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Injury Potential of Ejection Seat Cushions

Prrer R. PavynE*
Wyle Laboratories, Rockville, Md.

The current MIL Specification dynamic model of the human body for the seated, spinal case,
is used to determine how the dynamic characteristies of an ejection seat cushion influence the

incidence of spinal injury during an ejection.

The theory is compared with computer studies

and shows reasonable agreement. A more sophisticated dynamic model of the human body
may be needed before too much reliance can be placed upon the conclusions reached in this an-
alysis. However, the general approach seems to be valid, and the conclusions are broadly
consistent with operational experience, namely that a thin, soft cushion may slightly atten-
uate the spinal injury potential of an ejection seat, whereas a thick, stiffer cushion will mag-

nify the injury potential.

Nomenclature
¢ = adamping constant; = 2K,/m,
¢ = ratio of damping to the critical value; = a/20
F(t) = e~ W/a) f gwt/af(f)dt
f(t) = normalized cushion force, as a function of time ¢; =

force/m.

I, = fnf®dt

I, = otB f(tdt, the cushion bottoming impulse

2K, = linear damper coefficient for the man-model illustrated in
Fig. 1; = damper force/velocity

ky = linear spring stiffness for the man-model illustrated in
Fig. 1; = force/deflection

m; = mass of the man-model illustrated in Fig. 1

¢ = time

ig = time at which the cushion bottoms out, having reached a
deflection 8,5

Yy, = vertical space ordinate of the seat pan

e = d¥./dt?, the seat-pan acceleration

9.z = the seat-pan acceleration at the instant of cushion
bottoming

o, = constants in Eq. (7), linearization of Eq. (6), as indicated
in Fig. 5

61 = deflection (from zero strain) of the cushion model in Fig. 1

815 = cushion deflection for “bottoming,” i.e., the deflection
at which the cushion becomes rigid

8 = deflection of the man-model in Fig. 1

8,3 = deflection of the man-model at the instant of cushion
bottoming

8 = initial deflection of the man-model at time ¢ = 0

7 = (1 — g2

£ = a parameter which defines the maximum response of
Eq. (5) to a first-order impulse; = w?:5/w(d22 + 518)

@ = angular undamped frequency of the man-model in

Fig. 1; = (k/m)1"?

Introduction

JECTION seats have been used in aireraft since World
War II, when speeds became high enough to prohibit
the safe escape of crewmen through hatches. In select-
ing the seat catapult acceleration, early workers were guided
by the pioneering work of Ruff,! who computed the dynamic
characteristics of the human spine from measurements made
with cadaver material, and from this deduced a maximum
safe acceleration.
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Needless to say, it is of extreme importance to accurately
predict the effect of acceleration induced loads in the human
body. As the flight envelopes of aireraft widen, it becomes
increasingly difficult to eject crew members rapidly enough for
them to clear the vertical fin at high dynamic pressures and to
achieve sufficient height from low-altitude escapes. There is
continual pressure to increase the impulse of rocket/catapult
accelerators, therefore. On the other hand, there is little
point in achieving a safe escape trajectory if the acceleration
required is so great that the crewman is seriously injured by it.

Since the war, many attempts have been made to refine
Ruff’s original criteria, often by experiments with live human
subjects or animals. Eband? presented a summary of much
of this work, and attempted to define ‘“tolerable acceleration”
limits empirically, for both spinal and transverse body axes,
on the basis of the data available. Wider-ranging surveys,
covering such additional related topics as vibration tolerance,
were given by Von Gierke and Goldman?® in 1961 and by Von
Gierke* in 1964,

During the period 1950-1960, concentration on the ac-
quisition of experimental data caused the neglect of theoretical
work, and even the repudiation by some workers of Ruff’s
original dynamic analysis. As a result, some physically
absurd limitations were placed upon ejection seat designers,
and produet improvement was hampered. Perhaps the best
example of this is contained in Ref. 5, where a maximum
“rate of onset” (the first derivative of applied acceleration
with respect to time) was specified.t Thus, the shorter the
duration, the smaller the aceceleration peak which could be
tolerated!

During 1960, Von Gierke, Kornhauser® and Payne’®f
independently advocated the use of lumped parameter dy-
namic models to explain and predict human tolerance to accel-
eration. The perspective of time has shown that others pre-
dated them, notably Latham,® but almost certainly other
workers also, who could not obtain support for their views at
the time they were presented. A rather good example is
a paper by Hess,!® written in 1956, which treats the human
body as a distributed parameter system, and shows that rate
of onset cannot be a relevant parameter by itself. This
paper pre-dated the Ref. 5 specification allowables by several
years.

It is easy to show that any deformation mode of a distrib-
uted parameter system can be replaced by a lumped param-
eter system of the same order. Kornhauser!! showed that
living animals were no exception to this rule, and its conse-

1 It is still possible to find new specifications calling for a maxi-
mum tolerable rate of onset. Several have recently been issued
in the field of automotive crash injury research.

I References cited here are typical, but not the earliest.
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Fig. 1 Dynamic model of a man seated upon a cushion.

quences, by subjecting several hundred mice to accelerations
of varying duration and magnitude, in order to prove that
their injury and mortality rate corresponded to a particular
value of the maximum deflection & in the equation

54+ W=y (n)

where 3 is the acceleration to which the animals were sub-
jected, and 6 and w are the deflection and frequency of a
hypothetical spring mass system representing a fundamental
mode of deformation of the animal.

Payne’ independently used the equation

5+ ad + w = g @)

and suggested that values for the damping coefficient a
could be obtained from the mechanical impedance measure-
ments of Coermann.'? For the spinal mode of a seated man,
Payne!® showed that the lumped parameter man-model
represented by Eq. (2) and illustrated in Fig. 1 corresponded
to the mass of the upper torso and head, superimposed on the
spring stiffness of the spine. The critical (injury-producing)
value of w2, called the “Dynamic Response Index (DRI),”
was deduced from several different types of experiment, and
also by dynamic analysis of spine and upper torso as a struc-
ture, using cadaver data for stiffness and strength of the
spinal elements (Stech and Payne!?). The spinal man-model
represented by Eq. (2) is now a standard tool in the design
of ejection seats?® and is found to give a reliable prediction
of the spinal-injury potential of the various rocket/catapult
accelerators used in aireraft. A comprchensive review of mod-
ern developments with this model has recently been given
by Brinkley.*!

The present paper uses this model to evaluate the dynamic
effect of an ejection seat cushion, in order to determine its
effect upon the model’s DRI. Initial studies were carried
out with the aid of an analog computer, using the linear spinal
man-model illustrated in Fig. 1, in conjunction with various
nonlinear cushion springs. The results obtained revealed no
clear pattern, except that most cushions appeared to have
an adverse effect on the dynamic response of the man-model.
The need for a fairly fundamental theoretical analysis there-
fore became apparent.

Some earlier theoretical studies'®® employing linear anal-
ysis techniques had shown this approach to be fraught with
complexity.§ Moreover, it was impossible to answer the
question, “What is the best possible cushion?”, because only
linear models could be employed.

In the present investigation, the cushion restraint equations
are studied in a more general way, in an effort to determine
the basic phenomena and to discover whether protective
cushions exist. It is first shown that the maximum deflection
of the man-model must necessarily oceur long after the cushion

§ The mathematical treatment was elementary, but the solu-
tions were cumbersome and did not simply reveal the underlying
physical picture.
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has bottomed out. It is therefore possible to separate the
response of the man-model into two (additive) components:
1) the unknown response to the unknown seat-pan acceler-
ation subsequent to cushion bottoming and 2) the response
due to the seat-pan acceleration which occurred prior to
cushion bottoming. Since the seat-pan acceleration is un-
known, it is eliminated from the calculation of solution (2) by
expressing the cushion force as an unknown function of time
[f®]. A solution for the maximum model deflection in
response to this exeitation is then obtained. Since this solution
1s additive to solution (1), a positive response indicates an
inerease in the DRI.

Equations of Motion

The system to be investigated is illustrated in Fig. 1.
The man-model (represented by a linear system) has a cushion
in series with the input acceleration.¥ Without imposing
constraints upon either the input acceleration or the nature of
the cushion, we wish to discover what type of cushion will

minimize the dynamic response of the man-model.
Let

a = 2ky/ms (the damping constant), 1/sec
w? = ky/ms (the spring constant), 1/sec?
f(©) = cushion force/m., ft/sec?

The only mathematical constraint required of the function
f(t) is the physically inescapable one that it shall be sectionally
continuous,

Prior to bottoming of the cushion, the equations of motion
arel®

8 + a52 + w2y = gy — i 3)
0«32 + w? = f(t) (4)

After the cushion has bottomed out, 8, is constant, so that
01 = 0, and the equation of motion is simply

8, 4+ 80y + w2, = Ye )]

The influence of the cushion upon the maximum deflection
of the man-model must necessarily appear in the postbottoming
phase described by Eq. (5). As indicated in Fig. 2, the pres-
ence of the cushion reduces the values of 8; and 8, immediately
prior to bottoming, but at the instant of bottoming intro-
duces a velocity change spike of magnitude

s dt
0 1

The impulsive velocity change associated with cushion
bottoming will obviously be adverse, in that it will increase

PRE-BOTTOMING

POST-BOTTOMING

FORCING
FUNCTION

Fig. 2 Modification of the man-model forcing function
due to the presence of a cushion.

T Xt is currently thought that a more elaborate model, in which
a “pelvic mass’’ is inserted between the man-model and the
cushion, would be more realistic, and more in accordance with
steady-state vibration observations of human subjects.?” Time
considerations excluded the possibility of examining such a model
during the present investigation, however.
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the dynamic overshoot of the man-model in the postbottoming
phase. The concomitant reduction in the values of &, and
8, at the time of bottoming, due to the fact that (5; — 0) <
i1, 1s favorable, however, and the net effect depends upon
the relative magnitudes of the two conflicting effects.**

As indicated in Fig. 3, the response of a system to the input
of Fig. 3a can be duplicated by using the input of Fig. 3b,
so long as the appropriate initial conditions are used in the
latter case. These initial conditions are of course the values
8¢ and 8. of 8, and §,, respectively, developed during the
period 0 < ¢t <g.

As shown in Fig. 4, the excitation can be divided into two
components. The stepped ramplike function Ay, is in-
dependent of whether or not a cushion is used, or its dynamic
characteristics. The second-order impulse Aygj. contains
information about the previous history (¢t < ts) of the system
and the velocity change due to cushion bottoming. Changes
in the cushion dynamics will therefore change Asg..

We define a “good” cushion as one which reduces the sys-
tem’s maximum response t0 Agj.. This is not rigorously
correct because of the differences in phase between the re-
sponses to A;j, and Ayj.. But since A, is unknown, and
can vary randomly for even a particular escape system (to-
gether with the initial conditions), any attempt to account
for phase effects is felt to be impractical. Additionally, for
reasons explained later, phase attenuation for the practically
important ramp excitation is likely to be quite small in prac-
tice.

The maximax response to the Agj, excitation is given in
Ref. 20 as

Emax = e~ @M =0T 4 22F 4 22 )
where
Epux = — .w262—“‘i"‘.4, £= — wﬁ&w.v
(825 + 81p) w(8s5 + 8i)
¢ =c¢/o=a209=1-2

sinf = (&9)/[1 + 2¢¢ + £2]V2 sing = 7

The function £max = f(£) is plotted in Fig. 5a. For analytical
convenience, we define a linear approximation

Emax = « + 65 (7)
when the change in £ is small. The values of 8/« are plotted

in Fig. 5b.

a) b}

v. 4 v 4 0

2 4

Fig. 3 Two forcing functions which give the same post-
bottoming response.

** Of course, one can conceive of a cushion whose stiffness
and damping are comparable with the man-model, so that ‘“bot-
toming-out”’ need not oceur. Such a cushion would be un-
comfortably rigid, and would always magnify the fotal response
to finite rise-time excitations, because of the lower frequency
of the cushion/man system, although not necessarily the response
of the man-model itself. Needless to say, comfort requirements
would prevent such a cushion being used in practice.
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Fig. 4 Division of the forcing function into two separate
components.

A Solution of the Equations of Motion

Integrating Eq. (4) from ¢ = 0 to { = ¢35, we obtain

W = wiyne~ @Y 4 (w/a) F(1) (8)
where

F(l) = e~ @its/) f o= @s/af(1)dt

Also, by substituting (4) in (3), and integrating from ¢ = 0
totl = tB,

bip 4 bop = YeB — fOtB f(Hdt 9)

By using Eqgs. (8) and (9) to evaluate £ and substituting in
@)

i = c0lien — [ SO +

Blutbue 70 1 w/a PO) o

Differentiating (see Appendix) with respect to

I = 0:3 fdt

@ o) = o g BT @ FO)]
d71(w 62max) - aw + a [1 a f(t) ] (11)'

Since the bottoming impulse 7, is reduced by a cushion, rela-
tive to the case of no cushion, its effect is favorable if d/dl; X
(0202m,x) is positive, ie.,

a B8 w? FF (1)
o< &[1 ] f(t)] (12)
Le.,
ry o _a tz] |
“I) <w[1 " w B (13)

Taking the value a/w = 2¢ = 0.6 from the dynamic model
of Ref. 15, it can be seen from Fig. 5 that

[1 e ‘—"] > 0.56, 0.6 > ‘—’[1 - 93‘] > 0264 (14)
wf w wp

The ratio o/B varies with £, which is given by

_ w200p€ (w2tn/a) + (wz/a) F(t) (15)
h w(yes — 1)
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Fig.5a Generalized response of a man-model to a second-
order impulse (¢ = 0.3) as given by Eq. (6).
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Fig. 5b Equivalent linear coeflicients in the approxima-

tion £max = o + BE.

However, we know that in the initial phases of the system’s
response

w252 < 115.2
6020y <K wly; w = 0(102), a = 0(107)
na/wll — (a/w)a/B] = 0.264

Thus, the condition for cushion protection of the spinal
model described in Ref. 15 (w = 52.9 rad/sec) is

Flts)/f(ts) < 0.264/52.9 = 0.005 (16)

J. AIRCRAFT

Table 1 Analog data from Ref. 18, for a
spinal model on various nonlinear cushions

bip 18 f(4)dd,
maf (i), mfa O e
Cushion b Ib-ft ft DRI/DRI,
1 690 48.3 0.07 0.98
2 690 41.4 0.06 0.97
3 690 17.0 0.03 0.87
4 690 40.8 0.06 0.89
5 690 24 .2 0.04 0.89
6A 690 73.8 0.11 1.03
6 690 85.8 0.12 1.15
7 690 96.1 0.14 1.11
8 690 149.9 0.22 1.52
9 640 24 .0 0.04 0.94
10 640 65.6 0.10 0.99
11 640 110.4 0.17 1.00
12 640 152.2 0.24 1.25
13 690 58.5H 0.09 1.00
14 690 122 .4 0.18 1.04
15 690 130.8 0.19 1.05
16 690 105.6 0.15 1.15
17 690 196.0 0.28 1.15
18 690 132 .4 0.19 1.14
or approximately
t
fo ® 1(0)di/f(ts) < 0.005 arn)

For f(t) = constif (crushable foam), {p.i; = 0.005 sec.
For f(t) = kit, tpeaiy = 0.01 sec. These times are a very
small fraction of the man-model’s natural period of 0.1188
sec, justifying the foregoing simplification of w2 <K wds.
The impulsive velocity change associated with cushion
bottoming at the critical time is also very small; of the order
of 0.2 fps. Thus, although a weak cushion will reduce dy-
namic overshoot and can be optimized for maximum effective-
ness, the benefits of so doing will be fairly small.

When a substantial initial deflection or preload exists, the
parameter £ will be increased. But Eq. (14) shows that the
parameter a/w[l — (a/w)a/B] cannot in any case exceed about
twice the small perturbation value. Thus, the foregoing
conclusions can be taken to apply without restriction to small
perturbations.

Comparison with Analog Studies

In Ref. 18, Shaffer has described the use of an analog
computer to study Egs. (3-5), using the spinal man-model
and 19 different (nonlinear) experimental cushion force-
deflection curves, driven by a typical ejection seat accelera-
tion-time history.

It is not possible to correlate these results with the param-
eter F(tg)/f(t5), since no record of f(t) was made. However,
as noted previously

Fits) f“* fde 1 (e f(t)ds, 18)

f(ts) O f(ts)  fltz) YO (ddy/dr)

For purposes of obtaining a very rough correlation, assume
that d8,/d! may be regarded as a constant; so we obtain, as

11 For a discussion of the exponential integral, see Appendix.

1t me f OtB f@t)dt is equal to the momentum which can be ab-

sorbed by a cushion (lb-sec). Thus, conventional pendulum
tests of a cushion would be very suitable, were it not for the fact
that the velocity-time history of a pendulum, mass is opposite to
that experienced by a cushion during an ejection.
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an approximate factor of merit for a cushion,

f‘;”’f(i)d& B fB‘B (cushion force)
o ftp) % (hottoming force)ds,
This parameter can be evaluated immediately from the

curve of cushion force against deflection 8;..  Correlation of the
parameter

DRI/DRI, =

with Eq. (19) is quite good, as shown in Table 1 and Fig. 6.
Because of the rather gross assumptions made to obtain Eq.
(19), it is unrealistic to expect precise correlation, of course.

(19)

@%amax With cushion/w?dsmax without cushion

Attenuation by Phase Shift

A number of fundamental forcing functions can be ob-
tained by successively differentiating the ramp funection in
Fig. 7a. Since a bottoming cushion, introducing forcing
funetions of the type shown in parts b and ¢ will cause a
maximum response to occur between m/2 and 7, we might
expect that this will subtract from the ramp response near
3w/2. For this to be significant, however, the impulsive
veloeity change would have to be significant. Even if bottom-
ing occurred at x/2, the impulse velocity change would be
less than 2.0 fps, and this would not change the maximum
response to the ramp because of the delay. If the cushion
bottoming occurred before 7/2, its solution could subtract
from the ramp maximum, but the effect would be small be-
cause of the small velocity change. It is therefore concluded
that a cushion’s ability to change the phase of the dynamic
system’s response is of little practical utility.

However, it is interesting to note that the foregoing
arguments can be applied to the acceleration profile of a
catapult with considerable benefit. Payne and Shaffer’®
have shown that a velocity spike at the beginning of a con-
ventional ramp acceleration input gives a 56% increase in
seat velocity and 1689, increase in seat travel without in-
crease in the seat occupant’s DRI. Even better results are
shown to be possible with more complex acceleration profiles.

Conclusions

1)  Within the variability inherent in operational systems,
the phase shift effects of a cushion probably cannot be used
to reduce the maximax response to ramp excitation, by any
significant amount.

WORK ABSORBED BY CUSHION
BOTTOMING FORCE

2) The parameter
Wl () () = &= sl [ goagyan/fies)

defines whether a given cushion [whose force mqf(t) is a
function of time] will attenuate or increase the DRI. For
thin cushions this parameter is approximately equal to

wli _ o f 5 j(B)dt _ w-(bottoming impulse)
f(ts) 2J0 f(tg) bottoming force

3) Asavery rough guide, the parameter

work absorbed in {t 1b
bottoming force in b

f 45 (cushion force)ds,
o0 hottoming foree

should not exceed 1 1t if DRI magnification is to be avoided.
This conclusion is consistent with the empirically observed
high injury potential of the thick rubber foam cushions used
in the early days of ejection seats.

4) Cushion bottoming impulse is a significant performance
parameter. It should be measured for a velocity 6, = ki,
however, rather than with 6 = 810 — k.f», which is charac-
teristic of conventional pendulum tests.
¥ 5) The need exists for a more sophisticated study in which
a lower “pelvic mass” is included in the dynamic model of the
man, in order to see whether these conclusions need modi-
fication.

y, a) b} <) d}
e > >
t t 1 t

PHASE ANGLES S0 L ]

“H

FOR MAXIMUM
RESPONSE OF AN
UNDAMPED SYSTEM

Fig. 7 Response of an undamped system to various
acceleration inputs.
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Appendix: Series Expansions of the
Exponential Integral

Integration by parts gives
femf(t)dt =et[ly —pla+pls— ... ]=et 3 (—p)l,
where

]n = fn f(t)dt"
F@) = e~ @) few't/af(f)dt

o wZ n—1
El(‘;) .

ar@y & _wh\#7'dl,/di
dh ;[( a> dh/dt]

I

20
a f(t)

Thus, for small values of wt, F(f) =~ I,. For example, the
integral

B t _ 2 atd? ol
€ tf etktdt_k[§|—?7+_4; —_ ]

— kt?/2 as at — 0
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