA 3,12 and 13). 
These equivalent objective indices of decreased circula- 
tion at brain level document a protective value for the 
suit of 3.3 +Gz (see Figure 6). Note the compensatory 
increases of ear blood content which began about 7 s ai- 
ter onset of plateau +Gz followed by secondary failures 
at cyclic 10 s intervals as seen in Run no. 2AA-13 (Run 
2AA-13 was a control recheck of an earlier exposure to 
+%z). 

Figure 6 shows the graphic measurement of protection 
of the PAOS suit based on indices of the circulatory 
changes at brain level shown in Figures 4 and 5. The 
cross-hatched region, which covers the area of equiva- 

lent decrements in ear blood content with and without 
suit protection, documents a protective value for the 
PAOS suit of 3.3 +Gz for this subject. The cyclic in- 
creases in ear opacity to near the +1Gz control level 
during the exposure to +%z with the M-l straining 
maneuver and the PAOS indicates a total protective 
value of > 5 +Gz for this experienced subject. 

From a subject on the DCEM Centrifuge, Figure 7 
shows the quantitative measurement of protection of the 
standard 5-bladder G-suit based again on circulatory 
changes from photoelectric plethysmography. The axes 
have been reversed from that in Figure 6 to show an al- 
temate display method. The Figure shows %A in blood 
content from rest as measured after 5 s at different 
plateau +Gz levels for a subject. Using the asymptote 
of the change in blood content as a definition of +Gz 
tolerance, the +Gz tolerance was +4.mz without a G-  
suit and +5.2Gz with a standard 5-bladder G-suit. 
Therefore the +Gz protective value of the suit was 
1.2+Gz. 

The amplitude of the ear opacity pulse, when below 
100% control, is related to head-level blood pressure. 
In Figure 8, the equivalent decrements in pulse ampli- 
tude with and without suit protection document a pro- 
tective value for the standard suit of 1.2 +Gz for this 
subject. 

The methods described in the preceding sections have 
keen used most recently at DCIEM in the development 
of new +Gz protective equipment for use in the CF-18. 
Figure 9 show a video monitor view of a subject in the 
centrifuge. Heart rate and +Gz level are displayed in 
the upper right and left comers of the Figure, respec- 
tively (7.6G on the monitor is only a crude reading of 
the m e  heart-level value of c7.5G.z). Above the sub- 
ject’s right shoulder is a vertical arrangement of three 
LEDs indicating: (i) ear opacity pulse (light illuminated 
when pulse is present at ear pinna level); (ii) illumina- 
tion of the central visual field stimulus (subject required 
to extinguish central visual field light on light bar in 
front); (iii) illumination of the peripheral visual field 
stimulus (subject required to extinguish peripheral vi- 
sual field light on light bar). 

Figure 10 shows a representative recording from an ex- 
periment using rapid onset rate +Gz profiles in the 
DCIEM centrifuge. In this run with a 3 s +Gz rise time 
and a 15 s +Gz plateau, a G-suit pressure of 420 mmHg 
and a mask cavity pressure of 78 mmHg combine to 
increase heart-level systolic blood pressure to 220 
mmHg after 2 s at +7GZ. As shown by the ear opacity 
pulse, this level of blood pressure supports continuous 
circulation to head-level. This subject shows no signif- 
icant muscle tension for the abdomen or legs. Heart 
rate was approximately 104 bpm during most of the run. 
Also, each time the lights in the peripheral and central 
visual field are illuminated, they are extinguished by the 
subject. From records such as these and from additional 
post-run assessment of the subjective visual light loss, it 
is possible to graph the progressive physiological dete- 
rioration with increasing +Gz level and any improve- 
ment provided by +Gz countermeasures. 



Figure 11 shows the measurement of improved protec- 
tion to the status of peripheral vision afforded by the 
combination of pressure breathing during +Gz (PBG) 
and an extended coverage G-suit. The visual status rat- 
ings apply to the subject’s perception of his worst pe- 
ripheral vision during the just-completed +Gz exposure. 
Equivalent symptoms of visual deterioration with the 
advanced +Gz protective system were not produced un- 
til +Gz levels - 2.5 units above control (Le. with the 
standard G-suit) were reached. This also demonstrates 
the value of the bio-assay with subjective measure- 
ments. This particular bio-assay required 12 +Gz runs. 

4.0 CO NCLUSION 

This series of recordings and graphs show the value of 
the bio-assay approach and non-invasive physiological 
monitoring for assessing the physiological effects of ac- 
celeration, and for objectively measuring +Gz tolerance 
and the +Gz protective value of various +Gz-counter- 
measures. The responses can be compared at inteme- 
diate +Gz levels and at +Gz levels producing exposure 
endpoints such as zero ear pulse or visual light loss. 

The methods described are those currently being used at 
DCIEM. Some of these, and other methods, have been 
documented elsewhere: 

- endpoints (5 ,  12); 
* bio-assay (2,3,8,27); - - general methodology (15, 19,20,25). 

+Gz tolerance (6,9, 11, 16, 17, 18); 
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6.0 ILLUSTRATIONS 

Table. Reproduction of pari of run record sheet from human centrifuge experiment at DCIEM 



Figur e 1. Original ear piece and clamp assem- 
bly for measuring ear opacity at Mayo 
Aeromedical Unit in 1940s. Recent 
prototype ear pieces are similar. 

Figure 2. Calibration of ear opacity measurement system at +1Gz with incremental capsule pressures 
reducing blood content (ear opacity) and obliterating ear opacity pulse. 
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Figure 3. Recording of hypergravity exposure from human subject relaxed and wearing extended 
coverage G-suit on DCIEM centrifuge in 1993. Left panel shows full-duration exposure to 
+5Gz and right panel shows exposure to +5.5Gz terminated early due to zero ear opacity 
pulse. 
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Figure 4 Successive top-to-bottom oscillographic recordings from bio-assay of +Gz protection from 
Progressive Arterial Occlusion Suit (with occlusive arm cuffs) performed at Mayo Aeromedical 
Unit on 16 February 1943. Top left hand corner of the Figure identifies the channels: light 
response, ear flow pulse, sound response, synchronization and 1 sec signal, electrocardio- 
gram. (Subject No. 2AA), and acceleration 
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i 



Figure 5. Photokymographic recordings made synchronously with those shown in Figure 4 
Vision: PLL - peripheral light loss; CLL - central light loss. 

subject relaxed, no pressure in suit 

Photokymographic Recordings from 1943 Bio-assay 
of Protection by PAOS Suit 
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Figure 6. Reduced decrease (deflection) in ear opacity with Progressive Arterial Occlusion Suit. 
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Figure 7. Variation in blood content at ear level at 5s mark of exposure to different plateau +Gz levels 
without and with standard 5-bladder G-suit. 
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Figure 8. Delayed decrement in ear pulse reduction with standard five-bladder G-suit at different +Gz 
levels. 
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Figure 9. Video monitor view of relaxed and conscious subject using extended coverage G-suit and 
PEG in DCIEM Centrifuge. 
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Selection and Training of MiG29  and Future Fighter Pilots 

Col. MC Dr. H. Welsch 

German Air Force Institute of Aviation Medicine* 
Head of Department I1 - Aerospace Physiology - 

Koenigsbrueck, Germany 

SUMMARY 

With the reunification in October 3rd in 1990 the 
German Air Force took possession of not only 24 
MiG-29 modern fighter aircraft, but also of the hu- 
man centrifuge at Koenigsbrueck near Dresden, 
Saxony. Until now the MiG-29 is the only high 
performance fighter aircraft of the German Air 
Force, whose pilots need a training in a human 
centrifuge in accordance with the STANAG 3827. 
The Office of the Surgeon General GAF took the 
occasion to generate a new basic program for the 
German Air Forcc not only for thc few pilots of the 
MiG-29, but for the future fighter pilot generation. 
The program includes the preselection of young 
pilot candidates on a voluntary basis, to exclude 
candidates without normal physiological 
cardiovascular reflexes against acceleration forces, 
the training for student pilots of fighter aircraft 
before starting fighter pilot school, and the training 
and qualification program for fighter pilots, flying 
or be designcd to fly the MiG-29 fighter aircraft or 
other high performance aircraft such as F-16, F-18, 
and Mirage 2000 as cxchange pilots in the USAF, 
the CAF, or in France. 

INTRODUCTION 

Until October 1990 the German Air Forcc had the 
himian centrifuge of the GAF Institute of Aviation 
Medicine at Fuerstenfeldbnick at its disposal. Pilot 
candidates of the GAF officers school at Fuersten- 
feldbruck could ridc the centrifuge during there 
physiological training on a voluntary basis. There 
was no need for GAF pilots to undergo a regular 
accclcration training, because the fighter aircraft of 
the GAF - the F-4F ,,Phantom", in service now 
about 30 years, was flown over all the years 
without a special g-training on a hutnan centrifuge. 
Othcr aircraft ofthe GAF, such as the Alpha-Jet or 
the PA-200 .,Tornado" arc no? dedicated for air 

combat missions, nevertheless the Alpha-Jet, 
primarily designed as a training-aircraft, is capable 
of a lo? ,,g". Therefore the human centrifuge at 
Fuerstenfeldbruck was used most the time for 
training of foreign nation pilots. In addition, this 
centrifuge was also used for some experimental 
trials. 
The demand of the usc of a human centrifuge 
became more urgent for the GAF during the 
preparation phase for the fighter pilot generation of 
the European Fighter Aircraft respectively the 
European Fighter 2000, or other high performance 
fighter aircraft of the next generation, superseding 
thc gray ,,Phantom". Plans of an upgrade of the 
human centrifuge at Fuerstenfeldbruck respectively 
the definition of the technical needs of a new 
centrifuge were just nearly completed, when the 
reunification of both parts of Germany happened 
on October 3'd 1990. The decision was made to safe 
the human centrifuge at Koenigsbrueck and to 
disassemble the human centrifuge at 
Fuerstenfeldbmek for two reasons: 
First, the human centrifuge at Fuerstenfeldbruck 
has ended its life circle and would have needed an 
expensive upgrade, secondly the human centrifuge 
at Koenigsbrueck, in senrice since 1986, has a 
guaranteed working life of 20 years, that means 
until the year 2006. Following this decision, the 
building of the former human centrifuge a1 
Fuerstenfeldbruck now is used for the G-LAB 
disorientation demonstrator respectively 
disorientation traincr. 
For the human ccntrifuge at Koenigsbrueck in the 
end of 1992 a new concept was developed with re- 
spect of the necessity of a human centrifuge aided 
acceleration training of the future fighter pilot gen- 
eration. This concept includes diagnostic 
centrifuge runs for selection, training for G- 
inexperienced student pilots, and special training 
and qualification runs for pilots of modern high 
performance fighter aircraft. 

* Director: BrigGen MC Dr. F.-J. Daumann 
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GENERAL DESCRIPTION OF THE HUMAN 
CENTRIFUGE (HC) AT KOENIGSBRUECK 

General 

The human centrifuge at Koenigsbrueck was con- 
structed by AMST, a consortium in Austria, and 
\vent into senricc in 1986. The use of HC happens 
first of all for medical evaluation, screening and 
training of pilots and student-pilots, but makes it 
also possible to test equipment and material under 
high-G-conditions. For medical evaluation, 
screening and training of pilors and student-pilots 
the HC has a gondola, whosc center of gravity is 
situated in a distance of 10 mcters from the main- 
rotation-axis. To change the direction of thc 
resultant acceleration-vector for the pilot the 
gondola can execute rotations around two axis. 
This so callcd roll and pitch motions of the 
gondola will be done by hydraulic-motors. For test 
of equipment and material the gondola may be 
changed with a material-platform, at which this 
system in contrast to the gondola can't execute roll 
arid pitch motions. 
To obtain physiological data of the pilot and for 
safety reasons the HC is equipped with an 
advanced medical monitoring system. Pre- 
amplifiers for all biomedical monitoring devices 
are located in the gondola. Signals are fed from the 
gondola via slip rings to the monitoring devices, 
which are located in the control room of the HC. 

Performance Characteristics 

The following is an overview of the performance 
characteristics of the HC: 

Maximum acceleration 

- with the material-platform: 

Maximum G-onset rate: 5 Glsec 

Acccleratiou-limits for the resultant vector: 

-with the gondola: 12 G 
40 G 

( by using thc gondola 

-12 G < G x < + l 2  G 

-6 G < Gy < +4.9 G 

-3 G<Gz.:i12G 

Roll motion range: 
Roll angular velocity range: 
Roll angular acceleration range: * 1.2 radi sec.2 

Pitch motion range: 
Pitch arigular velocity range: 

-90 to 135 degrees 
* 1.2 radians/sec.2 

i 90 dcgrccs 
+ 1.0 radianslsec. 

Pitch angular acceleration range: + 1 .0 
radians/sec.* 

Variation in roll and pitch angle 
after reaching steady state: + 1 degi-ec 

Payload capacity 
-with the gondola: 200 kg 
- with the material-platform: 150 kg 

System Components 

The seat in the gondola is specially designed to ac- 
commodate medical evaluation and training also. 
The seat has a powered upidown adjnstment 
mechanism, operated from a switch in the gondola. 
Foot pedals, arm, and the head restrainis arc 
adjustable by electrical motors also. In the case of 
an actual emergency, easy and quick ac,:ess to the 
pilot is essential. Many centrifuges are designed for 
access through the top of the gondola. On the HC 
at Koenigsbrueck the seat can be tilted downwards 
out of the gondola. The seat is then in a supine 
position, which places the head close to heart level 
for better recovery and examination. 
For active training with the HC a contrcd stick and 
a throttle are installed in the gondola. Flrther on it 
is possible to use two one-key-keyboard!: (installed 
on the right and left arm), a ten-key-keJboard and 
a joy-stick. The one-key-keyboard on tb,: left arm 
or the switch located on the control sticl: can be 
used as a "dead-man'' control. A Gz-meter and an 
indicator for the rotation-velocity are initalled in 
the gondola also. 

The anti-G-suit pressure supply is realized by 
an air compressor outside of the gondola. This air 
compressor is also used for the air ventilation in 
the gondola. Two anti-G-valves are inst;illed in the 
gondola, the anti-G-valve from the MiG-29 and the 
anti-G-valve from the Alpha-Jet. Both anti-G- 
valves have a press-to-test button to check suit 
inflation. The oxygen supply system is r:alized 
with two 4 liter bottles, which are located on the 
back of the seat. 

An open microphone located in the E ondola al- 
lows vocal communication with the pilo:. An loud- 
speaker is also positioned in the gondola to allow 
the pilot to hear the instructor and/or physician. 
This arrangement a l l o ~ s  continuous, ha .xls-frez 
communication between the gondola and the 
control room. Two video cameras locatell in the 
gondola can be used for visual control. 
The medical monitoring system is one oi'the most 
exciting parts of the HC, which provides extensive 
physiological monitoring during manned 
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A G-profile for the AM consists of a lot of 
support-points for each drive system of the HC. 
For accurate runs it is necessaly that the intelval of 
time between two support-points is not greater then 
20 ms. The duration of time for one G-profile is 
selectable and can reach values up to 20 minutes. 
But on the control computer not all the support- 
points must he stored. Only this points are stored, 
which are necessary to recover the exactly G- 
profile. The other points will determine by 
interpolation before the HC starts. 

In the PM the complete parameter field is stored on 
the control computer. Such a parameter field 
consists of 

the selected control element 
maximum G-level 
maximum onset and offset-rate 
the basic acceleration level and 
maximum duration of time of the run. 

The flight path of the target is generated hy 
another computer system. 

centrifuge operations. It is used to gather research 
data and to ensure the safety of the pilot. Signals 
from the medical monitoring devices are recorded 
hy pre-amplifiers which are installed in the 
gondola. For the data transfer from the gondola to 
the control room a PCM-system with 16 channels 
is used. The following physiological parameters 
may be recorded: 

Electrocardiogram (ECG), a cardiotachometer 
is built into the ECG unit in the control 
room, 

Electroencephalogram (EEG), 
Elcctromyogram (EMG), 
Electronystagmogram (ENG), 
Blood Pressure, 
Peripheral Pulse Curve from the ear, 
Blood Velocity, measured with a Doppler 

Respiration (rate and volume), 
Concentration of oxygen and carbon dioxide 

Flowmeter, 

in the respiration air. 

All this parameters can be stored on magnetic tape 
and on the medical computer. 

Control System and Acceleration Profiles 

The HC can be operated in three different modes. 
In the first mode, the manual control mode (MM), 
the operator manually inputs with potentiometers 
the parameters for the centrifuge run. In this mode, 
the operator initiates the start and stop of the 
centrifuge. The MM is used for maintenance and 
inspection of the HC. 
In the second mode, called the automatic mode 
(AM), pre-programmed acceleration profiles are 
used for automatic HC-runs. This accomplishes 
two advantages: 

the pilot is provided with precisely the same 
stimulation at exactly the same G-level, 
when the same profile is selected and/or 
run again and 

provides accurate, repeatable runs between 
different pilots for identical profiles. 

Finally, the pilot control mode (PM) allows the op- 
erator to use a pre-programmed parameter field, 
which set the maximum conditions, and provides a 
varying target on the monitor in the gondola. The 
pilot initiates the onset, offset and G-level, 
according to his control stick motions. During this 
mode of control, the pilot essentially has concrol of 
the onset, offset, and G-levels of the HC within the 
limits set by the selected parameter field. 

SELECTION AND TRAINING 

The common objective of screening, selection, 
examination, and especially training with the HC 
is to ensure, that both the candidate and the 
examiner get information ahout the individual 
actual acceleration tolerance and the conclusion, 
what that means in respect of the personal health, 
pilot career, and flying safety. In this context not 
fixed hurdles like the STANAG-profile are the 
most important thing, but the way to reach this 
goal, if there is any real possibility for the 
individual to do so. Therefore, not only centrifuge 
rides were offered at Koenigsbrueck, but always an 
overview upon the whole acceleration physiology, 
like aerobic and anaerobic muscle and 
cardiovascular training, nutrition and life style, 
and psychological training aids. 

Common for each candidate or pilot is the 
following procedure in the gondola of the HC: 

briefing about acceleration physiology, the 
effects of acceleration forces to the human 
organism, especially the Cardiovascular 
system, and the instructions for the actual 
profile on the HC, 

medical examination including, ECG, blood 
pressure, oral temperature, and physical 
examination by the flight surgeon or 
physiologist before each exposition in the 
HC. 



at thc start and aftcr the end of each profile 
the candidate or pilot has to answer green 
diodc-light signals, which illuminate 
stochastically at thc pcripheral light bar. 
The interval-time vanes between 600 ms 
and 1200 ms. Thc rcaction time and the 
faults (the answer must be given between 
the minimum of 100 ms and a maximum of 
1000 ms) wcrc recorded and are useful to 
comparc thc situation awareness before and 
aftcr cach run on the HC, 

during cvaluation and training the ECG, the 
car-pulse, the rcspiration frequency, the 
voice communication. and the video signal 
are monitored and rccordcd. Thc reaction 
timc will bc measured only during the 
passive runs (PM). Thc correct answer in 
time to the green illuminating diode-light at 
the light bar in the periphcry is a good 
mcthod to gct objcctive indices of the 
alcrtncss orthc candidate. The light signals 
will comc upon g-lcvcls greater than +1.6 
g,, 

the first typical profiles for each individual on 
thc HC are the warm-up-run profilc EP 01 
(Fig. 1) and thc gradual G-increasc profile 
LP 01 (Fig. 2). These two profiles are 
rcalizcd in the AM and arc always the first 
profilcs for cach candidate, studcnt-pilot or 
pilot. This interval-profile EP 01 will give a 
first impression of the peculiarity of thc HC 
and is a common prcparation for the 
following profile, the determination of the 
individual natural unprotected G-tolerance 
with thc linear profilc LP 01, 

+GZ 

0 
0 30 60 90 120 150 180 

Time (sec.) 

Fig. I :  

warm-up-run profilc EP 01: 
first 3 onsct: 0.1 6s.'. last onsct 0.5 gs~ '  

offsct: 0.3 gs-', first 1 plateaus 20 s, last 10 s. 

+Gz 

4 
3 
2 
1 lLLL 0 
0 30 60 90 120 150 

Time (sec.) 

Fig. 2: 

linear profile LP 01: gradual onset: 0.1 gs~' 
gradual offset: 0.1 g i '  

each profile will start on the 1.0 gz basis, but 
during the profile itself the lowest G-level 
remains by 1.4 g,, the ,,idling speed of the 
HC. The reason is to reduce furthcr more 
unnecessary Coriolis effects during 
deceleration, 

emergency termination of any profile will be 
-0.3 gs-' , with the experience, that a 
smoother deceleration is more protectivc 
than a rapid deceleration in case of 
cardiovascular disturbances. The ,.lost" time 
during a smooth deceleration is morc 
valuablc than the disadvantage of a rapid 
deceleration with blood pooling on the right 
heart side due to the reflux. the decrease of 
the heart rate, and the additional Coriolis 
effect, 

medical examination including, ECG, blood 
pressure, and physical examination by the 
flight surgeon or physiologist after each 
exposition in the HC, 

the deceleration of the HC after normal and 

individual debriefing. 

Each profile may be terminated either by the 
candidate in the gondola himself by releasing the 
stick or releasing the ,,dead mans button", or by the 
medical responsible physician at the medical 
monitor console, or the chief engineer. There is 
altogether a fourfold redundancy for safety reasons. 

Natural G-tolerance of pilot candidates 

During the first examination of pilot candidates in 
the GAF Institute of Aviation Medicine at 
Fuerstenfcldbmck physiological and psychological 
clinical methods are used for the decision, if the 
candidate is physically and mentally healthy to 
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The qualification results of the voluntary, since 
May until December 1994 ,,rankes' 97 candidates: 

less qualified: 7 
qualified: 49 
especially qualified: 4 1 

This qualification result however will be only an 
additional value for the screening method to get a 
new fighter pilot generation. We expect to get 
information of the usefulness of this evaluation 
perhaps after five to ten years. when the candidates 
are licensed pilots. We know very well, that g- 
tolerance measurements in the early phase of the 
pilot career will not be able to predict the 
qualification of an excellent fighter pilot. But we 
think, that even the finding, that one individual 
seems to be really not qualified for the high-g 
environment, the candidate will use this finding to 
choose an alternative profession, or a pilot career 
with a transport aircraft. 

start a pilots career. The special qualification for 
operations in a high-g environment cannot be 
developed with common clinical methods. 
Thereforc the examination of the natural, that 
means ,,relaxed, passive" G-tolerance might be an 
additional item to select especially qualified young 
candidates for the career in a high performance 
fighter aircraft. 

The examination includes: 

briefing about acceleration physiology, the 
effects of acceleration forces to the human 
organism, especially the cardiovascular 
system, and the instructions for the passive 
evaluation in the HC, 

starting with a ,,warm-up" interval-profile 
EP 01 (Fig. l), 

rollowed by the linear profile LP 01 (Fig. 2) 
with an gradual onset of 0.1 gs-', 

determination of the natural g-tolerance by 
using either the individual symptoms 
answered verbal by the candidate (grayout, 
tunnelvision), or monitored symptoms like 
depression of the ear pulse curve, more than 
two wrong (e.g. inadequate) reactions upon 
the light diodes, or typical visual findings 
on the video monitor. 

There is neither active nor passive anti-G- 
protection. 

The evaluation includes the following criteria: 
natural G tolerance: 

3.5 to 3.9 g, : 
4.0 to 4.6 g, : 

> 4.6 g, : 

2 points 
4 points 
6 points 

heart rate during the preparation phase 
(during the time, when answering the light 
signals before starting the first profile): 

> 120 S ~ '  : 
100 to 119 s-' : 

0 points 
1 points 

80 to 99 s-' : 2 points 
60 to 79 s-' : 3 points 

heart rate at the end of the 3 g, plateau 
during the warm-up run profile: 

> 160 s ~ '  : 
140 to 159 s-' : 
120 to 139 s-' : 
100 to 119 s-' : 

0 points 
1 points 
2 points 
3 points 

The qualification result will be: 
less qualified: < 5 points 
qualified: 6 to 8 points 
especially qualified: 9 to 12 points 

Training of student pilots 

Before starting the pilot school in the USA the 
young, G-inexperienced student pilots and students 
for the weapon system officers school join the G- 
training course on the HC at Kocnigsbrneck. Their 
flight experience is about 18 to 20 flying hours on 
the Beech Bonanza F 33 lightweight aircraft 
during their screening period in Goodycar, 
Arizona. The first course started in November 
1993, the last course exclusive for the G-training 
ended in FebruaIy 1995. Since March 1995 the G- 
training is an integrated part of the one-week 
physiological training course at Koenigsbrucck. 

The objective of this course is, that the students 
become familiar with the G-environment. They 
should learn to perform active maneuvers to 
increase their G-tolerance, thus the effectiveness of 
muscle straining maneuvers and especially of the 
correct breathing technique, they should leam, how 
effective the anti-G equipment works. they should 
get the impression, how to avoid G-LOC, and they 
might get the impression and experience of G- 
LOC. 

The training program consists of 
briefing about acceleration physiology, the 

effects of acceleration forces to the human 
organism, especially the cardiovascular 
system, and the instructions for the first 
passive evaluation in the HC, 

starting with the ,,warm-up" interval-profile 
EP 01 (Fig. l), no anti-G equipment, 



followed by the linear profile LP 0 1 (Fig. 2) 
with a gradual onset of 0.1 gs~' ,  no anti-G 
equipment, to determinc the individual 
natural G-tolerance. 

straining tcchnique and anti-G breathing 
technique, supported by a breathing monitor 
device, is thc step, before the student will 
practice these techniques - equipped and 
supported by anti-G-trousers - during 
sustained G-profile of about 40 to 60 
scconds duration. 

The individual relaxed G-tolerance will be thc 
clue for the following active and passive 
training profiles. To increase the effective- 
ness of a short training course and to avoid 
unnecessary G-LOC without any training 
effect, the following profiles will be limited 
to a maximum G-level of 4.0 gz to 6.0 g,. 
Thc reason is, that the students should stay 
on the bordcrlinc bctwecn thcir individual 
G-tolcrance and the optimal G-level for the 
spccial task, they have to fulfill during the 
following profiles. 

Thc first training profile is an active trapezoid 
profilc (PM), no anti-G-trousers. The G- 
levcl will be normally limited to 4.0 g, . The 
G-lcvel should be high enough, that without 
an accurate breathing maneuver G-LOC 
may occur duc to the long duration of the 
profile. but which is low enough, that the 
student may Icarn, how easily and effective 
thc grayout can be terminated by adequate 
active anti-G maneuvers. 

The next profilc is a passive interval profile 
(AM), consisting of three plateaus of 3.5 g, 
followcd by three plateaus of 4.0 gz (TPIA: 
Fig. 3) in the minimal version and three 
platcaus of 5.0 g, followed by three 
plateaus of 5.5 g, (TPID: Fig. 4) in the 
maximum version. 

Theory and exercise of muscular anti-G 

+G2 
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Time (sec.) 

Fig. 3 .  
minimum level interval training profile TP IA: 
first 3 platcaus 3.5 g,, second 3 plateaus 4.0 g,, 
onsct: 0.5 0.7 gs-', 1.0 gs-', offset 0.3 gi ' ,  
plateau duration 15 seconds. 

+GZ :r , , , , , , , , , , , , ,  I , , , , , , , ,  I , , , , , ,  
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Fig. 4: 
maximum level interval training profile TP ID: 
first 3 plateaus 5.0 g,, second 3 plateaus 5.5 g,, 
onset: 0.5 gs-l, 0.7 gs-l, 1.0 gs-'. offset 0.3 gs-I, 
plateau duration 15 seconds 

The onsets up to the plateaus are 0.5 gs-l, 
0.7gs.l, and 1.0 gs-' respectively. The 
duration of each plateau is 15 seconds. This 
interval profile should improve the 
technique of straining and breathing 
maneuvers. The students wear proper fitted 
anti-G-trousers. 

The next profile is an active intelval profile 
(PM), consisting of four plateaus with an 
increasing G-level of 3.0 g, , 3.5 g,, 4.0 g, , 
and 4.5 g, (AV 03: Fig. 5) .  After this 
pretence the student is then instructed to 
perform g-profiles of his own with different 
G-onsets and G-levels. The maximum G- 
level is 4.5 g, in the minimum version 
(profile AS 06) and 7.0 g, in the maximum 
version of this active profile (profile AS 11). 
The anti-G-trousers will he worn. 

+Gz 
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Fig. 5: 
active training profile: pretence - profile AV 03 

1"pIateau 3.0 gz, onset: 0.1 gs-l, offset 0.3 gs-l, 
2"d plateau 3.5 g,, nset: 0.3 g i l ,  offset 0.3 gs-l, 
3rd plateau 4.0 g,, onset: 0.5 gs?, offset 0.3 gs-l, 
4" plateau 4.5 g,, onset: 1.0 gs-', offset 0.3 gs-l. 
Plateau duration 15 seconds. 
After this prentence: active free maneuvering 
up to 4.5 g, (profile AS 06) or up to 7.0 g,- 
(profile AS 11). 



Thc last and qualification profile is the 
passive linear profile LP 01. To document 
the result and the effort of the training the 
student should perform the anti-G- 
maneuvers in the following procedure: 

First: The student should stay relaxed until 
he get the first impressions of beginning 
grayout symptoms. This point will be 
announced by the word ,,now" by the 
student. On ,,now" he starts the muscular 
straining maneuver. This actual G-level will 
be documented and denominated as the first 
peripheral light loss (LPLL). 

Second: When the studcnt get the second 
time his beginning grayout symptoms 
during his muscular straining phase he 
takes a deep breath and begins with the 
anti-G-breathing maneuver. This actual G- 
level also will be documented and 
denominated as the second peripheral light 
loss (2.PLL). 

Third: When the student get the third time 
his beginning grayout symptoms he should 
terminate his run voluntary by releasing the 
,,dead man" buttom: Termination by the 
student. Most the times the profile will be 
terminated by the instructor however due to 
typical objective indications, thus as 
dcpressed ear pulse curve, inadequate or 
missing answers to the diode-light signals, 
cxceeding the limit of the maximum heart 
ratc, or passing the G-level of 7.0 g,. This 
maximum G-level is chosen as safety limit 
to avoid unnecessary risks, because the 
lower body of the student isn't protected by 
anti-G-trousers. 
7.0 g, should be enough for the first 
attempt. 

+Gz 
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Fig. 6: 

qualification profile 

linear profile LP 01: gradual onset: 0.1 gs-l 
gradual offset: 0.3 gs-' 

1. PLL: relaxed G-tolerance, no anti-G- 

2. PLL: G-tolerance increased by muscular 

3. PLL: G-tolerance increased by additional 

maneuvers 

straining maneuvers 

anti-G-breathing maneuvers 

The qualification results of the first 66 students: 

1.PLL:3.9Og,+0.4Sgz(2.9 .... 4.9gZ) 
2.PLL:4.94g,+0.S5gz(3.7 .... 6 . 3 g Z )  
3.PLL:6.4Sg,+O.SSgz(4.9 .... 7.4gZ) 

This indicates, that the muscular straining 
maneuver will increase the G-tolerance by about 
1.0 g,, and the additional breathing maneuver will 
increase the G- 

tolerance by another 1.5 g,. On an average of 2.5 
g, the G-tolerance will be increased by both 
techniques even under worse conditions: the 
student has his first training of the technique, there 
are only 2 days of training, and the operational iu- 
flight anti-G-technique is not used, thus as starting 
straining and breathing maneuvers simultaneous at 
the first beginning of the acceleration exposure to 
avoid blood pooling in the lower body 
compartment in the early phase of the acceleration 
exposure. 

Training of MiG29 pilots 

The training or qualification program of pilots with 
G-experience uses most of the above described 
profiles, thus the EP 01 (Fig. l), the LP 01 (Fig. 2), 
the active profile AV 03 (Fig. 3)  with the following 
profile AS 11 (limitation: 7.0 gv). He will wear his 
own antiG-trousers, connected to the anti-G-valvc 
after determination of the actual relaxed G- 
tolerance. Normally the aim of the qualification 
program is the performance of the STANAG 
profile ST 01 (Fig. 7). The pilot has the 
opportunity to perform this qualification profile by 
preparation of himself with some ,,warm-up" 
maneuvers like in an actual air combat sccnario. 
He has to reach the 7.0 g,-level plateau with the 
minimum duration of 20 seconds and the minimum 
onset of 1.0 gs-' by pulling back the control stick 
rapidly to his stomach. This maneuver has to start 
on the 1.4 g, idling G-level. 



STANAG-profilc : 
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Fig. 7 :  

qualification profile ST 01 (STANAG 3827): 
g-onset: > 1.0 gs-' 

plateau duration: > 15 s 
gradual offset: 0.3 g i '  

In thc high-G training program the pilot may 
perform typical simulatcd Air Combat Maneuver 
Training Profiles (ACMTP) from the weapon 
system MiC-29 and other high performance 
aircraft. 
For this simulation a special method was 
dcvcloped. which used the original data from the 
flight rccordcr. So it is possible to provide a very 
realistic training for the pilots. Such profiles are 
realized in  thc automatic mode (AM). The reason 
for the AM is. that the installed software is not fast 
enough to simulate adequate reactions of the 
gondola speed to thc stick inputs in a high dynamic 
cnvironment. The delay time due to the calculation 
time of thc analog steering mode would be not 
rcalistic and would produce pilot induced 
oscillations. 

The disadvantagc ofthe automatic mode AM by 
using ACMTPs is that the pilot is not able to 
forcscc thc lapse of the profile and so the 
possibility consists that the pilot is surprised by 
high G-onset rates and high G-levels and G-LOC 
may occur. Therefore we use the display in the 
gondola for information ahont the actual and the 
following flight parameters as shown on Fig. 8: 

Fig. 8: Visual display layout for ACMTP in the 
automatic mode (AM) 

On the right hand side the actual flight figure is 
shown as graphical presentation with a cursor 
which shows the actual position in the flight figure. 
On the left hand side a G-level indicator and a 
scale with all numbers of the flight figures of the 
profile arc simulated. Here shows a cursor the 
actual flight figure. At the bottom the actual and 
the next flight figure as written text are displayed. 

It is no question, that the better training is the 
active training in the pilot control mode: visual 
scene like in the aircraft with the target aircraft in 
the front. 
In the pilot control mode (PM) the HC at 
Koenigsbrueck bas two possibilities for using the 
display in the gondola: 

Fig. 9: simulated artificial horizon and target 

The display (Fig. 9) shows the horizon which shall 
rotate at an angle equal to the roll angle. The target 
symbol shall start at the center of the display and 
shall move proportionally on the display to show 
the error between the G-level commanded in the 
target file and that commanded by the pilot. 



system to accommodate a variety of anti-G-suit 
systems, also including PPBG-systems, are 
mandatory assumptions for future pilot training. 

DISCUSSION 

The human centrifuge at Koenigsbrueck, primarily 
constructed for medical research and diagnostic is 
now in service preponderant for pilot candidate 
selection and student pilot training. The effort of 
the student pilot training seems to be one great 
promising method to prepare the student pilots for 
the coming-up G-environment. The aim of this 
training is, to avoid unnecessary G-LOC not only 
during the pilot school, to produce flying safety, 
and perhaps to reduce unnecessary mismatch 
feelings during the first realistic air combat 
training missions in the T 37 or T 38. Secondly 
student pilots with uncommon motion sickness 
problems in the HC (in the HC at Koenigshrueck 
less than 0.1 ’% of centrifuge-runs have to be 
terminated due to motion sickness, the logical 
consequence of the 10 m arm of the gondola and 
the active three degree of freedom gimbal system), 
poor G-tolerance or even pathologic G-tolerance 
may be detected early enough, so that first further 
medical diagnostics should be done, before the 
expensive pilot school starts. The decision, if a 
preselection during the training of the student pilot 
should be done, is under discussion. 

Also under discussion is the question, if the up to 
now voluntary evaluation of the natural G- 
tolerance of the young pilot candidates should be 
mandatory. The question, if the results of the 
evaluation should determine or at least influence 
the selection of this 18 to 20 year old male 
population for future qualification for agile fighter 
aircraft, may be answered perhaps after a period of 
5 years. Then the self control of onr jndgment of 
today is possible. 

The training of our MiG-29 pilots and other pilots, 
which are designed to fly high performance aircraft 
seems to he necessary. Although most of the pilots 
don’t have difficulties to reach the qualification of 
the STANAG-profile, the poor and ineffective anti- 
G-technique, which needs a lot of wasted energy, 
shows us, that there was a lack of information on 
anti-G-techniques to most of the pilots in the past. 
To get the impression of the effectiveness of 
optimized anti-G-maneuvers might be one reason 
to join at least once the G-training course. To get 
the impression of their own limits and to produce 
self-confidence by getting on the limits in a safe 
environment might be also an effective 
contribution to flying safety. 

Fig. IO: coming up G-level indication 

The display (Fig. 10) shows a curve which moves 
from right to left and displays the G-level of the 
target. The G-level commanded by the pilot is also 
displayed in a dotted line. The difference between 
both curves is the error. 
Both display modes in the PM are very simple. 

Upgrade of the HC at Koenigsbrueck 

The upgrades of the HC would be accomplished to 
adapt the centrifuge for simulation of NATO- 
specific tactical fighter aircraft to improve the 
realism and effectiveness of training in air combat 
maneuvering and weapons system use. The main 
part of such an upgrade is an interactive control 
system, which has the following components: 

Visual System, 
Aircraft Instrument Simulation, 
Aircraft-Specific Aeromodels, 
new Computer Control System. 

Two visual systems are for flight simulation and 
target tracking. They consist of visual displays and 
image generating computers. The integration of the 
student’s visual system with the control system and 
simulated flight controls must be so that the visual 
scene corresponds to the pilot’s control inputs and 
the motion of the HC. For aircraft instrument 
simulation there may be used a special CRT 
monitor in the gondola. Simulated instruments are 
generated by computer and may he arranged to 
simulate any aircrafl configuration. Two special 
acromodclling control subsystems may be used to 
simulatc the control and motion response of 
specific aircraft. The aeromodels calculated flight 
values are based on the inputs by stick, throttle, 
and rudder by thc student pilot and the instructor. 
The G-loads G,, G,, and G, are transmitted to the 
conlrol computer, which converts the values for 
pitch, roll and yaw motions of the HC. 
The sccond part ofthc initiated upgrade is the 
adaptation of aircraft-specific life support systems. 
So tbc integration ora pressurized air supply 
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G-PROTECTION CAPABILITIES AND CURRENT G-PROTECTION ISSUES 

JW BURNS 
Crew Technology Division 
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USA 
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FEMALE +G, TOLERANCE 

With the inclusion of females as pilots of 
high performance combat aircraft there is a 
necessity to determine their G tolerance and 
endurance capabilities, which is a reflection 
of strength. 

Males, as a group, are significantly stronger 
than females. For hand operated controls 
the strength of the 5th percentile male is 
similar to the 50th percentile female (4). 
Males demonstrated an average 71% 
greater forces on hand controls and 61% 
greater foot control forces than females. 
However, the strength of both males and 
females can be improved about the same 
amount with physical conditioning. 
Weaker individuals benefit the most from 
physical conditioning programs, whereas, 
very fit individuals show little improve- 
ment. There is a poor correlation (avg. 0.2) 
between body size and strength within gen- 
der. Thus there are some small individuals 
who are very strong and conversely some 
large individuals who are relatively weak. 
Anthropometrically, about 90% of males 
and 40% of females meet the current size 
requirements for pilots. 

Current +G,-protective equipment has been 
designed using male anthropometry. 
Because of the very distinct anthropometric 
differences between the male and female, 
life support equipment fit becomes a criti- 
cal issue. A properly fitting anti-G suit is 
necessary for adequate protection during 
+G,. A poorly fitting anti-G suit places the 
female aircrew at increased risk and 
impacts their ability to optimally perform 
during high G maneuvering. A recent field 
survey of female aircrew revealed that 50% 

TO MOD 
A 

.THER 

Figure 1. Technical Order (TO) anti-G suit 
modification allows for circumferential reduc- 
tion in waist, thigh, and ea& 

of the respondents felt that their anti-G suit 
was too loose in the waist. Moreover, 14% 
of the respondents experienced lower rib 
pain or discomfort when the anti-G suit 
inflated during +G, (7). The anti-G suit 
Technical Order (TO) allows for a circum- 
ferential reduction in the waist, thigh and 
calf of the anti-G suit to accommodate 
smaller personnel (Figure 1). However, TO 
modifications are not adequate for some 
females, especially for relief of lower rib 
cage pain. At Armstrong Laboratory we 
have added several additional modifications 
(AL mod.) to provide a "best fit". The 
additional modifications are: 1) a V-shaped 
dart in the lumbar restraint material to bring 
the suit in at the waist; and 2) lower the 
upper edge of the abdominal bladder below 
the rib cage in the seated position (Figure 

Puper presenred af fke AGARD AMP Lecrure Series on "Curreiir Conceprs on G-Pmrecfion Research 
and Development" held bi Ohio, USA, May 15-16. 1995; Konigsbruck, Germany, June 12-13, 1995 . .. .. . .- . , . - ~ -  . . .. . . . . - ^ ^ ^  . -  . 
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AL MOD 

Figure 2. Ai-msfrong Laboratory (AI,) anti-G 
sui< niodificafion allowsfor lowering the 
abdominal bladder- for comfort, and placement 
of a dart in the lumbar restraint for ci better 
femulefit. 

SIZE RANGES OF MALES 
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Figure 3. Current male anti-G suit sizes related 
to weight arid height. 

2). These two additional modifications 
have provided a comfortable, effective anti- 
G suit fit for those females who were not 
adequately fitted with the TO modification. 
Figure 3 illustrates the current anti-G suit 
(CSU-13BIP) sizes designed for males, and 

5 6 / - ,  , , ~ , , , , . , , , , 
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Figure 4. Current male anti-G suit sizes and 
the scattering of sampled females within those 

the scattering of sampled males within 
those sizes. Figure 4 illustrates the same 
male sizes as Figure 3 with the scattering 
of sampled females within those sizes. 
Twenty seven percent of surveyed female 
aircrew were below the currently available 
height and weight anti-G suit size ranges. 

To date, two female F-16 pilots have used 
Armstrong Laboratory facilities for the AL 
modification to their anti-G suit. One of the 
female pilots required a reduction of the 
upper edge of the abdominal bladder by 3 
in. and relocation of the air hose inlet by 112 
in. Both modified anti-G suits were cleared 
by a formal safe-to-fly board and are now 
being used operationally by the two female 
pilots. Armstrong Laboratory has an ongo- 
ing program to evaluate the female size 
requirements for the current CSU-13BIP 
anti-G suit, as well as pressure breathing 
chest counterpressure garments and masks 
(COMBAT EDGE), and an extended cover- 
age anti-G suit now under development. 
From the size requirements, new patterns 
will be developed for fabrication and testing 
of the newly sized anti-G suits and chest 
counterpressure garments, if necessary. 



G-LAYOFF 

Anecdotal information has been available 
for many years suggesting a positive rela- 
tionship between time away from +G, 
exposure (G-layoff) and a reduced G toler- 
ance. However, little empirical data exist 
to corroborate the observations. 
Experienced aircrew frequently report that 
resumption of high +G, flying after an 
extended layoff is accompanied by a period 
of reduced cG,  tolerance. This effect 
abates with the resumption of normal fly- 
ing activity, but is frequently severe enough 
to be viewed as hazardous. Numerous air- 
craft and aircrew have been lost during first 
flights following layoff. Pilots of high per- 
formance aircraft are instructed to perform 
several lower +G, "warm up" maneuvers 
early in their mission to check-out the +G,- 
protective equipment and get a feel for 
their G tolerance for that day. Figure 5 is a 
schematic of factors and kinetics of G-lay- 
off for illness, TDY, PCS. leave. a non-fly- 

G 
TOLERANCE 

EFFECTOFFREQUENCYOFGEXPOSURE 
ON G TOLERANCE 

G 
T 0 LE R A N C E 

INITIAL TRAINING G EXPOSURE LAYOFF 

TIME 

Figure 6. Schematic offrequency of +Gz expo- 
sure effects on +Gz tolerance. 

ment of G tolerance after a G-layoff is vari- 
able from one pilot to another and appears 
to depend upon the physical activity of the 
pilot: Those pilots whb maintain ah active 

EFFECT OF ON weight lifting program seem more likely to 
maintain their G tolerance for a longer 
period of time during a G-layoff (slower 
decay rate). 

NORMAL A C l $ l Y  Following a recent suspected G-layoff 
related loss of aircraft and pilot due to G- 
LOC we were requested by the USAF Air 

ILLNESS /i Combat Command (ACC) to experimental 

\- ~- 

DESIGN STRATEGY 

TIME 

Figure 5. Schematic of G-layoff effects on +Gz 
tolerance. 

28 04" 3404" ,Di(" 1 0 A "  

LAYOFFSOF DECREASINGLENGTH 

ing assignment, etc. There is a finite time 

level of G tolerance (Figure 6) and a finite 
time to reestablish that level after a layoff. 
The rate of deterioration and reestablish- 

CONOlTlON EACH SUBJECT TO FULL CAP&ls,LITY, THEN LAYOFF, and exposure rate to develop an acceptable RECONDITION, AND GIVE SHORTER BREAKS UNTIL EFFECT Is LOST. 

Figure 7. Design strategy to investigate G-lay- 
off effects. 



SACM ENDURANCE FINDINGS 
(28 DAY LAYOFF) 
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Figure 8. Results of 28 day layofffiom +Gz. 

ly investigate the relationship between G- 
layoff and +G, tolerance. Eight volunteer 
centrifuge subjects were trained to consis- 
tent performance using a rigorous +G, 
exposure regimen (+5 to +9G, simulated 
aerial combat maneuver, SACM) twice 
weekly to exhaustion, followed by a 28 day 
layoff from +G, (Figure 7). The subjects 
relaxed gradual, and rapid onset +Gz toler- 
ance, and endurance during the +5 to +9G, 
SACM were monitored, as well as their 
aerobic and anaerobic exercise capacities, 
before and after the 28 day G-layoff period. 
Relaxed gradual and rapid onset tolerance 
appeared unchanged by layoff, but 
endurance during the +5 to +9Gz SACM 
was significantly reduced from 220 sec to 
163 sec (Figure 8) by layoff (p<.03). No 
differences were apparent in pre- or post- 
layoff aerobic or anaerobic capacities. The 
reduced endurance observed in this study 
may reflect the reduced +G, tolerance 
reported to follow prolonged interruptions 
to a normal flying schedule, but they are 
not related to changes in aerobic or anaero- 
bic metabolism, or relaxed responses to 
+G,. This study has been extended to 
include a 14 day lay-off period with similar 
findings (5). 

The AGSM is a major factor in the mainte- 

nance of vision and consciousness for most 
pilots during high levels of +G,. Loss of 
AGSM proficiency is a contributing factor 
to G-LOC. The AGSM should be automat- 
ic and come naturally during +G, so as not 
to interfere with optimum aircrew perfor- 
mance during critical combat maneuvering. 
Thus, to regain proficiency after G-layoff, 
it is necessary to perform non-critical 
“tune-up” sorties to provide the aircrew an 
opportunity to re-establish AGSM profi- 
ciency before demanding sorties. 

+G,-INDUCED LOSS OF CONSCIOUS- 
NESS (G-LOC) 

Over the years a significant loss of aircraft 
and life have been attributed to G-LOC. 
Human-based centrifuge research to reduce 
the incidence of G-LOC has resulted in the 
development of several pieces of +G,-pro- 
tective equipment or techniques such as an 
extended coverage anti-G suit (ECGS), the 
anti-G straining maneuver (AGSM), tilt- 
back seats, and positive pressure breathing 
during +G, (PBG). These equipment or 
techniques, used alone, or in combination, 
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Figure 9. Human tolerance to +Gz and rime. 
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can provide protection up to, or possibly 
greater than +9G,, if used effectively. 
However, high +G, is not a necessity for 
G-LOC; it can, and has occurred at rela- 
tively low +G, levels (3-5 +G,). G-LOC is 
unique to the flight maneuvering environ- 
ment, including aerobatics and military avia- 
tion, in that it occurs in healthy aircrew. It 
is insidiously dangerous because it .can hap- 
pen with little or no warning. Figure 9 is a 
schematic of the G-time tolerance curve 
derived by Stoll (10) from human subject 
centrifuge data obtained by Beckman. Note 
there is a 5 sec energy (02)  reserve where 
loss of consciousness does not occur, even 
at +9G,. Cardiovascular reflexes, although 
triggered immediately upon +G,, require 
approximately 10-15 sec for maximum 
effect; much too slow to provide any signifi- 
cant protection in the current high perfor- 
mance aircraft. The area below and to the 
left of the curve is consciousness and the 
area above and to the right of the curve is 
the area of unconsciousness. Figure 10 
illustrates the effect of the rate of +G, onset 
on the G-LOC response. When the onset of 
+Gz is gradual or moderate the visual symp- 
toms of grayout and then blackout generally 
occur, providing a warning to the aircrew of 
impending G-LOC. However, if the onset 
rate is rapid (2Gisec or greater) and sus- 
tained beyond the energy reserve of the 
brain, then G-LOC can occur in an unpre- 
pared pilot without any warning. Note again 
that an aircrew can be exposed to very high 
+G, for a period less than the 0 2  reserve 
time without any visual symptoms. 

It has always been assumed that G-LOC 
was the result of a dramatic reduction or 
cessation of cerebral blood flow during 
+G,.. Recently that assumption has been 
verified by the flow probe measurement of 
baboon cerebral blood flow during +G, 
(13). LOC occurred 10-15 sec after cessa- 
tion of cerebral blood flow during an expo- 
sure to +8G,. Interestingly, the expected 
hyperemic response following G-LOC did 
not occur. Whereas, at the lower level of 
+4G, a hyperemic response was observed. 

G 

EFFECT OF G-ONSET RATE 
ON G TOLERANCE 

5 

RAPID 

10 20 
TIME ( 5 )  

Figure I O .  Human tolerance to t G z  and time 
at various +Gz onset rates. 

, 
-Gz ,' 
, , , , 

Figure I I .  Linear relationship between 
intracranial venous blood pressure and cere- 
brospinaljluid pressure at the same vertical 
level, at both -Gz and +Gz. From Rushmer et 
a!. Am. J.  Physiol. 151.355-365, 1947. 
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Figure 13. Kinetics, secondary occurrences 
and performance recovery during G-LOC in the 
unanesthetized baboon. 

Figure 14. EEG power spectral analysis f iom 
unanesthetized baboon during G-LOC. Note 
isoelectric trough at time of G-LOC. 

When rats are exposed to +Gz and 
remain conscious the level of brain 
lactate, adenosine and other metabo- 
lites increase (12). However, when 
rats are exposed to higher +G, levels 
which result in G-LOC these metabo- 
lites are less than in conscious rats 
during +G,. Thus, G-LOC may be a 
protective mechanism when perfusion 
is inadequate by limiting the excessive 
build-up of toxic metabolites. 

Rushmer (9) demonstrated the positive 
correlation between intracranial 
venous pressure and cerebrospinal 
fluid pressure at the same vertical 
level in monkeys, during both -Gz and 
+G, (Figure 11). These observations 

I~ v 

indicate that cerebral vasculature, especial- 
ly the veins and small vessels, are almost 
perfectly protected from large and sudden 
changes in intravascular pressure during 
+G, by an equal change in cerebrospinal 
fluid pressure. 

Figure 12 illustrates the kinetics and some 
of the secondary characteristics of G-LOC. 
Time to G-LOC during sustained +Gz in 
the relaxed human is 5-7 sec (15). Similar 
data have been obtained by Rossen et al. 
using human subjects (8). They reported 
LOC within 6.8 sec after occlusion of cere- 
bral blood flow using a rapid-filling inflat- 
able cervical cuff. Time to LOC in the 
unanesthetized baboon during sustained 
+8G, was 11.5k3.2 sec (Figure 13). The 
difference between man and the baboon is 
attributed to two major factors: 1) the 
baboon has a shorter eye-to-heart distance, 
thus providing added G-LOC protection; 
and 2) the unanesthetized baboon struggles 
during +G,, which raises arterial blood 
pressure and thus increases +G, tolerance, 
requiring a longer time for G-LOC (1). 
Once G-LOC occurs, unconsciousness, or 
absolute incapacitation, lasts approximately 
12-15 sec in man, sometimes associated 
with convulsions, followed by another 12- 
15 sec of relative incapacitation, where the 
pilot or centrifuge subject is confused or 



10-7 

humans after G-LOC (14), after neck 
occlusion (8) and after cardiac arrest (3). 

Typical human observations during, andor  
following some, but not all, G-LOC 
episodes: 

1) unaware of LOC (amnesia) 
2) no pre-LOC light loss or tunnel 

3) convulsions or flail during LOC 
4) tingling in the extremities and mouth 
5) possible dreaming 
6) confusion 
7) euphoria 
8) embarrassment 
9) denial 
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the baboon is extended when the duration 
of unconsciousness is prolonged (Figure 
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stopped (2). When the reticular formation 
has been experimentally destroyed, anoxic 
spasms or seizures do not occur (1 1). In 
the baboon tonic spasm, such as hyperex- 
tension of the head, occurred during the 
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while the animal was still unconscious. 
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1. INTRODUCTION 

L'AGARD, de son nom anglais "Advisory 
Group for Aerospace Research and 
Development" est une agence du comite 
militaire de I'Atlantique Nord (OTAN). 
L'AGARD est un groupe d'experts appartenant a 
differents themes d e  recherche. 

Ces groupes d'experts sont appeles Panel et 
sont au nombre de 7. 11s ont tous pour 
vocations de: 

- recommander des moyens eficaces 
permettant aux pays membres d'utiliser leurs 
capacites de recherche et de developpement 
pour le benefice d e  la communaute de I'OTAN, 

- d'apporter des conseils et une aide 
scientifiques et techniques au comite militaire de 
I'OTAN dans le domaine de la recherche et des 
realisations aerospatiales (en particulier les 
applications militaires), 

- faire progresser les sciences aerospatiales 
susceptibles de renforcer la defense aerienne, 

- Ameliorer la cooperation entre pays membres 
dans le domaine de la recherche et des 
realisations aerospatiales, 

- Echanger des informations scientifiques et 
techniques, 

-Apporter une aide aux pays membres afin 
d'accroitre leur potentiel scientifique et 
technique, 

- Fournir une assistance scientifique et 
technique selon les besoins exprimes aux autres 
organismes de I'OTAN et aux pays membres. 

Le Panel de Medecine Aerospatiale est un des 
7 panels. Au m h e  titre que les autres, il 
cherche a assurer l'ensemble des missions qui 
ont ete evoquees auparavant en tenant compte 
des directives erigees par le conseil des delegues 
nationaux. 

A ce jour, 3 directives sont en vigueur: 

- degager de I'operation "tempste du desert" 
I'experience acquise pour assurer une 
amelioration des procedures d'emploi des forces 
et une amelioration des systemes utilises dans le 
cadre de ce type d'operation. 

- etudier les facteurs rentrant en jeu lors 
d'operations militaires en temps de paix pour 
mettre au point les etudes devant 6tre menees 
par chacun des pays membres. Ces etudes 
doivent deboucher sur le developpement de 
nouvelles recherches et sur l'evolution des 
technologies assurant la garantie de l'efficacite 
de ces operations. 

- prevoir, a travers le projet "AGARD 2020". 
les evolutions scientifiques et techniques 
niajeures devant apparaitre durant les 2 
prochaines decennies pour pouvoir mieux 
assurer leurs developpements. 

Le Panel de Medecine Aerospatiale, compose 
de quatre sous comites (systemes de protection 
des equipages, sciences cliniques, facteurs 
humains, systemes neuro-sensoriels) ont pour 

Paper pwsenred at rhe AGARD AMP Lecrure Series on "Current Cmicrprs on G~Profecfio,? Research 
and Developmenr" held iii Ohio. USA, May 15-16, 1995; Kmigsbruck. Germany. June 12-13, 1995 
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themes ceux de la medecine, de la physiologic et 
de la psychologie. II s'agit d'ameliorer 
I'eficacite et la protection des personnels 
impliques dans les operations militaires de 
I'OTAN i destinee aeronautique ou spatiale. 

Depuis les dernicres annees, les symposia, les 
cours, les conferences themes (appelees 
communement de leur nom anglais "Lecture 
Series"), les groupes de travail ont tente 
d'atteindre au tnieux ces buts. 

Dans le cadre des accelerations +Gz, plusieurs 
themes font I'objet du travail de presentation ci- 
apres. 

2. ETUDES MENEES PAR L'AGARD 
DANS LE C A D R E  DES ACCELERATIONS 

Depuis le debut de I'aviation, chaque 
generation d'avion a eu une vitesse plus elevee 
que la generation precedente. A contrario,. les 
avions de combat du type F14, FIS, F16, F18, 
Mirage 2000, Tornado ne correspondent pas a 
ce critere puisque, la plupart d'entre eux,'ont des 
vitesses egales ou inferieures a celles des avions 
precedents (F-4 Phantom, Mirage 111, Lightning, 
etc ...). I3ien qu'a premiere vue, ils puissent ne 
pas Stre tres differents, ces avions ont des 
caracteristiques specifiques qui entrainent des 
contraintes physiques superieures a celles 
rencontrees sur la generation d'avions 
precedente. 

En effet, I'introduction massive de 
I'informatique embarquee et une nouvelle 
aerodynamique, completee par un (ou/des) 
moteur(s) assurant un rapport poussee - poids 
superieur a un  - ont permis des evolutions plus 
serrees et plus contraignantes pour le pilote. 
Les accelerations sont devenues elevees (>7 
+Gz), et peuvent Stre soutenues sans diminution 
de la vitesse de I'avion, elles sont appliquees de 
faqon rapide (jusqu'a I O  G/s). Ce  domaine de 
contrainte mecanique etait inconnu de faGon 
operationnelle sur la generation d'avions 
precedente. C'est pourquoi plusieurs etudes ont 
ete menees dans les pays de I'OTAN et parfois 
sous I'egide de I'AGARD pour s'assurer de la 
capacite des pilotes non seulement a tolerer ces 

accelerations mais aussi pour s'assurer de leur 
integrite physique malgre I'environnement. 

Ces travaux, menes par plusieurs equipes de 
chniciens ou de physiologistes, peuvent Stre 
regoupes de faCon schematique en trois themes 

- pathologie cardio-vasculaire observee sur 
modeles animaux 

- anomalies cardio-vasculaires observees sur 
I'honime et imputees aux accelerations +Gz 

- manifestations osteo-musculaires et 
vestibulaires liees a des accelerations +Gz 
elevees et soutenues. 

2.1 Les manifestations cardia-vasculaires 
observies sur mod6le animal 

Toute une serie de manifestations 
pathologiques a ete observee sur les coeurs 
d'animaux centrihges. En effet, Burton et 
MacKenzie (1975) et MacKenzie et coll. (1976) 
ont montre que des mini-porcs soumis a des 
accelerations elevees, soutenues et  repetees 
durant plusieurs semaines developpaient des 
cardiomyopathies et des hemorragies sous 
endocardiques. Ces observations ont alors 
provoque une inquietude dans la communaute 
scientifique mais des travaux complementaires 
ont amende ces craintes initiales. 

En effet, un travail (Burns et Coll., 1983) a 
montre que ces manifestations pathologiques 
n'etaient pas directement liees aux accelerations 
mais aux effets de la contention. 
L'immobilisation de ces animaux par une 
contention stricte provoquait un stress par lui- 
mSme. La concentration en hydroxyproline, 
consideree comme un facteur favorisant ces 
manifestations pathologiques, etait d'autant plus 
elevee que le stress de contention se prolongeait. 

Un autre travail (Gillingham, 1978) est venu 
lui aussi temperer les inquietudes initiales. Un 
sujet d'experimentation, qui avait plus d e  700 
lancements en centrifugeuse, dont un grand 
nombre etait superieur a 6 +Gz, se tua dans un 
accident automobile. Son autopsie revela qu'il 
ne presentait aucune manifestation histologique 
au niveau des structures endotheliales et de son 
myocarde. 
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etape, le groupe informe la comniunaute 
scientifique s'il y a lieu de statuer sur I'eventuel 
aspect pathogene des accelerations +Gr. 

Mais les accelerations elevees et soutenues, si 
elles sollicitent particulierement le systeme 
cardio-vasculaire, sollicitent aussi d'autres 
organes en particulier le rachis vertebral et ses 
muscles ainsi que le systeme vestibulaire 

Neanmoins le doute persistait et I'inquietude 
du corps medical aniena, en France, I'utilisation 
de l'echo cardiographie comme moyen de 
selection des pilotes de Mirage 2000 afin de 
s'assurer d e  I'integrite cardio-vasculaire de ces 
pilotes. 

2.2 Etude Cchocardioeraohique - Groupes 
de travail No 13 et 18 

"Etude echocardiographique des equipages de 
l'OTAN" 

Afin de s'assurer de l'integrite cardio- 
vasculaire des nouveaux pilotes de Mirage 2000, 
I'Armee d e  I'Air franqaise a autorise le Centre 
Principal d'expertise du personnel navigant a 
pratiquer une echo cardiographie chez des 
pilotes d e  Mirage 111, F1 et Jaguar. Les 
premieres observations ont alors montre qu'une 
grande partie de ces pilotes avaient un coeur de 
dimension superieure a la moitie du thorax Le 
coeur droit semblait hypertrophie. Une etude 
comparative mit alors en evidence une difference 
significative entre les dimensions du coeur droit 
des pilotes de combat et celles des coeurs de 
pilotes d'avion de transport (Ille et coll., 1985). 
Une etude en composante principale a cherche a 
definir quelles etaient les variables 
echocardiographiques les plus importantes 
(Quandieu et coll., 1986). Un autre travail ayant 
pour objet d'expliquer l'origine de ces anomalies 
montre que la pression dans le ventricule droit 
chez un babouin soumis a une acceleration de 
7 +Gz est triple de celle mesuree au repos 
(Borredon et coll., 1986). 

C'est ainsi que les groupes de travail No 13 et 
18 sur I'echo cardiographie ont ete 
successivement Crees en 1987 et 1991. Le 
premier groupe a etabli un protocole d'examens 
echocardiographiques reconnus par les 
differentes equipes de I'OTAN, puis a constitue, 
a partir des donnees observees en France, une 
base d e  donnees unique et a formule I'analyse 
statistique adaptee (AGARD, 1990). Cette base 
de donnees est geree par le sevice de cardiologie 
de la base de Brooks AFB. Le deuxieme groupe 
de travail, actuellement en exercice, a pour 
mission d'effectuer une etude longitudinale des 
dimensions du coeur des pilotes d'avions de 
chasse au cours de leur carriere. A chaque 

2.3 Le svsteme vertebral  et  musculaire - 
grouoe de travail No 17 

Des incidents ou des accidents pathologiques 
interessant la sphere musculo-squelettique des 
pilotes soumis aux accelerations +Gz ont ete 
rapportes depuis tres longtemps (Phillips, 1959). 
Avec la mise en service des avions du type F l 6  
et F18, les inquietudes du corps medical ont ete 
confirmees par plusieurs exemples. En effet, 
une figure aerienne a 8 +Gz sur F-16 a entrahe 
une fracture-compression de la sixieme vertebre 
cervicale chez un medecin du personnel navigant 
alors que celui-ci avait la tzte en rotation gauche 
(Andersen, 1988). 

Plusieurs etudes (Schall, 1983, 1989) ont 
montre des fractures compression des corps 
vertebraux des cinquieme et sixieme cervicales 
et des hernies des disques intervertebraux, en 
particulier du nucleus pulposus, des C5-6 et C6- 
7 chez des pilotes de F15 et F16. Certaines de 
ces hernies ou fractures etaient accompagnees 
d'un syndrome cervico-brachial avec 
paresthesies au niveau du bras gauche et ont 
necessite soit, un traitement avec une minerve et 
des analgesiques soit, une chirurgie fixatrice. 
Une de ces etudes rapporte une triple fracture 
cervicale avec tetraparesie Iors d'un vol en G 
negatif sur F4. 

Des etudes systematiques nienees a l'aide de 
questionnaires anonymes ont cherche a mettre 
en evidence une relation entre les manifestations 
pathologiques et le niveau dacceleration. 

I1 a ete etabli que les pilotes de F- 18 ont plus 
de manifestations pathologiques que les pilotes 
de A-7 et de A-4 (ayant un niveau dacceleration 
moindre) et que la position "check 6" (rotation 
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arribre dc la tctc) favorise ces manifestations 
(Knudsen et coll., 1988) 

D'autres etudes ont niontre que 10% des 
pilotes suivant u n  entrainenient en centrifugcuse 
a 8 i Gz presentaient des douleurs rachidiennes 
(Wurstcr et coll., 1990) et que plus de 60% des 
sujets paiticipant a une experimentation 
concernant la mobilite de la t2te sous faible 
facteur de charge (<5 +Gz) presentaient des 
cervicalgies (Leger, 1989). 

Dam les armees de I'air finlandaise (Aho et 
coll., 1990) et suedoise (Harms-Ringdahl et 
coll., 1991) respectivernent 48 et 43% des 
equipages d'avion de combat paraissent souffrir 
de cervicalgies. 

La prevalence de ces manifestations dans 
toutes les armees de l'air a abouti a I'organisation 
d'un symposium par le panel de medecine 
aerospatiale de I'AGARD en 1990. A la suite de 
ce symposium et pour edicter des regles visant a 
reduire ces manifestations, le groupe de travail 
No 17 a ete organise. 

Son travail, publie dans le volume AGARD 
AR 3 17, a eu pour objet de statuer sur le suivi 
medical et physiologique des pilotes et de 
presenter des recommandations concernant les 
equipements de t2te et de proposer des mesures 
de prevention pour la selection et 
I'entrainement. 

Certains pays (France, Norvege, Belgique, 
etc ...) de I'OTAN fondent leur selection sur des 
radiographies du rachis mais les cliches ne sont 
pas automatiquement interpretes de la meme 
facon par chaque equipe et il est necessaire 
d'uniformiser les criteres de pathologie et de 
selection (Kazarian et Bek, 1979). De plus, le 
risque dcs rayons X semble excessif pour 
ceitaines equipes des pays de I'OTAN par 
rapport a I'interh qu'apporte la radiologie. 

La selection des equipages peut aussi s'apuyer 
sur des nouvelles techniques d'investigation 
comme I'iniagerie a resonance magnetique 
nucleaire (IRM) qui ne presente pas ces nsques. 
En revanche, cette nouvelle methode est 
critiquable par la variabilite des interpretations 

des cliches IRM. Ainsi, deux etudes ont inonti-e 
que des cliches, interpretes de faqon 
independante par deux specialistes differents, 
n'aboutissaient a une interpretation siinilaire que 
dans 23%, voire 1 1 %  des cas! Bien qu'il soit 
necessaire de selectionner les equipages, il ne 
semble donc pas exister de techniques 
d'investigation faisant I'unanimite quant a leur 
valeur predictive et a leur innocuite. 

Par ailleurs, i l  a ete demontre que les muscles 
du cou sont sollicites a plus de 100% lors 
d'accelerations elevees lorsque la tcte est en 
rotation. Un entrainement physique specifique a 
donc ete propose afin d'augmenter la force de 
ces muscles. 

A citte de ces moyens physiologiques 
(entrainement), plusieurs pays ont developpe des 
moyens technologiques visant a reduire les 
contraintes. Ainsi, le casque peut Ctre allege 
grice a I'utilisation de nouveaux materiaux; en 
revanche, I'equipement de t h e  est de nouveau 
alourdi par I'introduction du viseur visuel de 
casque, nouvel element du systeme d'armes. 
Des systemes d'aides a la mobilite de la tEte ont 
ete egalement developpes. I1 s'agit d e  divers 
dispositifs qui viennent supporter la tete en 
prenant appui soit sur les epaules de l'utilisateur, 
soit sur le siege. Ces systemes ont ete imagines 
et dessines voire realises et testes en laboratoire. 

La repetition des accelerations elevees 
obtenues dans un avion d'entrainement 
performant, semble etre une excellente methode 
pour reduire le risque de traumatismes 
cervicaux. En effet, il a ete montre que les 
pilotes qui n'avaient pas vole pendant une longue 
periode presentaient un risque plus eleve de 
traumatismes du cou que ceux qui volaient 
regulierement. C'est pourquoi, apres un arrzt 
prolonge, i l  est recommande de s'entrainer sur 
ce type d'avion avant de piloter un avion de 
combat. 

2.4 Le systeme vestibulaire - eroune de 
travail No 17 

L'orientation dans I'espace fait appel a des 
capteurs (oeils, systeme vestibulaire, 
propriocepteurs) et aux structures superieures 
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superieure a 15 +Gz de coufle duree (cotnnie 
cela se produit lors des ejections). En revanche, 
i l  ) I  a lieu d’Etre plus circonspect si cette 
acceleration se prolonge, comme dans le cas de 
l’entrainement des pilotes de X- I5  sur la 
centrifugeuse de Johnsville. 

Pour s’assurer de I’integrite fonctionnelle du 
labyrinthe, plusieurs tests paracliniques peuvent 
2tre utilises. 11s sont decrits dans une batterie de 
tests devant Etre effectues dans I’ordre 
chronologique suivant: 

- electronystagmographie 
- test des saccades oculaires 
- etude du nystagmus spontane et stimule 
- test de poursuite visuelle 
-test  de positionnement dans I’espace 
- tes t  calorique. 

Ces tests n’ont qu’une valeur qualitative et ne 
peuvent &e interpretes que par des specialistes. 
C’est pourquoi la recherche de moyens adaptes 
et fiables a fait I’objet d’un rapport recent 
destine a apprecier la valeur predictive de ces 
tests (Von Gierke, 1992). 

I1 existe des alternatives a cette batterie de 
tests; En effet, l’utilisation de generateurs 
d’illusions sensorielles permet soit d’evaluer la 
composante vestibulaire lors de la desorientation 
spatiale, soit de sensibiliser les equipages a cette 
desorientation. Ces generateurs d’illusions 
sensorielles sont utilises par certaines forces 
aeriennes en complement de la centrifugeuse. 

A ce jour, la detection d’une fragilite 
vestibulaire chez certains pilotes et 
I’entrainement aux illusions sensorielles restent 
une preoccupation qui ne recevra de reponse 
veritablement operationnelle qu’apres de 
nombreux travaux. Une base d e  donnees, 
repertoriant les profils de stimulation et 
I’evolution des variables vestibulaires, est en 
cours de constitution au sein du Panel de 
Medecine Aerospatiale de I’AGARD Cette base 
de donnees devrait permettre a moyen terme de 
niettre au point la selection et I’entrainement les 
plus efficaces. 

Les problemes d’alteration pathologique du 
vestibule d’une part etiou d’alteration 
fonctionnelle d’autre part s’integrent dans le 

du systeme nerveux pour integer  les 
informations provenant d e  ces capteurs 

Les otolithes etant sensibles, par leur structure, 
aux accelerations, i l  a ete suggeri que des 
accelerations Plevees et soutenues peuvent Etre a 
l’origine d’alterations fonctionnelles ou 
Iesionnelles En fait, l’experience acquise dans 
ce domaine repose sur des donnees provenant 
d’experimentations menees en centrifuseuse ou 
de cas cliniques faisant suite a des vols de 
combat ou de voltige aerienne 

Les observations en centrihgeuse sont 
extremement limitees et ont ete rapportees dans 
trois situations differentes 

Au cours des tres nombreuses 
experimentations menees en centrihgeuse a des 
niveaux d’acceleration inferieurs a 9 +Gz aucun 
trouble pathologique n’a ete relate. Le seul cas 
pathologique chez I’homme a ete observe a tres 
haut facteur de charge: a la suite d’un 
entrainement a u n  niveau d’acceleration 
superieur a 15 +Gz, dans la centrifugeuse de 
Johnsville dans le cadre d u  programme X-IS, un 
sujet a presente des anomalies de l’equilibre qui 
ont ete attribuees a m e  separation otoconiale. 
Chez l’animal, ce type d’incident a ete observe 
pour des accelerations de plus d e  12 +Gz 
soutenues au moins 3,25 minutes (Lychakov 
D.V., 1988). 

L’aviation de combat ne semble pas non plus 
avoir fait I’objet de pathologies vestibulaires liees 
aux accelerations. En revanche, lors d’une 
presentation de voltige aerienne effectuee au 
cours du championnat de Belkeschaba, un 
vertige giratoire a &e declenche par une 
acceleration d’environ 11 -Gz (Ivanova, 1984). 
Ce  vertige regressa spontanement entre la 
deuxieme et la huitieme semaine. Un bilan 
paraclinique cornplet ne mit pas en evidence 
d‘anomalies particulieres; ce bilan comportait 
des potentiels evoques somatographiques, u n  
echo-cochleogramme, des oto-emissions 
acoustiques, un electroencephalogramme et une 
psychometrie. 

II ne semble pas exister de raisons particulieres 
pour evoquer un risque potentiel vestibulaire 
lorsqu’un pilote est soumis a une acceleration 
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sous des facteurs de charges plus eleves dans la 
mesure ou la phonation resterait encore possible. 

3.4.3 Iiinocuite des accel6rations 

L’absence d’effet pathologique chez I’homme 
du nouvcl environnement lie aux performances 
des avions doit Stre verifiee g r k e  a des etudes 
sur modele animal puis sur I’homme soumis a de 
tres hauts facteurs de charge (> 12 +Gz). 

I1 a en fait ete montre que I’utilisation de la 
surpression ventilatoire pouvait entrainer des 
douleurs au niveau des membres superieurs 
lorsque ceux-ci sont en position basse (Prior et 
coll., 1993). Cependant, I’experience acquise en 
France montre que ces douleurs disparaissent 
dans la mesure ou ces membres sont en position 
elevee (Clere, 1994). 

I1 sera necessaire d’etablir des bases de 
donnees OTAN pour evaluer a long terme 
l’innocuite des accelerations rencontrees dans 
ces nouveaux avions. 
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14. Abstract 

A new class of fighter aircraft is emerging that will he operational or in advanced Test and 
Evaluation by 1995. These aircraft (e.g. MiG 31, YF-22, Eurofighter, Rafale) are capable of 
developing G far in excess of 9G (Le. 12G will he a realistic capability). The operational 
envelope of these agile aircraft will depend upon the G protection provided to the aircrew. In 
response to this challenge, established and new laboratories using human-use centrifuges are 
developing new aircrew protection methods using different approaches yet frequently 
complementing the research of the others. These laboratories include: Armstrong Laboratory (US), 
SAM (UK), DCIEM (CA), LAMAS (FR), SAM (RU), KONIGSBRUCK Laboratory (GE) and 
FOA Laboratory (SW). In 1995, much of this research will have produced prototype flight-worthy 
equipmenvmethods with advanced understanding of their physiological bases. This lecture series 
will review: (a) pathophysiology of high sustained G (9G and above); (b) recent equipment 
development and reports on equipment T&E. 
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