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SUMMARY

[ A method for. optiwizing ejection seat :ushions using injury
probability and comfort data was developed. The optimization pro-
cedure was used tv generate an .rtimal passive cushion consisting
of polym*ethane foam and an optimal inflatable cushion. In the
case of the inf*latable cushion, the use of rapid pre-ejection
deflation permizs maximization of comfort characteristics

Comfort testing was performed on various cushions together with
mechanical load-deflection and damping coefficient tests. In general,
increasing the thickness of a seat cushion iAcreases the comfort but
also increases the probab-1ity of injury. Analog computer studies
were used to estimate the injurl probability levels from the load-
deflection data.

The research and development program showed that comfort testing
is a practical tool in seat cushion design. Existing procedures for
mechanical testing and dynamic analysis are adequate for cushion
optimization but further development is needed to obtain more accu-
rate injury probability levels# There is a need for further research
on the physical significance of the optimization strategy, particu-
larly over a wide range of input acceleration conditions.
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FOREWORD
!

This investigation was initiated by the Vibration and Impact Branch,
Biodynamics and Bionics Division, Aerospace Medical Research Laboratory,
Wright-Patterson Air Force Bases Ohio. The research was conducted by[f Frost Engin.rlng Development Corporation of Englewood, Colorado* with the
dynamic analyses of cushions conducted by the Payne Division, Wyle
Laboratories, Rockville# Maryland. The co-principal investigators were
Mr. Ernest L. Stech of Frost Engineering and Mr. Peter R. Payne of Wyle
Laboratories. Captain Kenneth C. Flagg, Jr., of the Vibration and Impact
Branch, was the contract monitor for Aerotpace Medical Research Laboratory.
The research was performed under Contract No. F33615-67-C-1912 and in
support ot Project 7231, "Biomechanics of ospace Operations", Task
723101, rEffects of Vibration and Impact"rand Work Unit No. 723101053;
beginninlin July 1967 and ending in June £968.
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SECTION I

INTRODUCTION

PROGRAM DEFINITION

As aircraft mission durations increase, the problem of comfort assumes
importance in determining operational effectiveness, Missions last from
one to eight hours or more# particularly with inflight refueling. Simul-
taneous with the need for comfort, there exists a requirement to provide
election capabilities from zero altitude and zero speed up to high alti-
tudes and supersonic speeds. In order to achieve parachute opening at low
altitudes and speeds and also to obtain tail clearance at high speeds, the
election seat must accelerate rapidly, but without damaging the occupant.
Seat cushions can increase the hazard of ejection by providing undesirable
resiliencies between the pilot and the seat.

Added to the comfort and safety requirements is the need to minimize
discomfort and pilot performence degradation due to inflight vibrations.
The ideal seat cushion should serve as a vibration isolator among its
other functions.

A pr..vm was conducted to study the optimization of seat cushions
for both comfort and safety. One portion of the study constrained the
optimization process to a passive system, while the other portion allowed
consideration of active systems. The historical background, optimization
techniques, test methods, and development results are presented in sub-
sequent sections.

For the purpose of this report, seat cushions are divided into two
separate classes as followsi

PASSIVE A conventional-type seat cushion that con-
sists of a foam insert and a cloth cover.

INFLATABLE A conventional-type seat cushion plus an in-
flatable section with a manual or automatic

means for inflate/deflate. During normal
flight the cushion is inflated to vhe most
comfortable level for the individual.

A third type of cushion is feasible, the active cushion that vibrates
or pulsates at a rate of one cycle every five seconds or more. Since the
inflatable cushion developed in this program can be automatically inflated
end deflated only for thirty seconds or longer periods, it is not a truly
active cushion# but more properly a cycling inflatable cushion. Therefore,
the terminology "passive" and "inflatable" is used exclusively in this report.

1
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PREVIOUS RESEARCH AND DEVELOPMENT IN SEAT CUSHION DYNAMIC RESPONSE

The two earliest studies of the effect of cushions on election seat
safety were performed by Latham (1) and Bondurant (2). In both reports,
the effect of the seat cushion on acceleration loads was demornstratud.
Figure I shows test data analyser, by Bondurant to show a relationship
between acceleration measured on the subject and the thickness of a
specific type of seat cushion.

Latham concluded in his discussion that "It is apparent that the part
play.,;d by the seat cushion or pack is of major significance. A soft upper
surface is required to achieve spreading of the load-orer a wide rea of
the body-9 yet at- the same time full compression of the pack should be
approached with the-normal Veight of the-pilot (180 to 200 lbs.)* A slow
r espondig foam plastLc mateiial 2 to 2-1/2" thick is very-suitable as a
seat cushion for this urpose. In -addition, the compressibility of the
remalder of the seat pack should be reduced to a minimum * . . .
Laiham--recognised the need to tchiovt virtually full compression of the
c"ihi6n Under normal I-& loads, a factor to which reference is made- later
in the p'sent tudy.

i'°- TE EEG ON SEAT -USH-ON TH - -NESS

<OF

ILI

CUSHIOI4 THICPKNESS (INCHES)11 FIGURE 1
THE EFFECT OF SEAT CUSHION THICKNESS

ON HIP ACCELERATION MROM BONDURANT (2)

2
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Bondurant summarized his findings as follows: "1. Ejection seat
cushions of low compression resistance and/or great thickness may signi-
ficantly magnify the force acting on the seat occupant during headward
acceleration. 2. During any specific headward acceleration, this magni-
fication of force increases the likelihood of injury, e.g., compression
fracture of a vertebra. 3. The standard MC-l and MC-2 cushions (medium
density foam rubber) are not thick enough to constitute such a hazard.
The limited standard A-5 cushion may magnify the force acting on the
subject during headward acceleration. 4. The best available cushions
are made of plastic, with a compression resistance high enough to safely
permit a thickness adequate for comfort." The assertions on acceleration
amplification made by Latham and Bondurant indicate the undesirable safety
features of soft, thick cushions.

Cadaver tests were conducted by Hodgson, Lissner, asid Patrick (3) to
determine, among other things, the effect of cushions on observed spinal
loads. They found an increase in the ratio of peak to mean response for
all types of cushions tested when compared to a no-cushion condition.

In 1959, an Air Force technical report dealing with new materials for
seat and back cushions was published (4). Urethane foams were recommended
as seat cushion materials as a result of the reported developments. Mean-
while, the Royal Air Force was also investigating the properties of poly-
urethane foam (5). Both the U. S. and British reports dealt with static
load-deflection data and dynamic damping data.

In the late 1950's and early 1960's, nore attention was focused on
the dynamics of the human body. Goldman and von Gierke (6) summarized
the available information in a review of the area. Subsequently, Payne (7)
developed a sophisticated theory of personnel support system dynamics.
Payne's results permitted at least rough estimates of the effect of seat
cushion dynamics on the response of the human body to acceleration input.
During the present program, Payne performed additional work on the analysis
of seat cushion dynamics, the results being discussed subsequently (8).

RESEARCH ON SEATING COMFORT

Comfort has been a major problem in seat design for as long as man has
used seats. There is an intuitive notion among seat designers and seat
cushion designers that softness is related to comfort and that it is
effective primarily because it spreads the load across the buttocks,
Latham (i) for example, says "a soft upper surface is required to achieve
spreading of the load over a wide area of the body . . . , . ."

Bondurant (2) makes the following suggestion on cushion optimization, "the
best available cushions are made of plastic, with a compression resistance
high enough safely to permit a thickness adequate for comfort".

However, automobile seat designers were interested in evaluating riding
comfort and proposed specific criteria as early as 1935 (9). In
Sweden, Akerblon published a monograph (10) on the standing and sitting

[ 3
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posture as related to chair design, and he discussed the principles of

comfortable seating and their application in the design of comfortable
seats. Commercial aircraft designers were also concerned with seating
comfort, Cumberland and Bowey (11) published a paper or passenger seat
comfort in 1950. Dreyfuss (12) summarized the principles of comfortable
seat design in 1960. His main points were the provision of a large seat

pan, seat back tilt, and a hip angle of 900 or more. Where possible, a
seat should include the possibility of sitting in sevgral positions
since some discomfort arises out of imnobility, For the bottom cushion,
Dreyfuss feels the body weight should be supported on -the tuberosities
of the pelvis.

Active attempts at improving seating comfort through contouring were
made by Aertzberg i. the late 1940's (13, 14). Pulsating seat cushions
were studied as comfort enhancement devices by Hertzberg as reported in
1956 (15) and 1958 (16). In 1962, Dempsey described in more detaildevelopment of an inflatable seat cushion for long duration flights (17).

The configuration of the cushion is shown in Figure 2. It consisted of
a foam cushion with two inflatable areas underneath the occupant's tuber-
osities, the pressure distribution being varied in this way. The change
in tuberosity pressure with the cushion inflated and deflated is shown in
Figure 3. Dempsey reports a 20 second inflation and 20 second deflation
cycle used on this seat. It was flown in a B47 which incorporated a
variable geometry ejection seat. Total mission duration of the B47 flight
was 80 hours and the results of this flight were reported by van Wart in

1961 (18).
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SECTION A-A

FIGURE 2
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Hertzberg (15) and Dempsey (17) reported attempts at direct measure-
ment of the pressures applied by the buttocks to the seat cushion or seat
pan. Kohara, a Japaners Investigator discussed the problems of seating
comfort and the measuren.ent of buttock/seat loads In an unpublished report
in 1965 (23) and subsequently In a magazine article In 1966 (24). Kohara
was able to weasure pressures by means of chemical contact as well as with
electrical Instrumentation, Hertzb rg and Dempsey utilized a she@. of
rubber pressed against a thick piece of plastic with a special lighting
arrangement to obtain pressure gradient data.

Hertzberg obtained subjective evaluations in some of his early work
(16)9 but the major attempt at the subjective evaluation of aircraft
seating was accomplished by Slechta and his colleagues at Tufts University
in 1957 (25). This study Involved the comprative evaluation of 7 seats
in a carefully conceived and executed experimental program* Unfortunately,
Slechta and his fellow investigators did not obtain mechanical buttock/
cushion Interface data or tuberosity pressure data. Thus, no physical
information existed against which tho comfort evaluations could be
analyzed.

Wachsler and Learner (26) re-analyzed the Slechta data using corre- i
lational and factor analysis techniques* Among other findings, the re-
analysis showed that buttock discomfort was the major eeterminant in
overall seat comfort ratings. The remainder of the Wachsler and Learner
results are discussed subsequently in this report.

On the basis of the previous research conducted in seating comfort,
the present program was oriented toward the collection of subjective
comfort judgments and simultaneous physical measurements in an effort
to relate the two. The methods involved and the results are reported
In subsequent sections.

VIBRATION ISOLATION CHARACTERISTICS OF SEAT CUSHIONS

Road vehicle designers use seat design to minimize the effects of
vLbration on drivers and passengers. Goldman and von Gierke (6) re-
viewed and summarized the information on road vehicle seating. Most
road vehicle seats consist of two major mechanical deflection segments.
There Is usually a layer of material directly in contact with the person's
buttocks that serves as a load distribution technique. This upper surface
Is then supported by springs that serve as vibration isolators. Engelhadt
*t. al. (27) have published data that Indicates the actual frequency of
seats in at least some automobiles is in the vicinity of three cycles per
second. PrevIous research has shown a major fundamental frequency of the
human body in the vicinity of six cycles per second, so that a 3-cpe seat
frequency would provide reasonable attenuation.

6



Tractor seat design has also been studied intensively in terms of

vibration Isolation. Kohara has also studied the vibration Isolation
requirements in high speed trains (23, 2'). Howeveri the seat cushion
has been used only rarely in military aircraft as a vibration isolator.
severe aircraft vibration problems are usually tackled through gust
alleviation schemes and more recently by vibration Isolation tech-
niques (28).
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SECTION II
OPTIMIZATION PROCEDURES FOR EJECTION SEAT CUSHIONS

FACTORS AFFECTING OPTIMIZATION

As pointed out previously, a seat cushion is primarily a comfort
enhancement device with a possible auxiliary function of providing
vibration isolation. However, a poor cushion results in excessive
dynamic overshoot during ejection. Optimization must balance comfort
against risk.

Three hypotheses, based on earlier published research on cushions,
were advanced to form a preliminary definition of the problem as
follows:

(1) Increasing the thickness of a cushic.-, w;.ll increase its
comfort value.

(2) Increasing the thickness and/or decreasing the stiffness may
or may not increase its vibration isolation effectiveness.

(3) Increasing the thickness will increase the probability of
injury during ejection.

These statements were based upon the assumption of a cushion withlinear load-deflection characteristics and linear damping, In reality,
most cushions are nonlinear in elastic and damped response. Therefore,
tests and analytic procedures had to be used to find how close the hy-
potheses on comfort, isolation, and risk were to reality, and the tests
and procedures had to be based on the best available data and theory.

Comfort

A hypothetical relationship of comfort to cushion stiffness,
shown in Figure 4, was generated based upon the opinions and limited
test results found in the relevant research articles. The line of
reasoning used in generating the hypothesis explains the shape of the
curves in Figure 4. If a cushion material has a very low stiffness# it
does not support the occupant, and the seating situation is equivalent
to no cushion at all. At the other extreme, a cushion with very high
stiffness supports the occupant away from the rigid seat pan but is in
itself as stiff as the seat pan. Between these two extremes, a maximum
comfort point exists9 being a function of both stiffness and thickness.



The hypothesized relationship was supported, in part, by the
results of Slechtats work (25) on seating comfort. A graph of Slechta's
data is presented in Figure 5. Since no stiffness data was provided
directly and the thickness measurements were hard to interpretq Figure
5 represents a very crude evaluation of comfort versus stiffness.
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Vibration

To act as a vibration isolator, the seat cushion must have a
resonant frequency below that of the system to be isolated. Previous
research (30t 31) has shown the upper body of the human being to havea natural frequency of 6 to 8 cps. Therefore, the cushion should have
a natural frequency of less than 6 cps. with a man sitting on it.

A linear spring deflected to a value, XSt, under one g by
a mass, mg has a natural frequency (29) found from

,~- . IU (1)

fh = = natural frequency, cps
X = static deflection, inches

The curve for this equation is plotted in Figure 6 together with the
zone of human body resonance and the approximate maximum thickness range
of current operational seat cushions. This graph shows the limited
amount of vibration isolation available from a reasonable cushion
thickness.

NOTS: FREQuENCYV GtALE - CPS
THICKNESS SCALES .INCMS

w
+ t0 ,-APPROXIMAME MAXIMUM RGMAIWNWG
S-/1 i TICKNF.SS OF CURRENT CUSHIORS

ZONE OF NATURAL FREQUENCY

W+ 1:0 1 3,. -I '

bE DOOFTHe HUMAN BODY

U ZOETO IEATTEN4UAT6D

bE 0
e24 6 10

w REMAIWNN9 CUS14ION -rPICKN4ESS U bJt~a 16LA++ 0 D O IS90

TOTAL CUSHION THICKNESS

FIGURE 6
VIBRATION ISOLATION CHARACTERISTICS

OF TYPICAL SEAT CUSHIONS

_, L __ _ _----



Another consideration is important. Cushion bottoming is un-
desirable from an injury risk standpoint (7). Clearly a large stroke,
soft cushion will bottom out under sustained ejection loads. Any
attenuation of vibratory inputs below 6 cps. will result in a higher
injury probability than a stiffer, thinner cushion. For this reason

L plus the practical limit on cushion thickness, the use of a seat cushion
as a vibration isolator should be limited to the attenuation of fre-
quencies of 10 cps. or higher.

Injury Probability

The risk of spinal injury during ejection has been evaluated
previously by Stech (31). Vertebra Ll was found to be the weakest
element in the spinal column. The probability of endplate damage, pro-
portional limit failure, and compression failure are shown in Figure 7.
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FIGURE 7
PROBABILITY OF DAMAGE TO VERTEBRA Ll

12



In order to evaluate the effect of cushion dynamics on injury risk,
data published in Bondurant's report were converted to overshoot ratio$ that
is, input peak acceleration divided into peak acceleration on the occupants
The resulting curve is shown in Figure 8

w An input peak acceleration of 15 G's was taken as an arbitrary but
representative value of ejection seat loads. Multiplying the overshoot
values from Figure 8 times 15 G~s gave art estimate of Ithe peak acceleration

applied to the occupant which in turn was used with Figure 7 to obtain
probability of injury values, Throe curves, one for each mode of failure,
are presented in Figure 9,
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Optimization of Inury Probability and Comfort

To summarize, the relationship of cushion thickness (or stiff-
ness) to the important parameters of comfort and injury risk can be
measured while vibration isolation is a minor function of a cushion.
The optimization problem is how to quantify comfort and injury risk.
Comfort must b' evaluated subjectively. Injury probability can be
estimated using the approach illustrated previously. The two measures
appear to be incapable of useful combination into an optimization pro-
cedure.

The only possible method available is to convert cushion com-if fort measures into probability values, a procedure which is feasible.
In fact, one of the best and only ways to evaluate subjective estimates
is to compare them to a standard condition evaluation through a t ratio
test or some similar statistical measure of significance. If the bench-
mark condition is a rigid seat pan, all foam cushions can be compared
to the stiff pan using the average comfort estimate for each condition
plus the variance in estimates. The result is a probability that the
cushion is in fact more comfortable than a rigid seat pan. An example
is shown in Figure 10, taken from comfort tests conducted in this program
and to be discussed in more detail later.

Using the data from Figure 9 on injury probability and from
Figure 10 on comfort probability, the curves in Figures 11 and 12 were
generated for endplate fracture and compression fracture respectively.1The orocedure involves subtracting the injury probability from the
comfort probability and plotting the resulting points. For endplate
fracture as an injury mode, the optimization curve is reasonably flat
from 1-1/2" to 2-1/2" with a sharp cutoff at 3".* The curve for com-
pression fracture is flat from 2" to 3" with a sharp drop from 3" to 4".In terms of either endplate or compression fracture, there is no parti-
cular advantage to a thickness greater than 2". So the result of the
optimization is a thickness of 2" of polyurethane foam for the ejection
conditions specified.
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OPTIMIZATION CRITERIA FOR THE PRESENT PROGRAM

In preceding paragraphs, data from various sources were used to
illustrate the general procedure to be employed in optimizing the passive
or active developmental cushions which were the goal of the present
program. Injury risk estimates for the developmental cutiions were
made using the acceleratic:n-time history of an operational ejection
seat. Figure 13 shows the acceleration pulse supplied by the Contract
Monitoring Agency and the smoothed version employed in the analog com-
puter studies, results of which are reported later in this report.
The analog work was performed by Payne Division of Wyle Laboratories
and the methods employed are summarized in Appendix A.
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SECTION III

TESTS OF TWO OPERATIONAL AIR FORCE SEAT CUSHIONS

.IDENTIFICATiOg OF THE SAMPLES-

Two seat cushions from operational aircraft were provided as Govern-
ment Furnished Property by the Contract Monitoring Agency to serve as
a comparative baseline for subsequent cushion optimization. Before
performing mechanical and comfort tests of the operational seat cushions,
a detailed visual inspection was made and dimensions were taken.

One cushion was identified as FSN 16607909760, with a Contractor's
Part No. F3460167-C9709. This was a molded latex foam cushion with
5/8" cores on 1-1/8" centers. The cushion was contoured with a thicker
front edge than rear edge. Two tuberosity depressions, approximately
1/2" to 3/4" deep and on 8" centers, were formed into the bottom of the
cushion. The shape of the cushion and its general configuration are
shown in Figure 14. The measured density of the cushion was 4.83 lbs.
per cubic foot.

The other cushion was identified as FSN 16609192790. This cushion
bore a Contractor's Part No. 140452-1. The cushion was molded of poly-

furethane with a contour similar to that of the latex cushion. A photo-
graph showing the general configuration of this cushion is presented
as Figure 15. The measured average density of the total cushion was
6.44 lbs. por cubic foot. One of these cushions was cut up for visual
examination of its interior after testing, and rather large density
variations were apparent in the cross-section. Large voids or holes
occurred along the material flow pattern during molding and a high density
crust was evident along the bottom surface of the cushion.

The first cushion described above was identified as an FIOl ejection
seat cushion, while the second cushion was identified as a F104 ejection
seat cushion. In the remainder of this report, these cushions will be
referred to as the FlOl and F104 cushions respectively.

STATIC LOAD-DEFLECTION TESTS

A series of load-deflection tests were run using the test method
described in Appendix B to this report. Three indentor feet were used,
and the results are plotted in Figures 16 and 17 for the F10 and F104

Kcushions respectively. The load-deflection requirements of MIL-S-27332A
(USAF) have been included in the graphs for comparison purposes.

Since the MIL-b-27332A tests are arbitrary laboratory procedures,
data were needed on the indentation of human buttocks into the two
cushions for c.omparison purposes. Six subjects in turn were seated on
each cushion. Deflection was measured by means of two pins, one under
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each tuberosity, which were pushed downward through holes in the seat pan.
Measurements were made with the legs in the extended and tucked positions.
The averages for six subjects are plotted in Figures 18 and 19. There
is little difference between the two sitting conditions for the soft latex
foam F1O1 cushion. Tucking the legs does make a difference on tae F104
cushion, and the tucked position approximates the deflection obtaiAed
with all three indentor feet on the static test rig, coming closest to
the double ellipsoid curve. Indentation of the F104 cushion with live
human subjects is less than that obtained in static tests.

Another series of tests were run in which various loads were applied
to the subjects' buttocks in the legs extended position. This was done
by having the subjects relieve part of their sitting weight by raising
themselves on an overhead bar. Then seti of weights ranging from 25 to
100 pounds were held by the subject to obtain higher buttock loads.
The results of these tests are shown in Figures 20 and 21. For the
FIOl cushion, the load-deflection curve obtained in this way is not
the same shape as the laboratory test machine curves. The F104 cushionIcurve from the human subject tests appears to be similar to the indentor
foot curves, although the limited range of testing possible with the
human subjects does not permit a very adequate evaluation.

The static load-deflection tests plus the human buttock indentation
tests lead to several conclusions that are important to seat cushion
design. First, different indentor foot shapes give different load-
deflection curves. Second, the human buttocks may indent seat cushions
differently when the legs are extended and tucked. Third, human buttock
load-deflection curves may differ from all three of the indentor feet
used in the static tests in this program. These conclusions show that
results obtained in mechanical laboratory tests must be evaluated
cautiously and used with extreme care in design analysis.
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ii FIGURE 14
LATEX FOAM F101 EJECTION SEAT CUSHION
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FIGURE 154 POLYURETHANE F104 EJECTION SEAT CUSHION
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DYNAMIC REBOUND TESTS

Since the damping of the seat cushion can affect the dynamic overshoot
experienced in the ejection, tests were conducted on the F104 and F1
cushions to obtain an estimate of the damping coefficient for each. The
results of the rebound resilience teats are shown in Figure 22. The F1O1
cushion, consisting of cored latex foam, exhibits a gradually increasing
damping ratio from impact velocities of 3 feet per second up to 8 or 9
feet per second. The F104 cushion, with slightly different characteristics,
has a constant damping ratio up to 8 or 9 feet per second. Both curves

increase sharply between 8 or 9 feet per second due to bottoming effects.
When the cushion bottoms, the pendulum arm is impacting, for all practical
purposes, Into the rigid support stage used to hold the cushion specimens.
Beyond the bottoming point, the damping ratio values are a combination of
the damping of the pendulum arm and structure and of the seat cushions.

These tests illustrate the difficulty in obtaining reasonable damping
coefficient estimates with highly non-linear materials which also exhibit
sharp bottoming characteristics. The difficulty is quite serious. For
example, the FO14 cushion is bottomed to all intents and purposes at 1G
with a 200-210 lb. subject on it. This can be seen in Figure 17. Because
of this characteristic, the damping ratio values shown in Figure 22 for
the same cushion represent the damping from no deflection to to the 1.0 -

1.5 G deflection point for average size occupants. The damping ratio, with
the cushion bottomed, cannot be tested adequately without an extremely
stiff impact pendulum.

These tests illustrate the difficulty in obtaining damping coefficient
estimates, but they also raise the question of how important the damping
coefficient is in real nushions. The precise magnitude of the damping
ratio probably is not very important in analog computer studies, a typical
ratio of 0,2 being adequate for such analyses.

COMFORT TESTS

Comfort testing was conducted by having a panel of 14 subjects rate
the cushions over a four-hour sitting period as described in the appendix
on test methods. Each subject was given a pre-test and post-test question-
naire plus an hourly questionnaire. In addition to subjective ratings,
measurements were made of the pressures underneath the ischial tuberosi-
ties of each subject for each cushion.

The average tuberosity pressure for the F104 cushion was 1,21 psi and
for the FO1 ushion, 1.89 psi. These averages represent 28 data points,
representing the right and left tuberosity pressures for 14 subjects, A
more complete discussion of the tuberosity pressures and comfort ratings
is presented later in this report, at which time the tuberosity pressure
values are interpreted more fully.
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The two cushions were compared using four different measures. Each
subject was asked to rate the degree of comfort of the seat on an overall
basis, to estimate the number of hours he could continue to sit in the
seat, and to rate the degree of discomfort of the buttocks. These ques-
tions were asked at the beginning of the first hour of the test, and
thereafter at the end of each hour. Figures 23, 24, and 25 show the time
trend for each of these three ratings.

Each subject was also required to rate the overall degree of comfort
of the seat as part of the post-test questionnaire. The statistical
tests of significance on this rating plus the overall comfort and buttock
discomfort showed no significant difference between the cushions. A
summary of the statistical tests is presented in Table I.

TABLE I

STATISTICAL SIGNIFICANCE OF TFE DIFFERENCES BETWEEN
TWO AIR FORCE OPERATIONAL SEAT CUSHIONS

FIOl F104 Molded
Latex Foam Polyurethane

Mean Standard Mean Standard Difference t Signifi-
Rating Error Rating Error in Means Ratio cance

Overall
Comfort 0.90 0.21 0.80 0.18 0.10 0.3616 0.7

Buttock
Discomfort 0.74 0.10 0.74 0.12 0.00 0.0000 None

Post-Test
Final Rating 2.18 0.78 3.15 0.91 0.97 0.8093 0.4a1
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DYNAMIC RESPONSE ANALYSIS

Analog computer studies of the two cushions were conducted to obtain an
estimate of dynamic response effects. Details of the analog procedures are
presented in Appendix A as reported by Payne Division of Wyle Laboratories.
The operational ejection seat acceleration-time history presented earlier
as Figure 13 was used as the forcing function in the computer. Both cush-
ions resulted in an amplification of 1.15 times the input peak acceleration,
so no difference in dynamic response was found.

I iCONCLUSIONS ON THE OPERATIONAL AIR FORCE SEAT CUSHIONS

The F1O1 and F104 cushions can be compared on the basis of the static
load-deflection tests, dynamic rebound tests, comfort tests, and analog
computer results. The F1O1 cushion, manufactured of latex foam, showed a
nonlinear load-deflection curve which exhibited a damping ratio which
increased from 0.2 to 0.3 over the range of impact velocities used in the
dyanmic rebound tests. The F104 cushion deflected to a lesser extent,
having approximately 50% of its total thickness left under a 120-pound
load. The damping ratio of the F104 cushion was relatively constant at
0.20 until bottoming began with the impact pendulum. Analog computer
results showed that both cushions exhibited a dynamic amplification of
1.15 over a rigid seat pan, no-cushion condition.

I The comfort evaluation showed no statistically significant difference
between the two cushionsv although the F104 cushion gave a lower tuber-
osity pressure value. No consistent trend was evident in the comfort

I evaluations either, so the cushions must be judged as equivalent in com-
fort ter,
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SECTION IV

DEVELOPMENT OF AN OPTIMUM PASSIVE CUSHION

DISCUSSION

Based on a review of literature and the tests conducted on the opera-
tional seat cushions, there was an obvious need for more data on the rela-
tionship of comfort to cushion thickness. Some information was available
and test techniques had been worked out, but very little was known about
comfort characteristics of cushions. The test procedures developed by
Slechta, st. al. (25) and discussed in Appendix B in this report seemed
appropriait for obtaining subjective evaluations. The passive cushion
optimization was initiated by running comfort tests.

POLYURETHANE FOAM COMFORT TESTS

The initial polyurethane foam comfort tests were conducted on 1.6 lb.
per cubic foot foam in thicknesses of 1/2, 1, 1-1/29 and 2 inches. Sub-
sequently, the tests were run on 3 and 4 inch thick foams.

The foam samples were obtained from a local supplier and identified as

.-;a :.'co Chemical Company, Type 1.75 SE, with a measured density of 1.68

lbs/ft 3 . The material was tested in accordance with MIL-S-27332(A) for
tensile strength, elongation, compression set, and tear resistance. The
results are shown In Table II and the material met all the specification
requirements. The data plotted in Figures 26, 27, 28, and 29 represent
the average hourly ratings for the zero-thickness or no-cushion condition
and the 1/2", 1", 1-1/2", 2", 3", and 4" thick foam samples. These data
represent the averages for 14 subjects except for the 1" thickness. In
the latter case, data from only 13 subjects were used since the 14th sub-
ject did not stay in the seat for the full four hours.

In Figure 26# the average hourly comfort ratings show a steady decrease
with the thinner cushions being less comfortable almost all the way through
the sessions. The no-cushion condition and the thicknesses up to 1-1/2"
become asymptotic between three hours and four hours. This also occurs for
the 2" foam, although the asymptote is at a much higher rating. The 3" and
4" thicknesses are not asymptotic at the end of four hours.

Figure 27 shows the number of hours subjects estimated they could con-
tinue to sit for four thicknesses of the foam. Only the thinner cushions
are shown on this graph. A steady decrease in the number of hours subjects
estimated they could continue to sit is shown in the figure. The data for
the two thicker cushions are shown in Figure 28. The reason for the
difference between the graphs is that the estimating procedure was changed
for the subjects after the thinner cushions had been evaluated. During
the tests on the 0" - 2" foam thicknesses, the subjects were allowed to
provide any Initial estimate of hours that they desired. This seemed to
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lead to a rather variable estimating situation with very little difference
between the cushions as can be seen in Figure 27. Therefore, the pro-
cedure was changed on the 3" and 4" cushions. The change involved having
each subject begin his estimation at 8 hours, a direction included in the
subject's initial instructions after being seated on the cushion. Unfor-
tunately, this change did not affect the variability of the scores in
the desired direction.

The average hourly buttock discomfort for the four hour sitting period
is shown in Figure 29 and as expected, the discomfort increases steadily
over the entire sitting period. Again, the curves for the thinner cushions
seemed to become a.symptotic between three and four hours. In the case
of the buttock discomfort rating, the thicker cushions also seemed to
have reached an asymptote.

Another mode of analysis of the data is to relate the subjective
comfort ratings to cushion thickness. The tuberosity pressure measured
with the cushion can be related to its thickness 9 the data for the
1.6 lb/ft 3 foam being shown in Figure 30. As expected, the tuberosity
pressure decreases as the thickness of the foam increases. In Figures
31, 32, 33, and 34, the average hourly comfort ratingg number of hours
subjects estimated they could continue to sit, buttock discomfort, and
post-test comfort rating are plotted against cushion thickness. The data
points represent an average of the hourly ratings presented in the pre-
ceding graphs. Each point represents the ratings of 14 subjects on five
different questionnaires for a total of 70 estimates.

The preceding data are of interest in terms of the time trends, thickness
trends, and tuberosity pressure trends exhibited in the graphs. However,
the data are relatively difficult to interpret from a design standpoint.
The comfort rating data can be analyzed by statistical procedures and
additional insight gained into the importance of cushion thickness. The
procedure adopted was a comparison between the zero-thickness condition
and the six thicknesses of foam tested. A t-test of significance was per-
formed on the data.

Results are shown in Tables III, IV, V, and VI. The values reported
in the tables can be interpreted easily. For example, the difference
between a zero-thickness cushion and 1/2" of polyurethane foam was found
to be significant at the 0.40 level. This means that there is about a 40%
chance that the two conditions would be rated as equal or that the zero-
thickness condition would be rated more comfortable than 1/2" of foam by
another subject panel. The difference between the zero-thickness condition
and 1" of foam gives a significance of 0.10. Again, this implies that

I~ there is a 10% chance that the 1" foam is not truly different from no
It foam at all. In the case of 2" foam versus no cushion, the nhances are

only one in 1,000 that the no-cushion condition is actually more comfortable.

The same form of interpretation is possible with Tables IV, V, and VI.
In effect, these tables provide a basis for evaluating the importance of
the subjective evaluation in terms of human average judgments. Adopting

*
-
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the convention of a 5% significance level, it is evident that the designer
must use at least a 1-1/2" foam thickness and preferably a 2" thickn-ss
to achieve a statistically significant improvement over the zero-thickness
condition.

TABLE II

PHYSICAL CHARACTERISTICS OF THE 1.6 LB/FT
3

POLYURETHANE FOAM USED IN COMFORT TESTS

MIL-S-27332 TESTS

Density, Average: 1.68 lb/ft3

Tensile Strength: 18.2 ib/inch
Elongation: 187%
Compression Set: 7.0%
Tear Resistance: 2.78 ib/inch

TABLE III

THE STATISTICAL SIGNIFICANCE OF THE
DIFFERENCE IN OVERALL COMFORT RATING

FOR SIX THICKNESSES OF 1.6 LB/FT3 POLYURETHANE FOAM

Difference t Significance
Between Level

0"-1/20 .095 0.40
0"-1" 2.10 0.05
0"o-o-/2" 2.18 0.05

4.O-211 4.76 0.001
-"31 7.108 0.001

O1-4" 12.287 0.001
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TABLE IV

THE STATISTICAL SIGNIFICANCE OF THE DIFFERENCE IN NUMBER
OF HOURS SUBJECTS ESTIMATED THEY COULD CONTINUE TO SIT FOR

FOUR THICKNESSES OF 1.6 LB/FT 3 POLYURETHANE FOAM

Difference t Significance

Between Level

01"-1/2" 0.73 0.50
O"-i" 2.63 0.02
0"-1-i/2" 1.73 0.10
0"12" 2.83 0.01

TABLE V

THE STATISTICAL SIGNIFICANCE OF THE
DIFFERENCE IN BUTTOCK DISCOMFORT FOR SIX

THICKNESSES OF 1.6 LB/FT3 POLYURETHANE FOAM

Difference t Significance
Between Level

01-1/21 0.68 0.50
Off-it 1.41 0.20
0-1-1/2" 1.55 0.20
0-20 2.77 0.01
o"0-3" 6.275 0.001
0"-41" 7.635 0.001

TABLE VI

THE STATISTICAL SIGNIFICANCE OF THE
DIFFERENCE IN POST-TEST FINAL RATING FOR SIX
THICKNESSES OF 1,6 LB/F7 3 POLYURETHANE FOAM

Difference t Significance
Between Level

01-1/2" 0.70 0.50
oil 0.47 0.70
0"- 1-1/2" 1.09 0.30

2.68 0.02
2.789 0.01

0"-4" 3.368 0.01
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STATIC LOAD-DEFLECTION TESTS

Static load-deflection tests for the polyurethane foam were conducted
in accordance with MIL-S-27332A (USAF) test procedures. The tests were
performed with the hydraulic loading device illustrated in Appendix B9 and
the flat 50-sq. inch indentor foot, the ellipsoidal indentor foot, and the
double ellipsoid indentor foot were used.

The specimens tested in this portion of the program consisted of a thin
slab of Ensolite with a thickness of polyurethane foam on top. This con-
figuration was tested instead of simple polyurethane because it represented
a closer approximation to the final design concept of both the active and
passive cushion. A decision was made to keep the two types of cushions as
similar as possible in their basic construction so that the two could be
compared to each other in terms of the optimization prccedures. The actual
specimens consisted of 1/4", 1/2", 3/4", and I" of Ensolite with 0 ", 1/2",
and 11" layers of polyurethane. The load-deflection curves are shown irt
Figures 35, 36, and 37.

REBOUND RESILIENCE TESTS

In order to provide a realistic analysis of cushion dynamics on the
analog computer, the damping ratio of 1.6 lb/ft 3 polyurethane material was
found by means of pendulum rebound resilience tests. Results are shown in
Figure 38. An attempt was made to obtain damping data on the Ensolite
material, but its stiffness was such that no useful data could be obtained
on the rebound pendulum.

OPTIMIZATION OF THE PASSIVE CUSHION

The ultimate goal of the program reported here was the optimization of
a cushion utilizing the procedures outlined earlier. Analog computer re-
sults for the four thicknesses of Ensolite with no polyurethane foam and
with 1/2" and 1" of foam are shown in Figure 39. These data represent
dynamic response values for a single degree-of-freedom system with a 60 lb.
upper torso mass, a point which will be dealt with shortly.

In Figure 40, the probability of compression fracture is shown as a
function of Ensolite thickness and the presence or absence of a polyure-
thane foam layer. The polyurethane foam has an attenuating effect with
the thicker Ensolite layers which also involve higher probability of
injury values. An important feature of Figure 40 should be noted. The
injury probability values rise quite rapidly over the range from 3/4" to
1" of Ensolite indicating a critical point, almost a discontinuity from a
practical view, in the cushion thickness versus injury risk relationship.

The probability of compression fracture and probability of significantly
increased comfort are plotted in Figure 41. In order to provide an optimi-
zation curve that illustrates the points to be made later, the probability
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of compression fracture values were multiplied by ten. Note should also
be taken of the fact that the horizontal coordinate represents polyurethane
thickness rather than Ensolite thickness, The Ensolite used in this design
was quite stiff and, as a consequence, was assumed to have a minimal effect
on increasing comfort, It was used to provide a firm mechanical support
for the upper layer of foam and as a method of incorporating the contouring
required for the seat pan, a point discussed more fully below.

In Figure 41, the injury probability subtracted from the comfort en-
hancement probability shows an optimum polyurethane thickness of one inch.
The injury probability curve has been extrapolated rather arbitrarily
beyond one inch of polyurethane; however, the slope of the extrapolated
segment is not critical as long as it is positive. Since the comfort
enhancement probability becomes practically asymptotic with one inch of
foam, the optimum point must be a one-inch thickness if the injury pro-
bability continues to increase. Using the definition of optimization adopted
in this program, the optimum cushion thickness is defined by the asymptote
of the comfort enhancement probability curve as long as the injury pro-
bability increases with increasing thickness. Therefore, very precise
injury probability estimates are not required for optimization.

The last point is rather important. In the analog computer analysis
of cushion dynamic response, a 60-pound mass, single degree-of-freedom
model of the human body was used. One of the findings of the analysis was
that the relationship of the initial or one G point on the load-deflection
curve to the "knee" o. the curve was important in providing attenuation or
amplification. The problem is that the cushions were preloaded to 60 pounds
under one G in the computer but the buttock-cushion interface study showed
the effective load to be 120-130 pounds for the average occupant. Further-
more, the human body and cushion are more accurately represented by the model
in Figure 42. These limitations on the dynamic responses data are not
serious, however, as long as the increasing probability of injury assumption
holds.

Several features of the optimization procedure should be considered in
detail in order to evaluate th,. adequacy of the method. Most importantly,
the absolute value of the probability of injury should be quite low at
the optimum point. For example, the optimum thickness could be two inches
of foam for a given cushion design but the probability of a compression
fracture might be as high as 30% or 40%. The optimum in such a case is
unacceptable in terms of injury risk. In any optimization program, there-
fore, there is a need to establish a maximum acceptable injury risk, and
the optimum cushion should not exceed that limit.

The other facet of the procedure which should be noted is the relative
nature of the comfort enhancement probability. A review of the comfort
ratings graph shows that the subjective evaluation of increasing comfort
does not become asymptotic at one inch of foam. In Figure 41, the opti-
mization was carried out relative to no cushion at all. Figure 43 shows
another situation entirely. The probability of comfort enhancement is
calculated and plotted relative to the comfort provided by one inch of
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foam using actual comfort test data. A purely hypothetical probability
of injury curve is used for illustration. In this example, there are two
optimum points. One occurs at or below one inch of foam and represents a
"safe but uncomfortable" design. The other occurs at three inches and
constitutes an "unsafe but very comfortable" design. A worst case condition
occurs with two inches of foam, shown by the negative peak of the optimi-
zation curve.

In the kind of situation just described, the cushion designer has two
options. First and most preferable would be an attempt to generate a new
and different cushion design with better comfort versus risk character-
istics. If such a course of action is not possible, the alternative is
to adopt a maximum acceptable injury risk, for example the 25% level shown
in Figure 43, and take all the comfort enhancement available at that risk
level.
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SECTION V

DEVELOPMENT OF AN INFLATABLE CUSHION

DISCUSSION

An inflatable seat cushion has one major advantage over a passive
cushion: it can be designed to provide low tuberosity pressures during
normal l-g operations and yet become rigid during ejection. Comfort over
long durations is feasible without compromising seat ejection safety.
This combination of comfort and sAfety was the goal of the inflatable seat
cushion development.

PRELIMINARY DEVELOPMENT TESTS

Two approaches to an inflatable cushion were visualized at the beginning
of the program. The first approach was the use of a non-extensible cushion
inflated to a comfortable position during normal flight and then over-
inflated to provide a rigid surface during ejection. The alternate approach
required deflation of an extensible rubber bag prior to ejection. A sub-
contract was let to Hauser Research and Engineering Company for the pre-
liminary development of both non-extensible and extensible seat cushions.

A non-extensible seat cushion was developed by Hauser Research and
Engineering, the method of construction involved wrapping a high strength
plastic shipping tape around a block of styrofoam and then chemically
washing the styrofoam away. Automobile tire fittings were incorporated
in the bag after the initial fabrication for inflation and deflation.

The non-extensible cushion was used for preliminary tuberosity pressure
measurements with Frost Engineering personnel acting as subjects. The
inflation pressure versus tuberosity pressure curve for the cushion with
and without a covering polyurethane foam layer is shown in Figure 45.
Without foam, the cushion exhibits a very sharp drop in tuberosity pressure
between 0.( and 0.7 Dsi inflation pressure. 11evond this critical point, the
tuberosity pressure begins to increase again as the cushion balloons out.
The tuberosity pressure with one inch of 1.6 lb/ft3 polyurethane foam
placed on top of the cushion shows a drop of approximately 0.4 psi in
tuberosity pressure. The foam serves to broaden the range of inflation
pressures at which a minimum tuberosity pressure is obtained.

Several considerations resulted in the abandonment of the non-extensible

cushion design. First, calculations showed that large pressures, on the
order of 200 or 300 psi, would be required in order to make the bag stiff
enough to prevent excessive ejection injuries. Second, pilots and crew

members are notoriously leary of highly inflated items in the cockpit.
Third, preliminary tests revealed a major problem in controlling leakage.
As a result of these factors, the decision was made to proceed with an
extensible cushion.
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.DESIGN OF THE OPTIMUM PASSIVE CUSHION

A sketch of the optimum passive cushion developed under this program
is shown in Figure 44 including configuration, dimensions, and materials.
The general configuration is that of the cushion for the F4C Martin-Baker
Ejection Seat. As noted on the drawings, the cushion as fabricated con-
sists of a very thin layer of high density, closed cell Ensolite foam
under the one inch of polyurethane. The purpose of the high density
material was to give the cushion some mechanical stability so that it
would maintain its shape and position in the seat.

The underside of the cover is cotton duck material, while the top
cover consists of a tubular Helenca stretch material which provides good
air circulation and minimizes body heat and perspiration problems.

A comparison can be made of the combined comfort and hazards of the

cushion develuped in this program and the two operational Air Force cushions.
As shown earlier, the comfort of the two Air Force operational seat cushions
was significantly superior to two inches of 1.6 lb/ft3 polyurethane foam
and roughly equivalent to four inches of the same foam. However, the
injury probability rate for both Air Force operational seat cushions was
estimated to be about 20% compared to 4% for the 1/4" Ensolite and 1"
polyurethane foam cushion.* The two Air Force operational seat cushions,
therefore, provide a reasonably high degree of comfort but at an apparent
high price in terms of injury probabilities. The optimum cushion developed
under the present program was designed to provide a much lower injury pro-
bability rate but with a consequent reduction in comfort.

The attempt to obtain an optimum passive seat cushion has brought into
focus a major design dilfmma. Comfort is related to the pressures applied
to the ischial tuberosities, and the tuberosity pressure varies inversely
with the thickness of a cushion. In general, however, the thicker a cushion
becomes, the more dangerous it becomes. Therefore, any seat cushion which
attempts to provide comfort and safety simultaneously must utilize a more

sophisticated approach than simple variations in thickness and stiffness.

* OTE: These injury probability levels are projections based on
analog computer studies using the acceleration-time history I
of Figure 13 and do not represent actual injury frequency
rates for the FlOl or F104 airplanes.
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SECTION V

DEVELOPMENT OF AN INFLATABLE CUSHION

DISCUSSION

An inflatable seat cushion has one major advantage over a passive
cushion: it can be designed to provide low tuberosity pressures during
normal 1-g operations and yet become rigid during ejection. Comfort over
long durations is feasible without compromising seat ejection safety.
This combination of comfort and s~fety was the goal of the inflatable seat
cushion development.

PRELIMINARY DEVELOPMENT TESTS

Two approaches to an inflatable cushion wev'e visualized at the beginning
of the program. The first approach was the use of a non-extensible cushion
inflated to a comfortable position during normal flight and then over-
inflated to provide a rigid surface during ejection. The alternate approach
required deflation of an extensible rubber bag prior to ejection. A sub-
contract was let to Hauser Research and Engineering Company for the pre-
liminary development of both non-extensible and extensible seat cushions.

A non-extensible seat cushion was developed by Hauser Research and
Engineering, the method of construction involved wrapping a high strength
plastic shipping tape around a block of styrofoam and then chemically
washing the styrofoam away. Automobile tire fittings were incorporated
in the bag after the initial fabrication for inflation and deflation.

The non-extensible cushion was used for preliminary tuberosity pressure
measurements with Frost Engineering personnel acting as subjects. The
inflation pressure versus tuberosity pressure curve for the cushion with
and without a covering polyurethane foam layer is shown in Figure 45.
Without foam, the cushion exhibits a very sharp drop in tuberosity pressure
between 0.( and 0.7 Dsi inflation pressure. Beyond this critical point, the
tuberosity pressure begins to increase again as the cushion balloons out.
The tuberosity pressure with one inch of 1.6 lb/ft3 polyurethane foam
placed on top of the cushion shows a drop of approximately 0.4 psi in
tuberosity pressure. The foam serves to broaden the range of inflation
pressures at which a minimum tuberosity pressure is obtained.

Several considerations resulted in the abandonment of the non-extensible
cushion design. First, calculations showed that large pressures, on the
order of 200 or 300 psi, would be required in order to make the bag stiffenough to prevent excessive ejection injuries. Second, pilots and crew

members are notoriously leary of highly inflated items in the cockpit.
Third, preliminary tests revealed a major problem in controlling leakage.
As a result of these factors, the decision was made to proceed with an
extensible cushion.
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A simple rubber bag was fabricated first, mainly to investigate material
characteristics and to check tuberosity pressures. Using 1/16th inch thick
neoprene coated fabric materials, the extensible bag provided a tuberosity
pressure versus inflation pressure curve similar to that for the non-
extensible cushion. As the cushion is inflated, the tuberosity pressure
decreased un..il the bag lifted the tuberosities and buttocks off the seat
pan. This lift-off characteristic resulted in an unstable feel to the cush-
ion, roughly equivalent to that experienced when trying to sit on a partially
inflated beach ball or basket ball.

4In order to provide stability, the areas immediately below the tuberosities
were glued down on a second version of the inflatable cushion. Tuberosity pres-
sure tests run with this cushion gave the results shown in Figure 46 with a
rather large drop in tuberosity pressure as inflation continued up to a
maximum point. With one inch of 1.6 lb/ft3 polyurethane foam on the cushion,
the overall change in pressure is less drastic as would be expected and the
minimum tuberosity pressure zone is much broader, but within 0.13 psi of the
inflated cushion pressure without the PUE. In terms of thickness of PUE, that
is equivalent to 0.18" (Figure 30) for tuberosity pressures in excess of 3 psi.

Even though tuberosity pressure data were encouraging, problems were
encountered with seam leakage. The lowest pressure corresponds to 0.65"
of PUZ (Figure 30) which has in the neighborhood of a 50/50 chance of being
more comfortable than no cushion at all. (Tables IV to VI). The possibility
of improving the characteristics of the cushion by using thinner rubber
materials also had to be investigated. Therefore, the configuration shown
in Figure 47 was developed by Frost Engineering personnel for further testing.
Leakage problems were minimized by wrapping the inflatable rubber member
around a piece of Ensolite stiffened by an aluminum plate glued to theIbottom. This configuration, shown in Figure 47, was subjected to comfort

tests, load-deflection tests and inflation/deflation tests.

COMFORT TESTS OF THE INFLATABLE CUSHION

The comfort test procedure. for the inflatable cushion was the same as
that for the passive cushions. Instead of a variation in cushion thickness,
the inflatable cushion tests were run with different amounts of inflation
pressure. Commercial regulators and sensitive pressure gauges were incor-
porated on the back of the test seats for these tests with a small compressor
and air tank used as the inflation air supply. The four seats were manifolded
together to the air supply and any seat could be used for any condition since
the cushion on each seat inflated to a pressure independent of the cushions
on the other seats. The experimenter had the subject place himself on the
cushion and adjust the shoulder harness and lap belt as for the passive
cushion tests. Only after the subject was completely settled in the seat
was the cushion inflated using the controls on the back of the seat, which
the subjects were unable to see at any time during the test. The experi-
menters inflated the cushions to 20, 30, 40 and 50 millimeters of mercury
for the test conditions. Each subject also sat on the inflatable cushion
with no inflation pressure, which was the equivalent of a rigid seat pan.
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Table VII compares the overall degree of comfort, degree of discomfort
in the buttocks, and post-test overall comfort ratings of the zero thickness
cushion condition during the passive cushion and inflatable series. The
overall degree of comfort ratings and the post-test ratings are similar. both subject panels, t-tabLs of the difference between the main ratingsindicating no statistical significance in the differences. On the buttock

discomfort ratings scale, the subject panel for the inflatable cushionsIi consistently rated the hard seat as less comfortable than the panel in
the equivalent passive cushion condition.

The mixed results of comparing the two subject panels f9r the two
cushion conditions makes direct comparison between the types of cushions
problematical. However, the results for the inflatable cushion can be
analyzed in much the same manner as the results for the passive cushion
in the preceding sections.

In Figures 48, 49, 50, and 51, the relationship of the various comfort
Cand discomfort ratings to time are shown. The trends are in the same general

direction as for the polyurethane foams, but the degree of shift in some
cases is not as large as for the foams. The relationship of the ratings
to inflation pressure are shown in Figures 51, 52, 53, and 54.

k Table VIII shows the frequency of complaints during hourly evaluations
for the inflatable seat cushion at different inflation pressures. The "too
firm" complaint decreases steadily as the inflation pressure decreases
as does the complaint of excessive pressure on the buttocks.

Tables IX, X, XI, and XII show the statistical significance of the
difference in the various ratings for the different inflation pressures.
Only one rating, the overall comfort rating at each hour, achieves a sig-
nificance level better than 5%.

The buttock discomfort, overall comfort, final rating, and number of
hours the subjects thought they could continue to sit are compared for the
inflatable cushion and a two-inch slab of foam in Table XIII. These data
show that the inflatable cushion was at least as comfortable as two inchesC of polyurethane and, in terms of buttock discomfort, probably better.

Table XIV presents a comparison of the Air Force operational seat
cushions with the inflatable cushion at maximum pressure. The comparisons
indicate a significant difference in the overall comfort ratings and of
the final post-test ratings. These data show the operational cushions to
be more comfortable, and the differences are significant at the 5% level
or better. However, for the rating of buttock discomfort, the differences
are non-significant statistically.

It is important to compare the relationship shown in Table XIV with
the previous data, shown in Table VII, relating the degree of comfort,
degree of discomfort of the buttocks, and post-tests rating for the
uninflated and zero-thickness cushions. In the preceding comparisons,
there was no significant difference in the degree of comfort or post-test
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rating between subject panels, while those two scales are significantly
differeat for the maximum inflation pressure versus the Air Force opcr-
ational seat cushions. Conversely, the degree of discomfort in the
buttocks was significantly lower in the no-cushion comparison but were
non-significant in comparisons of the fully inflated cushion to the
operational seat cushion. These results, which seem peculiar at first
glance, can be explained by the differences between an inflatable and a
passive cushion. Subjective impressions of the amount of pressure relief
on the tuberosities plus the preliminary development test measurements
of tuberosity pressure versus inflation pressure indicate the inflatable
cushion is as efficient as a polyurethane foam cushion in terms of relieving
tuberosity pressures. It is not surprising that no significant difference
is shown between the Air Force operational seat cushions and the inflatable
cushions in terms of buttock discomfort even though the inflatable cushion
subject panel would have been expected to rate the inflatable cushion as
more uncomfortable based upon the comparisons for no cushion at all. The
inflatable cushion has a peculiar, unnatural feel, however, which is
commented upon by almost everyone who sits on it. The probability is quite
high that this peculiar "goosey" feel is the reason for the significantly
lower overall comfort ratings and lower post-test questionnaire ratings
of the inflatable cushion compared to the Air Force operational types.
These results show that the inflatable cushion is probably as good as
a foam cushion in the sense of buttock discomfort with one question left
unresolved. Since most people are accustomed to sitting on foam or similar
materials, the apparent overall differences in comfort ratings between
the inflatable cushion and the foam cushion may be due to simply a lack
of adjustment to and familiarity with an inflatable cushion. Whether the
initial impression of this type can be overcome by repeated exposure could
not be answered in the present development program.

Due to scheduling and test panel size limitations, the inflatable cushion
was not comfort tested in the cycling or active mode of operation (active
cushion). As described below, an inflation unit was designed to cycle
the cushion with control over the frequency of cycling, the inflation-
deflation duty cycle, and the rate of inflation and deflation. Due to the
number of possible combinations of variables, a complete test program
investigating the parameters systematically was deemed impractical for
the development effort, and testing was restricted to the static inflation
pressure against comfort comparisons presented above.
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TABLE VII

A COMPARISON OF SUBJECT PANELS FOR THE INFLATABLE
AND PASSIVE CUSHIONS FOR THE ZERO-THICKNESS CUSHION

Inflated Passive
Cushion Panel Cushion Panel

Mean Standard Mean Standard Difference t Signifi-
Rating Error Rating Error in Means Ratio cance

Degree of
Comfort -1.04 0.12 -1.09 0.17 0.05 0.240 0.90

Buttock
Discomfort 1.24 0.11 1.63 0.13 0.39 2.290 0.05

Final
Rating -3.14 0,54 -3,07 0.89 0.07 0,067 1.00

TABLE VIII

FREQUENCY OF CCMPLAINTS DURING
HOURLY EVALUATIONS OF SEAT CUSHIONS

Inflation Pressure - mm Hg
0 20 30 40 50

Complaint:

Too Firm 53 41 34 33 29
Too Soft 5 9 4 0 0
Too Wide 0 0 0 0 0
Too Narrow 2 5 4 6 
Too Long 0 0 1 0 0
Too Short 4 5 4 3 5

Excessive Pressure On:

Buttocks 45 40 39 33 27
Base of Spine 18 11 4 9 7
Thighs 8 4 2 8 5
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TABLE IX

THE STATISTICAL SIGNIFICANCE OF THE DIFFERENCE IN
OVERALL COMFORT RATING FOR FOUR INFLATION PRESSURES

FOR AN INFLATABLE CUSHION

Differences t Significance
Between Level

0-20 mm Hg 3.2211 0.01

0-30 mm Hg 3.802 0.001

0-40 mm Hg 4.392 0.001

0-50 mm Hg 5.779 0.001

TABLE X

THE STATISTICAL SIGNIFICANCE OF THE DIFFERENCE IN
NUMBER OF HOURS SUBJECTS ESTIMATED THEY COULD CONTINUE

TO SIT FOR FOUR INFLATION PRESSURES FOR AN INFLATABLE CUSHION

Differences t Significance
Between Level

0-20 mm Hg 0.399 0.70

0-30 mm Hg 0.815 0.40

0-40 mm Hg 1.674 0.10

0-50 mm Hg 0.959 0.40
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TABLE XI

THE STATISTICAL SIGNIFICANCE OF THE DIFFERENCE IN
BUTTOCK DISCOMFORT FOR FOUR INFLATION
PRESSURES FOR AN INFLATABLE CUSHION

Difference t Significance
Between Level

0-20 mm Hg 1.779 0.10

0-30 mm Hg 2,960 0.01

0-40 mm Hg 1,938 Olo

0-50 mm Hg 2.121 0.05

TABLE XII

THE STATISTICAL SIGNIFICANCE OF THE DIFFERENCE IN
POST-TEST FINAL RATING FOR FOUR INFLATION

PRESSURES FOR AN INFLATABLE CUSHION

Difference t Significance
Between Level

0-20 mm Hg 1.918 0.10

0-30 mm Hg 2.022 0.10

0-40 mm Hg 2.236 0.05

0-50 mn Hg 2.557 0.02
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ITABLE XIII

A COMPARISON OF INFLATABLE CUSHION RATINGS
AT 50 mm Hg INFLATION PRESSURE TO A

2-INCH CUSHION OF 1.6 LB/FT3 POLYURETHANE

Inflated Cushion Passive Cushion

Mean Standard Mean Standard Difference t Significance
Rating Error Rating Error Between Ratio Level

Means
Degree of 0.21 0.18 0.20 0.21 0.01 0.036 1.00
Comfort

Buttock 0,76 0.11 1.14 0.12 0.38 2,334 0.05
Discomfort

Final -0,39 0.93 0.45 0.97 0.85 0.633 0,60
Rating

TABLE XIV

A COMPARISON OF THE INFLATABLE
CUSHION TO THE F104 AND F101 CUSHIONS

t Comparison Rating Scale t Ratio Significance
Level

F104 to Inflatable Overall Comfort 3.26 1%
F101 to Inflatable Overall Comfort 2.50 5%

F104 to Inflatable Buttock Discomfort 0,12 N.S.
F101 to Inflatable Buttock Discomfort 0.12 NIS.

F104 to Inflatable Post-Test 2.72 51.V
F1I0 to Inflatable Post-Test 2.07 5%
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STATIC LOAD-DEFLECTION TESTS OF THE INFLATABLE CUSHION

The fabrication technique adopted for the design of the inflatable
cushion involved the bonding of a thin piece of Ensolite to an aluminum
plate as described for the passive cushion. Then the inflatable rubber
membrane was wrapped over the foam and the metal plate was glued in place.
Load deflection curves for the cushion in the deflated condition were
equivalent to those of the passive cushion.

A series of tests were also run with the inflatable cushion in the
inflated condition. The test procedure involved use of the double ellipsoid
indentor foot placed on the inflatable cushion with the hydraulic test rig.

The cushion was inflated to a fixed inflation pressure. The load in pounds
on the double ellipsoid indentor and the inflation pressure of the cushion
were adjusted jointly, keeping the inflation pressure constant and gradually
increasing the load in pounds. The result of this test procedure is shown
in Figure 55, which gives the load-deflection curves for inflation pressures
of 25, 30, 35, 40, 45, and 50 mm Hg over a load range from 110 to 150 lbs.
The results show the relative stiffness of the cushion for various inflation
pressures, the cushion being much softer when inflated than when uninflated,

as would be expected.

INFLATION/DrLATION UNIT DEVELOPMENT AND TEST

An inflation/deflation control unit was designed to control the seat
kcushion. Two modes of operation of the inflation/deflation unit are possible.

In the automatic mode, the unit sequentially inflates and deflates the
cushion on a time schedule established by controls on the front panel of
the unit. The period of time the cushion is inflated and the period of
time it is deflated can be controlled separately so that any combination of
cycle characteristics is possible. Timing intervals can be set from 20
seconds to 180 seconds with continuous variation over that range. During
automatic inflation cycle operations, the pressure to which the cushion
is inflated is controlled by a pressure regulator knob on the front panel
of the unit.

A continuous mode of operation is also available, resulting in constant
inflation of the cushion at the pressure level set with the regulator
setting on the front panel. Cycling does not occur with this mode, although
the seat occupant can manually cycle the cushion up and down by adjusting
the pressure regulator (inflatable cushion).

Figure 56 is an overall schemacic of the unit. A solenoid valve is
used to control the inflation and the deflation in the automatic mode of
operation. The solenoid valve is held open during the continuous mode of
operation. A flow control valve is incorporated in the unit so that the
rate of inflation and deflation can be adjusted. However, the flow con-
troller is not accessible from the front panel, and must be preset after
taking off the unit's outer cover.
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The automatic mode of operation is controlled by a flip flop circuit

utilizing 28 volt DC power. The schematic for the flip flop circuit is
shown in Figure 57. As noted in the figure, the circuit can be adjusted
to the solenoid valve load through the selection of Resistor RL.

Naturally, the rate of inflation and deflation of the cushion is
limited not only by the pneumatic supply, but by the orifice into the
inflatable bladder. The time to inflate or deflate to a pressure of 50
millimeters of mercury with a 150 pound load on the seat cushion was found
to be 325 seconds in tests. This inflation/deflation interval is satis-
factory for normal flight operation of the cushion when the comfort character-
istics are of primary importance. However, the principle of operation of
the inflatable cushion requires that it deflate rapidly and completely prior
to ejection. The prototype cushion, as designed and fabricated, deflated
too slowly. A series of tests were conducted with a cushion which had
multiple exhaust orifices to determine the deflation times for various total
orifice sizes. Ten 1/8" i.d. tubes were used in the experimental cushion,
and the number of open orifices would be controlled so that any number from
1 to 10 could be used to deflate the cushion. Figure 58 shows the pressure
versus time curve for deflations with one through ten 1/8" i.d. orifices.
Figure 59 shows the rate of tuberosity pressure increase for five deflation
orifice conditions up to five parts and .030 square inches. Both sets of
test data, when interpreted, indicate that a total orifice area of approx-
imately .018 to .030 square inches is required to provide deflation in
one second or less.

The deflation time tests demonstrate that it is feasible to deflate the
cushion rapidly enough for use in an ejection seat providing there is an
interval between ejection seat handle actuation and initial motion up the
rails of 500 milliseconds or more.

OPTIMIZATION OF THE INFLATABLE SEAT CUSHION

Since the inflatable cushion was designed with the same basic materials
as the passive cushion, the injury probability curve of Figure 40 in the
previous section is applicable. However, the comfort probability of the
inflatable cushion is independent of the polyurethane foam thickness as
shown in Figure 6C, which also presents the injury probability curve
and the optimization zurve. Because the comfort probability curve does
not vary with foam thickness, the optimum cushion is one with no poly-
urethane foam at all. This is a clearcut optimization case, and the optimum
point is, in fact, totally independent of the cushion uninflated thickness.
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SECTION VI

COYCLUSIO4S AND RECOMMENDATIONS

The data obtained in this research, the analytical methods used in
evaluating the data, and the test methods used in generating the data lead
to various conclusions on cushion optimization and on future research and
development needs.

CONCLUSIONS AND RECOMMDATIOS OF OPTIMIZATION METHOD

A method for optimizing seat cushion design was developed, and the
following conclusions and recommendations grew out of the development.

(a) An optimization curve can be generated by converting dynamic
response into probability of injury, and by converting comfort
test data into probability of improved comfort. Generally, the
probability of comfort and the probability of injury both
increase as the cushion thickness increases. Thus, the maxima

£ point on a curve in which probability of comfort is subtracted
from probability of injury, will be the optimum cushion thickness.

(b) In cases where no true optimum occurs or where the comfort-injury
optimum results in too high an injury risk, the cushion designer
should try a new design approach or limit the cushion thickness
to a maximum dictated by injury risk.

(c) The physical significance of the optimization procedure needs to
be studied further, both in comfort and dynamic response tests,
to verify the underlying concepts and measurements.

CONCLUSIONS AND RECOMMENDATIONS ON MECHANICAL TESTING

Mechanicai tests are required to obtain stiffness and damping estimates
which can be used in a dynamic analysis of a cushion. Test procedure con-
clusions and recommendations include:

(a) The load-deflection curve obtained in a test is a function, in
part, of the indentor foot used, particularly for foam densities
in excess of 3.0 lbs/ft3.

(b) A series of load-deflection curves should be obtained on a cushion
using human subjects of 5th, 50th, and 95th percentile weight.
The buttock indentation under the ischial tuberosities should be
measured with the subject's full weight on the cushion, with the
subject holding 25% - 50% of his weight off the cushion, and then
with weights of 50 lbs. and 100 lbs. added to the subject's weight.
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(c) A series of load deflection curves should be obtained on a cushion
with loads of 50, 100, 1509 200, 250, and 300 lbs. using a 50 in 2

r- flat plate indentor, a singe ellipsoid indentor, and a double
ellipsoid indentor. These curves should be compared to the curveo
obtained with human subjects, and the indentor producing the near-
est equivalent curve to the himan buttocks should be used to obtain
load-deflection data up to 4000 lb. load.

(d) Dynuic rebound tests using a mass u 100-150 lbs. should be em-
ployed to obtain a rough estimate of the damping coefficient of
the cushion. The indentor used for high load tests should be
used in the dynamic tests.

CONCLUSIONS AND RECOMMENDATIONS ON COMFORT TESTING

The use of comfort tests in evaluating seat cushions was found to be
feasible, and these recommendations are offered for future cushion develop-
ment programs:

(a) Comfort tests using the subjective responses of a panel of 12
to 15 subjects have been shown to be quite sensitive to cushion
thickness and density parameters. Such comfort tests should be
used to generate a comfort versus thickness curve for any new
developmental cushion.

(b) If possible, tuberosity pressure measurements should be made during
comfort tests with 9 to 10 square inch transducing surface under
each tuberosity.

CONCLUSIONS AND RECOMMENDATIONS ON DYNAMIC ANALYSIS

Although the dynamics of seat cushions have been investigated analyti-
cally in the past, the present program showed that certain parameters are
of particular importance in an optimization procedure:

(a) The dynamic analysis of a cushion should provide a plot of cushion
thickness versus the dynamic response ratio, i.e., the attanuation
or amplification of the input acceleration as shown in Figure 39.

(b) For optimization purposes, the slope of the dynamic response ratio
line is not critical, but the point where the curve begins to show
amplification is critical. Therefore, the dynamic analysis should
be checked for factors which affect this point.

(c) The development of a more adequate dynamic model than the one-mass
single degree-of-freedom model used in this study is needed, prin-
cipally to add a second mass representing the pelvis-thigh mass in

a human being.
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(d) The development of dynamic test methods is needed in order to verify
analytical results and to provide empirical sources of data on
actual developmental cushions.

CONCLUSIONS AND RECOMMENDATIONS ON PASSIVE AND INFLATABLE CUSHION OPTIMIZATION

Specific conclusions on the two types of cushions developed in the pre-
sent program included:

(a) Injury probability increases and comfort rating also increases as
cushion thickness increases. Therefore, most passive cushions have
a true optimum thickness which gives the most comfort for the least
risk.

(b) The best seat cushion material is one which provides the maximum
seat comfort at the lowest possible risk of all possible seat
cushion designs.

(c) Because an inflatable cushion can be deflated p'ior to ejection or
crash, it has no true optimum as is the case for the passive cushion.
The design problem for an inflatable cushion, therefore, is how to
make it as comfortable as possible while inflated, how to deflate
it rapidly prior to ejection, and how to provide minimal elastic
resilience after deflation.
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INTRODUCTION

The purpose of this paper is to study the dynamic iesponse of an e)ection
seat cushion upon the seat's occupant. The studies were carried out with
the aid of an analog computer usi" a linear spinal man -odel.

GE10AL "H1EORY

2K2  MAN MODEL

So CUSHION MODEL

I ticEAT PAN

FIGURE 5l
THE DYNAMIC MAN MODEL PLUS SEW; CUSIkIO

Let Cw r , . = and £ (; cushion force.
m t oft.

Theru iJor to bottoming, the equations of tY,,.tion are

and

GS

C'S 2 + L0,161 5(6,) (2)

87



then substituting into (1) yields

.. .. .(3)r SC c SLB6

**quations (2) and (3) were u~sed to -.onstruct the atka1og circuitry in
Figure 62.

ma MAN U0061.

CUSHIION W4onU

ARBITRARY
FUNCTION
GEER~fAMOR

T ~rIGURI: 62
ANALOG rOR ANIALYZING ACCELERATION

INlPUTS INTO A SIMPL M1AN AND CUSHION' MODE~LS
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t it
The acceleration input to the seat pan is shown helow, Figure 83, in real 4
time.

[L
rre

0.OS sac.

" -GUR 63
OPERATIONAL ACCELEPAIO!I IPUT

TEST RESULTS AID CQN.ICLUSIONS
T

The seat cushions were evaluated with a 60 lb. initial loading, 1-R, which
frepresented the u-per torso mass. With this pre-loading the cushion and
Y man model were 'dzjected to I-he operational acceleration input. The

response of the "a model wis measured (D.tI) and compared against his
response when -..-ushion model was removed (DRIo). The results are
shown in Table XV and are expressed in the form of DRI/DRIo. Also,
Figures 6u through 68 show the load-deflection curves of the cushion
tested as duplicated in the arbitrary func. ion .enerator.

Of the 14 model cushions tested, it was found that three attenuated the
reference response, two had ra effect, and nine increased the reference

~DRI value*

The tests proved to be very interesting in that they showed that a cushion
miglht have to be more or less tilored to a specific individual. For, if
the seat occupant's weight varies, the value of DRI/DRIo could change.
Also, the aksolute thickness of the cushion is not critical. The guiding
factor is the form of the load-de, iection curve above the pre-loaded value.
From an empirical point of view it opDears that after the seat has been
pre-loaded, the cushion should not deflect more than 0.1 inches under a
16 g input. When this condition is met, the DRI appears to be attenuated.

For a more realistic evaluation of the scat occupant's response to the
acceleration input, one would have to modify the analog to include the
effect of the lower pelvic mass as shown in Figure 69.
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TABLE XV

SCHEDULE OF RESULTS FOR CUSHION TESTS

Deflection
Total Thickness Bottoming Depth Under IG (60 ibs) DRI

Cushion (Inches) (%) (Inches) DRI
0

1 0.25 0608 0.89
2 0.50 - 0.45 1.03
3 0.75 0.21 1.11
4 1.00 - 0.30 1.52
5 0.75 90-95 0.54 0.94

6 1.00 90-95 0.56 0.99
7 1.25 90-95 0.60 1.00
8 1.50 90-95 0.66 i 26
9 1.25 90-95 0.92 1.00

10 1.50 90-95 0.96 1.04
11 1.75 90-95 1.02 1.05
12 2.00 90-95 1.02 1.15
13 2.50 90-95 1.35 1.15L 14 2.50 90-95 1.75 1.14

I• °
CONVENTIONAL

q ) SPINAL .ObELI

j L.OWfL A PELVIC MA6S

CUSHION

SGAT PANI
FIGURE 69

THE DrIAMIC 14ASS MODEL WITH THE LOWER
PELVIC MASS INCLUDED PLUS SEAT CUSHION

t 95



I
4-

I

If I
i

APPENDIX B

1-
I
I

TEST PROCEDURES

I

iT II
II
I
A
II
22

I

I
96



LOAD-DEFLECTION TESTS

Static tests were run in accordance with the test procedures outlined in
MIL-S-27332A (USAF) dated 12 January 1966. Testing was performed with a
hydraulic load application test device pictured in Figure 70. A hydraulic
cylinder with a swivel end-fitting was used to apply the loads through a
flat 50 sq. inch indentor foot and through ellipsoid and double ellipsoid
indentor feet. The 50 sq. inch flat plate indentor was made in accordance
with the requirements of MIL-S-27332A (USAF). The ellipsoidal feet were
selected as the nearest regular geometrical shapes representing the human
hips and butt6cks. All three indentor feet are pictured in Figure 71,

The cushion sample was supported on a flat horizontal plate perforated with
1/4" holes on 3/4" centers as required by MIL-S-27332A (USAF). The seat
cushion insert was deflected twice to 75 + 5% of its original heighth by
use of special plates and weights. The sp-ecimen was then allowed to rest
for a period of 10 + five minutes. After the rest period, the indentor foot
was brought into contact with the specimen and a load of one pound was applied.
The height of the specimen was measured with a one-pound pre-load as an
initial condition. The specimen was then compressed to 25% of the initial
height and the load recorded after one minute of compression at the 25%
deflection value. The same procedure was followed for 50, 65, 75, 80, and
85% load deflection values.

FLOW CONTROL!i VALVE[---

-*HYDR AULIC
.----- ____...CYLINDER

3-WAY SOLENOID VALR

. ..-----LOAD CEIL

SWVE

LOADING PLATE
PER MIL--7 2 _O

FIGURE 70
STATIC TEST RIG USED TO

OBTAIN LOAD-DEFLECTION CURVES
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NOTE: DIMENSION5 IN IMCHES, NO 6CALE

i

D8IA

50 IN ? FLAT PLATE

16-

Ei

*61

SINGLE ELLIP3O1

16

DOUBLE ELLIPSOID

FIGURE 71
INDENTOR FEET USED IN STATIC TESTS OF SEAT CUSHIONS
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DYNAMIC REBOUND TESTS

An impact pendulum, shown in Figure 72, was used to obtain dynamic rebound
and damping data. The damping coefficient estimate is obtained by com-
paring the drop height to the rebound height of the pendulum arms.

The effective mass of the pendulum arm was 55 pounds. This val.- was obtained
by impacting the arm into a coil spring with a known.-stiffness. The time
that the pendulum arm was in contact with the spring was taken to be 1/2
of the natural period of the spring-mass system. Doubling this value and
finding the reciprocal gives the approximate natural frequency of the arm
and spring combination. Since the-stiffness of the spring was known, the
effective mass of the pendulum arm could be calculated and turned out to be
55 pounds,

Instrumentation consisted of a potentiometer mounted near the pendulum shaft.
Coupling was obtained through a-mechanical device which tracked the pendulum
arm- down to the impact into the cushion specimen and-continued back up through

the maximum rebound point of the pendulum arm. The mechanical coupling
remained at the maximum rebound position while the pendulum arm was stopped
manually -by the technician. The potentiometer signil was directly proportional
to the maglmum pendulum arm rebound position, and the height of the indentor
foot oould: be calculated through conventional trigonometric methods.

The drop height and rebound height give an estimate of the critical damping
ratio throuh the following formula:

I

vhtr. L*-cs'14ical damping ra+io
KXo drop hitqgt of "he pendulum
7,a rebound he ight ofthe pendulum arm
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TUBEROSITY PRESSURE MEASUREMENTS

Because earlier research showed that comlFort might be related directly to
the pressure on the ischial tuberosities, a pressure transducer was designed
and built using capacitance as the reusing variable. Figure 73 illustrates
the mechanical and electrical configuration of the transducer. The prin-
ciple of operation is quite simple. A load applied to the transducer
pushes the upper and lower shields closer to the active center plate
changing the capacitance of the device. The shields eliminate any effect
from an external ground plane or from human body ground or electrostatic
charge. Figure 74 showF the transducer mounted on the seat pan of a test
seat.

Transducer signals were measured using the diode bridge configuration shown
in Figure 75. A 400 1t.,250 volt excitation was used with the transducer.
The oscillator used was a comercial device designed to provide a constant
product of the frequency times voltage. Therefore, a capacitance change,
which resulted in a frequency shift, could be detected as a voltage change.
The calibration curve of the tr,sducer, bridge, and oscillator combination
is shown in Figure 76, and the complete instrumentation set-up is illustrated
in Figure 77.

UPPER Sb41rLb AUTALUE&b

CLOTH 1PAC I'

25*O00&
EXCITATI~ON

LOWGR SHIELb - MWITALLIZ60 FROM MIDGE

FIGURE 73
MECHANICAL AND ELLCTRICAL CONFIGURATION

OF THE TUBEROSITY PRESSURE TRANSDUCER
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COMFORT TESTS I
Subjective estimates of comfort were obtained in test seats constructed
using MIL-S-5822 (USAF) as a guide. A photograph of the complete seat is
shown in Figure 78. Foot rests, arm rests, and a head rest were provided.

"= The head rest was adjustable over a 17-inch range vertically and could also
be adjusted in the fore-aft direction over a range of 6 inches. However,
the head rest height was held constant for all the tests in the present
program, the fixed position being 41.5 inches above the floor. Subjects
were positioned vertically in the seat by placing spacers between the seat
pan and the bottom part of the seat structure.

The foot rets were adjustable over a range of 18 inches in the fore-aft
direction and were positioned for each subject in accordance with a procedure
described later in this report. The arm rests were adjustable over an B-inch 4
range in the vertical direction and were padded. Adjustment of the arm rests
was made to the most comfortable position as judged by each subject. The
plywood seat pan was adjustable in the vertical direction by means of 1",
2", and 3" removable spacers.

In general, every effort was made to simulate the normal flying position of
an air crew member, and subjects were instructed to maintain an upright
position with their feet on the simulated rudder pedals. A shoulder harness
and lap belt were provided, and both were adjusted to a snug fit as the
subject was seated for the test.

Subjects in the test program were chosen from the student bodies of localI
junior colleges, universities, and technical schools; however, two of the
subjects attendcd a local high school. The subjects ranged in age from 16
to 22 years of age, and 14 of them completed the series of tests on the poly-
urethane foam. Subjects were selected on the basis of stature and weight
and fell between the 10th and 98th percentiles of the United States Air Force
Flying Personnel as reported by Hertzberg, Daniels, and Churchill (29).
The limits on stature and weight were selected to represent a segment of
the 1950 anthropometric data skewed to the high side based upon verbal infor-
mation from the Contract Monitor that more recent but unpublished anthropo-
metric data had shown the average 1960 population to be larger than the 1950
sample. Measurements were also made of the sitting hip breadth of the subject,
and the breadths represented a range from the 13th to the 81st perzentile.
All anthroometric measurements were made prior to the beginning of the actual
comfort test sessions.

Immediately preceding or following the final test sessiong measurements were
-made of the sitting weight of the subjects with legs extended and with legs

tucked, data presented earlier in this report. The total weight of the
subject in the standing position was also obtained at the final session.

The test procedures began prior to the arrival of sbbjects for test sessions.
The seat pan height and foot rests were adjusted prior to the arrival of the
subjects based upon the adjustments made during the subject's initial sitting

_- session. When the subject arrived at the test site, he was given a pre-test

questionnaire to fill out, after which the subject was instructed to remove

106



his wristwatch and anything he was carrying in his back pockets which could
influence his comfort once seated. The purpose of the pre-test questionnairef was to ascertain the subject's general physical condition and feelings prior
to beginning the tests. Following this, the subject was placed in the test
seat, and was told to put on the shoulder harness and lap belt4 which were
then adjusted to a snug fit. A check was made to insure that the subject's
eyes were aligned with a present mark on the head rest. The foot rests were
also checked to insure that the subject's knees were slightly bent and that
he could pass his hand between his thigh and the front lip of the seat pan.

After all the seating adjustments were completed, the subjent was given
instructions for the test as follows:

This is a test of seat cushions for the Air Force. You are
allowed to read and study during the test, but you ";re not
allowed to perform other activities which involve excessive
movement. If you want to write you must use a clip board held
in your lap.

You are to remain seated until the discomfort becomes unbearable
to you. When you want to get out of the seat, tell me.

Questionnaires will be given to you from time to time. Please
answer them to the best of your ability. If you have any questions
on what the questionnaire means, ask me.

Do you have any questions?

Here is the first questionnaire.

After reading the instructions to the subject, the experimenter presented
him with the first hourly test questionnaire. Administration of the hourly

( test questionnaire was repeated at the end of the first hour and every hour
thereafter until the end of tne four-hour test period with each questionnaire
numbered successively beginning with Number 1, which was given at zero hours,
up to Number 5 which was given at the four-hour point.

The four-hour time interval was selected based upon Slechta et al's results (25).
Only one additional measure is obtained by keeping subjects in the seat longer
than four hours, that is, the time at which they leave the seat. In the present
study an attempt was made to use as efficient a test procedures as possible,
since a large number of cushions and materials were to be tested. The results
of the comfort test program, to be presented shortly, indicate that this goal
was achieved.

At the end of the fourth hour of testing or when the subject felt that he could
no longer tolerate the discomfort of the seat, he was asked to fill out a
post-test questionnaire.

Just bef re the beginning of the final test session with each subject, tuber-
osity pressure measurements were made using the equipment described earlier.
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The pressures were obtained on each of the cushions tested, and also on the
plywood seat pans without a cushion. Tuberosity pressures were obtained
on both the left and right buttocks for each cushion condition.

I

IMI

FIGURE 78 I
COMFORT TEST SEAT
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Subject_______ __
Date te _ _ _

SEAT EVALUATION PROGRAM PRE-TEST QUESTIONNAIRE

The questions listed in this questionnaire are meant to provide information about
your general states of health, comfort, fatigue, etc., before the seat test is given.
Think carefully about each question before you answer it.

A. Personal History

1. Do you now feel discomfort because of any of the following conditions:

Allergies Dental Trouble
Headaches Intestinal Trouble
Earaches "_ __ Respiratory Trouble '_ _
Visual Fatigue Dizziness

Sinus Trouble Skin Irritations
Colds . _______ Other

E COMMENTS:

2. Indicate the number of hours of sleep you had during the last two nights.

Hours last night
Hours the night before last

COMMENTS:

B. Condition l~mediately Prior to Test

1. How would you rate your state of hunger at this time?

Uncomfortable Full
Full
Just right
Hungry ....
Uncomfortably f1ungry ...

COMMENTS:

2. Do you feel any stiffness or soreness in the muscles of any of the
following regions of the body:

Neck Abdomen
Arms Legs
Back Other
Chest ... .

COMMENTS:
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3. How would you describe the room temperature at this time?

Too hot___ ___

Warm ______[ ~~~Just right ______

Cool ______

Too cold___ ___

COMMENTS:

4. Is your clothing comfortable?

Yes ______

No_ _

COMMENTS:

5. Does your clothing offer discomfort in any of the following regions of the
body?

Neck _______ Crotch ______

Wrists _______ Buttocks ______

Under the arms _ _____ Feet (shoes)______
Waist other ______

COMMENTS:
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SEAT EVALUATION PROGRAM TEST QUESTIONNAIRE

Subject _ _ __ Date
Seat No.
Seat Test No.
Question No.______________
Fxperimenter_ _ ___ _

Answer the following questions to the best of your ability, If the meaning of any
question is not clear, do not hesitate to ask the experimenter to explain it.

You will be given this same questionnaire from time to time throughout the experiment.
This means that you will be answering these same questions periodically. Do not let
your answers to the same questions on previous questionnaire presentations infuence
your judgment at any time, but try to answer the questions on the basis of how you
feel at the moment. Sometimes you may find that your answers do not change. On
other questions or at other times your impressions may change with continued exper-
ience in the seat, Remeber that the important thing is how you feel at the moment;
not how you may have felt before.

A. In the questions listed on this page, try to evaluate this seat in terms of the
comfort you anticipate it will provide.

1. What is your impression of the degree of comfort that this seat provides
at the moment?

a. - It is the most comfortable seat I have over sat in.
.b. It is extremely comfortable.
.c - It is moderately comfortable.
d. It is mildly comfortable.
es It is neither comfortable nor uncomfortable.
f. It is mildly uncomfortable.
go It is moderately uncomfortable,
h. - It is extremely uncomfortable.
i. It is so uncomfortable that I cannot tolerate it.

2. At this moment, what is your estimate of the number of additional hours that
you could sit in this seat before an intense desire to get out of it develops?

hours
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B. Evaluate this seat on the basis of how you feel now. This section deals with
your state of comfort or discomfort at the moment. Do not evaluate the seat
on the basis of past or future (anticipated) comfort.

1. Describe the degree of discomfort that you feel at this time in the
following body regions.

Very Intol-k None Slight Moderate Severe Severe erable

a* Neck
b. Shoulders
c, Back~~d. Buttocks ...

e. Thighs
f. Legs

2. Describe the sensations you feel in the following body regions. If nonefof the sensations listed apply to a particular region, leave a blank.

Excessive Stiff- Prickling
Pressure ness Ache Soreness Sensation Nmbness

I: a. Neck
b. Shoulders -.....

c, Back
d. Buttocks
e, Thighs
f, Legs

3. Evaluate the following characteristics of this seat. Put a check mark
next to the statement which applies.

a. The seat cushion is: too firm-'- just right
too soft

b. The seat cushion is: too wide
- just right~too narrow

CO The seat cushion is: too long
' -- just right

too short

d. The seat cushion is responsible
for excessive pressure exerted on: the buttocks

the base of the sp5ne
-- the thighs

no particular area
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e. The back cushion is: too firm
just right
too soft

f. The back cushion is: too wide
K - just right

--.... too narrow

g. The back cushion is: too long
just right
too short

h. The back cushion gives poor support to: the shoulders
the middle of the back
the small of the back
no particular area

If there is a headrest, answer the following:

a. The headrest is: too firm
- just right

too soft

b. The headrest is: too wide

-- just right
Ltoo narrow

c. The headrest is: too high
just right
too low

d. The headrest is: too far forward
just right
too far back

If there are arnests, answer the following:

a. The arrwests are: too long
-just right

too short

b. The armrests are: too wide
-- just right

too narrow

c. The armrests are: too close together

just right

too far apart

d. The armrests are: too high

just right
too low
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Co Extrinsic discomfort. Evaluate your discomfort as it may be affected by the

things listed below*

1. Do you feel any temperature discomfort? Yes
No

2. Is this discomfort due to any of the following reasons?

The room temperature is too high
The room temperature is too low -

My clothing is too heavy
My clothing is too light fl i ac

3, Does your clothing restrict you in any of the following places?

Wrists Crotch
Underarms Buttocks
neck Feet (shoes) -
Waist - Underwear (ill fitting) -

4. Do you feel any discomfort due to the following conditions?

Headache Hunger -

Sinus Trouble Indigestion -
Cold NIausea -

Earache - Perspiration
Other
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SEAT EVALUATION PROGRAM POST-TEST QUESTIONNAIRE

Subject Date
Seat No'.
Seat Test No.
Question Period
Experimenter__________

V This part of the questionnaire is meant to provide information about your general
evaluation of the seat and suggestions for improving the comfort and utility of the
seat. Think carefully about the questions before answering them.

A. Evaluation of the comfort characteristics of the seat.

1. What, if any, changes could be made in this seat to make it more comfortable
for use over long periods of time?

a. The seat cushion should be: softer
firmer
longer
shorter

'n wider
narrower

tz COMMENTS:

b. The shaDe of the seat should be:

contoured on its surface to fit the buttocks
contoured on its surface to fit the thighs -

COMMENTS:

c. The seat back cushion should be: softer
firmer
longer
shorter
wider
narrower

COMMENTS:

d. The shape of the seat cushion should:

offer more support to the small of the back
= offer more support to the middle of the back

offer more support to the shoulders

COMMENTS:



F-

e. If armrasts are prescnt, evaluate them in terms of the following:

They should be: longer
shorter
wider
narrower
higher
lower
further apart -

closer together

COMMENTS:

f. If a headrest is present, evaluate it in terms of the following:

It should be: firmer
softer
lower
higher
wider-
narrower
further forward -

f rther back

COMMENTS:

B. This part of the questionnaire gives you an opportunity to make any comments that
you wish to make about the seat, the seat test, your comfort state, and to offer
any suggestions that you like. Write freely and in as much detail as possible.You ma" -- tinue your comments or. the back of this page.

C. Place a check mark somewhere along the scale below to show how you would rate
this seat in terms of the comfort it affords. Record your impressions, taking
everything in general into account.

Intolerable Neutral Ideal
Discomfort Comfort
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