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1. SUMMARY

1.1 INTRODUCTION

It has bee. known for some time that the number of injuries
sustained during potentially survivable crashes could be reduced if
a proper energy absorber were placed between the seated man and
fuselage to dissipate the energy that is present in a.plane craslz.
The problem of what type of energy absorber should be used and

what characteristi¢s should it have becomes apparent immediately

~ but does not lend itself to an easy solution. Does an énergy absorber

with a square wave force-deflection curve offer the best protection

or do the dynamics of the seated man system dictate an energy

absorber with variable force-~deflection characteristics

to adequately protect the man. To solve this problem, a design

criteria for energy absorbers that would best protect the pilots and
passengers of fighter, helicopter, and transport aircraft was the main
goal of the research effort conducted on this project, but »efore any
optimum energy absorption criteria could be develvoped several pertinent

guestions had to be answered.

The first-of these was how to easily evaluate a given energy
absorber's performance under the dynamic conditions that exist during

an airplane crash.
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The solution to this problem is to utilize a digital computer.‘ A

computer program was written using the MIMIC routine to solve

the equations of motion of a seated man model placed in vseri‘es with.a
seat and an.energy absorber and excited by an arbitrary input
acceleration. The man model used was a 10 HZ, 30 percent-critically
damped single degree of freedom system that can be’used to calculate
the forces generated by a seated man and the acceleration input is

put into the program as a series of acceleration-time pairs. The
program allows. characteristics of any-energy -a‘bsorption device to be
entered into it as a number of force-deflection pairs and the;pr‘ograr’n

then calculates the response of the seated man-energy absorber

system to a given input.

The next question- was what kind of resp‘on‘se could a £nan
survive and the answer comes from an injury model of a seated man
which calculates a Dynamic Response Index (D.R.1.) of a man for
any arbitrary input acceleration. One result of the computer ﬁrogram
is the seat acceleration which the program then uses as an input to the
injury model, a[n 8 HZ, 22 percent critically damped single degree .of
freedom system. The compression of the spring element is indicated.
by the D. R.I. and this provides a means of evaluating the probability

of injury of the generated seatf acceleration.
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The final problem to be solved was to find crash acceleration
time profiles which represented survivable crashes for ’the .gifferenf
types of aircraft. Many sources of actual crash data were reviewed
and- examined to select typical survivable input acceleration \};vaveforms.
Several waveforms were collected for helicoptér, fighter and"trahsport
type aircraft; and these were used as input to the computer program
with the éelection of the waveform for each aircraft made on the

basis of the D. R.I1. output.

With the selection of an input waveform for each aircraft

type and a means of evaluéting the effect’ of the energy absorber upon
the seated man, the definition of an optimum energy absorber design
criteria was undertaken. The resulting design criteria was then used
with:thé D.'R. 1. to analyze test records of existing energy attenuators.
The force-time data available were re-evaluated and force-displacement
curves generated.v;rhich were entered into the computer program and

the D. R.I. was calculated for each device with various man and seat

¥

weight for each of the three types of aircraft.

1.2 RESULTS AND CONCLUSIONS

There are several significant results that have been found

during the research.
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The most significant are related to current energy absorber design
criteria. Energy absorbers are currently designed to the criteria

that a constant force device will generate a constant acceleration

profile and therefore create the maximum energy absorption for
minimum stroke. This, because of the dynamic response of the

man, is false. If an absorber is designed assuming that the man is

a rigid mass that can sustain a constant and tolerable gccelei}";’cion

of 18 g, then the déveloped digital computer program can demonstirate
that: (1) the acceleration to the man is not constant, and (2) the response:
of the man in terms of probability of injury can be ten 'Eimes greater

than anticipated.

Another interesting aspect is that s‘ome commercially- availabl.e
energy absorbers approach the theoretically "optimum" force- ‘
displacement profiles calculated. This is ‘not be’cause they were
designed that way, but because they simply turned out that way.

Several absorbe;*s have large amplitude force ''spikes' st the beginning
of the stroke. This could, based upon current design criteria, have
caused their rejection as unacceptable. However, the study has shown .
that this is, in fact, a reason for making them more acceptable than |
the square waveform criteria they were designed to meet. Their
distorted waveforms as generated by the physical hardware are

supericr to any square-wave device which may be designed.
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The research has shown that it is possible {c determine

a force-displacement profile for a giver set of conditions whick

) is superior {0 any square wave or peak and piaieau force-displace-

ment curve. Because of the response of the human, the ogtimum

- . profile will have 2 “notched™ appearance to take advantage of human
éynamics. Agxpy other waveiorn:, in order to not exceed the same

tolerance limit, will have a greater stroke length.

The resuits just meriicned were found using a computer
program that synthesizes the human body, both force and injury
aspects, the crash inpui ard ithe en~rgy absorber jorce-displacement
characteristics. The program is a research tool in that it ac;:epts
as inpui; man weight, seai weighi, any acceleraiion-iime profile
of the crash, and any force-displacement curve for the absorber.

In addition, the program can recognize muitiple absorbers and a
stroke limit. If the abscrber "bottoms” the seat responds as though

impacting a more rigid strucivre. The absorber is assumed tc be

capable of aitennaiing energy in both compression and tension.

The literature was surveyed and representative crash
acceleration pulses of survivable crashes were tabulated. Four

waveforms are presented for the helicopter and transport.
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Two are presented for the fighter. A specific waveform for each
iype was selected by using the program and determining the most

severe based vpon the injury response..

The review of human tolerance data resaited in the selection
of the D. R.1. method of evaluating iniury. By this means it is
possible to guantiiatively evalvate-the probability of injury fo the
man without recourse to trapezoidai approximations. A value of 18
jor the D. R.i. was selected as the initial criteria for optimization.

This is indicative of a five percent probability of spinal injury.

As meniioned, it was possible to show that force-defiection
profiles of optimum energy absorption devices could be developed
fer particular crash profiles, men and seat weights. However it
was nct possible {o select any onz optimum force-displacement profile
for each vehicle type {transport, helicopter, and fighter) that would be
best for all possible conditions. Optimums could not be firmly estab-
lished because .of the effects of variations of the inbut accelerations.
It has been shown that the response of a dynamic man upon an elastic
energy absorber is more co:nplex than anticipated. The input acceler-
ation thought to be most severe based upon peak acceleration or velocity
change does not necessarily generate the greatest resoonse of the man,

either inertially or in terms of injury.
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RECOMMENDATIONS

It"is recommended that the following tasks be performed.

1. The developed computer program should
be utilized to study the probability of injury
due to selected variations of input wﬁvefdrl;l
and payload masses. The re;‘,ults should be
compiled in terms of cumulative probability
of injury and stroke length in order to make
a quantitative judgment of the tradeoif between

the two.

2. Prototype hardware should be developed
to determine wnether or not fabrication of an
energy absorber with the notched force-dis-

placement characteristic is practical.

3. Additional studies should be conducted to
aetermine whether or not a hardware design can
be developed that will passively satisfy many

input and payload configurations.

e ot o Spatmare st e e -

-

.




Qoo

—

T

T

i 1 castuN Oge LR

i gy

. DI SCUSSI ON

2.1 COMPUTER PROGRAM

One of the objectives of the research was to develop a computer

program that would synthesize the crash acceleration, a.generalized
energy absorption device, and the human. Schematicali‘y this is

shown below:

Aman

JEE it
JiL_JEA . o

The acceleration at the ground acts upon the energy absorber to
develop forces within it which accelerate the seat. The seat
then accelerates the man. The energy absorber is represented by
a force-displacement curve either from measured data or as
represented by some analytical function. The acceleration is
similarly represented by acceleration-time data points. The seat

motion is described by the equation.

= + K - -
Mz X2 ,Cl X1 Kl X1 C1 X2 Kl X2
where M2 = the mass of the seat

W2 = the weight of the seat

+F +F  -W
ea st 2.

C, = the darnping factor of the 10 HZ man

K1 = the stiffness of the 10 HZ r-an

X, = the displacement of the seat

e
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X1 = the displacement of the 10 EZ man

Fea*= the force developed by the energy absorber

F

gt~ the force developed by the structure when the

energy absorber boitoms.
All dotted values are time derivatives of the variable. The man is
represented by a 10 HZ, 0.3 damping ratio siﬁgle degree of freedom
system.‘ Thié has been shown to duplicate man's force response to
impact. The equatiér; for the man is:
M X =Ky Xy - O Ky + K Xy + € Ky - Wy

W, = the weight of the man

Ml =the mass of the man

If we were only interested in forces, this would be sufficient. However,

we are also interested in injury and this requires ;n additional element.
This is accomplished by incorporating another single degree of free-
dom system into the program that is driven by the seat acceleration.
This is written:

-}

M3X3=C3X2+K3X2—C3X.~-K3X -Wl‘

3 3
Mg = 1\/[1
C3 = the damping factor of the 8 HZ man |
K3 = the stiffness of the 8 HZ man
Xg = the displacement of the 8 HZ man

e
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‘ where the seat motion X2 drives the system but is not coupled -2
to it. The coefficients for the model are those of an 8 HZ, §=0. 22

Y system. This is then the D.R.I. or injury model.for the progrém.

The D. R.1. is a measure of the force developed in the spfing and

. equal to K3(2(3 - Xz)/M3 g.

These are the basic equations required for the program. They

L gt v E s et et

were written in a format compatible with-a MIMIC routine and the

remainder of the program is the logic required to properly input,

output and control the calculations. A flow diagram of the program

is shown in Figure 1 and a-complete users guide is contained in

Appendix 1.

2.2 DEFINITION OF ACCELERATION PROFILES AND HUMAN!
TOLERANCE LEVELS

2.2.1 HUMAN TOLERANCE LEVELS

F Many tolerance curves have been developed to indicate

acceleration limits that must not be exceeded. These are available

on | izies

in terms of peali G, rise time and pulse duration. The urifortunate
E ) aspects of these are that it is not always possible to relate .the

, characteristics of the measured acceleration waveform directly to

T

the waveform of the tolerance curve. It was because of this difficulty
that analytical models of the human body were developed to provide a

§ quantitative means of estimating injury.

2 -3
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If an analytical model were available that possessed a response parameter

=i-elated to.injury, then the :model could be subjected to the acceleration

waveform desired and the response calculated. -Such a model is

available and is currently being uséd to predict the probability-of injury.

The modelr is the one developed several years.ago by Mr. Peter Payne

and cizrrent'ly included within Air Force specification MIL-S-9479A.

~

The history of the model begins in 1961 when Stanley Aviation
Corporation conducted a research program to study human tolerance .
to abrupt accelerdtions and published a report describing their results.

Thisiwas an attempt to collect all existing tolerance information and

o - s o =

from it infer analytié;lwr}léééls that could be utilized. This was
indeed accomplished and the model concept helped to explain various
regimes of human response.. From this work Payne developed several

later papers that continued the effort and eventually these led to the

adoption by the Air Fofce of the D. R. 1. model.

As a portion of this program Beta Industries, Inc., was
required to determine tolerance levels and waveforms in accordance
with the best available documeniwed data. The D. R.1. model was
originally proposed as the means of éxamining tolerance and no

additional information collected altered that selectton.
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Later reports, such as The Crash Survival Design Guide, USAA;"V:LABS '
TR~67-22, r‘efé_t"e‘nce data alread_y~ contained within thei D.R.1. ’rnodé;l‘ -
development. ‘Specifically, NASA Memorandurn 5 -19:-59ﬁ, Humaihn ?
Tolerance to Rapidly Applied Acceleration: A Summary of the Litjérzij:;‘;re‘,
was referenced in both Stanley Aviation's Report and the Crash Sﬁr‘:vivza,l
Design Guide. Hence, the model development include's. the experimental
data and by using it 'we satisfy the standard tolerance c’urve‘é that utilize
ar'bitrarily selected trapezoidal waveforms. From MIL-5-9479A the
allowable D. R. I. of 18 is established as a value aissocig.ted.-with a five
per cent or less probability of spinal injury based upon 'operf“ationé‘l
éjection data and was used -as the tolerance level to be'desired. For

other D.R. I values the relationshipbetwéen D.R.I. and probability of

injury is given in Figure 39.

'I:he selection of the D. R.1I. model eliminates the need of
specifying an acceleration waveform as a portion of the tolerance criteria.
The purpose of the model is to calculate the response of a single degree
-of freedom system to whatever acceleration waveform is desired. The
response is calcdlated in terms of relative displacement, 5 , and the
D.R.I. is calculated by multiplying by the natural frequency of the
system and dividing by the gravitational constant. The frequency and
weight are specified such that the relative displacement is anélogous‘
to spinal compression. and hence the D. R.I. limit of 18 is in effect a

limit on the force carried in the spine.

2 -5
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The model responds with the correct relative displacement and
velocity as a function of its stiffness, damping and inertial char-
acteristics, so that regardless of the input waveform the D. R.T.

is indicative of the force in the spine.

Ih the computer program the D. R.1. model is included
and responds to the seat accelerations calculated. It is not the
system used in calcﬁlatin'g energy absorber response because
it is not a force model but a tolerance or physiolc;gical model.
The' 100 HZ system is used to calculate how the seat accelerates and
this is thenused as input to the tolerance model. Both a force
and a physiological model are necessary because the system dynamics
must be found using a force model but the question of injury probability

is best.answered by the tolerance model. This can be explained as

follows:

First, supp‘ose it is desired to be able to predict the force
response ‘of the human body in a seated position. It has been shown
that a 10-HZ syst‘em responds properly. If a 10 HZ system is
accelerated and the force developed is measured, it is similar
to that developed by man. This was established by conducting tests
with humans énd measuring the forces developed. Secondly, to
evaluate the possibility of injury to a man's back due to transient

acceleration it is necessary to use an 8 HZ system.
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This is not a directly measured phenomena but fias come about from
observing the breaking strength and.stiffness of vertebral bodies. ,

If these values are known, body weight distribut}on and calculated:- ’
whole body responseé will result in an 8 HZ system which-provides

-a model indicative of the force devéloped. in th‘e‘ spine. The model is:

an analytical tool. Any given acceleration waveform input can: be

used to calculate an internal force. By establishing limits-on
displacement, velocity, or force, calculations can be made to determine

whether or not the model (spine) exceeds its limit. The limit usually

used is the'D. R. 1.

2
D.R.I. = ‘L%

W = the natural frequency (8 HZ)

& = the spring displacement (spifie)

g = the gravitational constant

. 2 _K
Since w M
D.R.I.= KSmax which means.

Mg

D.R.1:= Force in the spring
Body Weight

and is similar then to an acceleration. The present Air Force limit

is 12+ the force in the spring is 18 times body weight.

e T o oo e
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" Two models must be used. If the "8w HZ model is used
in the seat tc? c‘al}cul‘aﬁe the nr‘espoﬁsefpf‘i:he total seat, man, energy absorber
S‘s‘;s;e_m, the accélergtfon of the seat:wo"uld be the result of forces
d'eﬂvelopéd by a 8 HZ. systém. The results would be invalid.since
only the 10Q HZ de'velo;;s the ‘pr'oper forces and thérefore generates A
the proper seat acceler:ation. The s;aat acceleration then can be
used as input to the ‘8 11Z model. ‘The computer printout presents

D.R.I. versus timeé and indicates the force and displacement

generated within the spine’

2.2.2 ‘CRASH ACCELERATION PR(SFILESQ

Another portion -of ‘this prégram was to determine ihput
acceleration waveforms represeniative of potentially survivable
crashes for tr‘*oop,i fighter and helicopter type aircraft. This
information-came from reports containing full scale crash test
data. In attempting to define the environment from test information
it is necessary to realize the exact nature of the rneasured data as

w‘eil‘:as the plaus'ibility .of approximations that can be made.

Typically the environment in a vehicle is presented as
acceleration versus time at particular locations within the vehicle.

This automatically indicates that the 'crash' acceleration is a

funetion of vehicle type and location within the vehicle.

2 -8
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It is also known that the acceleration level is a function of the airspeed 7

and attitude at impact. There have been several anaiytical studiés o
that attempt to relate fuselage cfush strength; impact angié and -
velocity. These iechniques could have been-utilized, but would

have possibly cause. additional assufnptions»’cb be. ingluded into

the data. For this reason, only measured data was utilized unless

detailed analysis showed that waveform approximations could be

used.

The accelerations that are recorded at a parficular station
are assumed to be representative inputs to the energy absorber. This
is not rigorously accurate. As the vehicle impacts, the crushing
of soil and vehicle dissipate energy and generate a basic acceleration
waveform. At the station of interest the enfergy is .ceceived as t‘ransv—
mitted-by fuselage rigid body motion and structural response. The
fuselage may rotate rather than translate, and the fuselage bending
modes may be of such a low frequency that the impact is greatly
attenuated. Locally, the instrumentated area may be very "soft"
structurally, that is, the floor may not have apgreciable stiffness.

If this is true, then the addition of an elastic system to that station

would cause the measured acceleration on the floor to be altered.
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The measured acceleration we call inpst is actually a response
that may or may not be influenced by the payload. If the floor
is "stiff” structurally, this may appear as high freguency ringing™
ir the data and, although a true indication of the input fo the man,

~ it does not appreciably infivence the response of the low frequency
man. All of these factors were recognized in determiring repre-

~ sentative inpuat waveforms jor each aircrait type altlough little

could be done about some of ther. Without 2 more rigorous
structeral analysis it is impossible fo evalvzfe the efiecis of the
payload on floor acceleration and neance it was assumed that the
measured data would be indicative of ihe floor acceleration

desired.

To define the inpui waveforms represenizaiive of poteniially
surs;'j\vable crashes for transpori, helicopier, and fighter iype
aircraft, a Hizraiure search for reporis and documenis which mighi
have céntained full-scaie crash test data was performed. The primary
source for pertinent information was a Report Bibliography requesied
ifrom tne Defense Documentation Center which covered publications
of full scale craskh tests of aircrafi for ine last iwenty-five years.
This bibliography listed several publications covering full s<‘:aJ.e: testing

which were subsequently obtained through the DDC.

2 -10
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These reporis along with documents suppiied by the Naval Air

Development Center are listed in Tables 1, 2, 3, and 4. - -

Several accelerztion pulses of various shapes were cbtainéd
from crash data presented in some of the reports. Since fher;e are
several accelerztion pulses for each type aircraft, a means of =
selecting the proper wavefor:: for the separate aircraft types had
to be determined. The crash inpet waveiorms must be correcily
defined for any erergy absorber evaluation or optimization to tzke
place. The form of the input acceleration and energy absorber char-
acteristics determine the response of the seated man which is used
to determine the probability of injury to the man and show ‘whether or
not the energy abserber functioned correcily. However, the answer »
to the question of which waveform shouid be used for each type of
aircraft is not immediately ciear due tc a lack of a definitive criteria
for selecting input waveforms which are indicative of potientiaily

survivable crashes.

The Crash Survival Design Guide states that the input acceleration
waveform for the major impact in accidents involving transport and

helicopter type aircraft can be represented as a symmetrical triangular

pulse for most enginering calculations.
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_ But fcin; this program the. gétqal input conditions were to be simq_lated
\ ,whic}_n ;neant a,re\fi‘ew:bf .available crash data from existing literature
and in ‘exalg.niﬁing the reports it soon became apparent that not all
of the data could be realistically described by triangular pulses. In
_these cases,- the bést linear approximation w};ich "filtered out' the
higl; frequency structural response was used. The exact linearizing

technique is described in Appendix II. The result of inspecting and

reducing the available full scale crash test data was a group of input

v
S merr e o e WA a1 o o bty b o e oo e = e mm | o _....._..‘..u..,..,..\!

acceleration.profiles for each type of aircraft. The time histories

of thése waveforms, normalized so that every puﬂlse-lstarts at time,

oy

t=0, are shown in the graphs in Appendix III. All of the input pulses
came from measured data taken.during controlled crasies which
were defined. ag potentially survivable crashes. But which pulse is

‘most representativé of a survivable crash for each aircraft type ?

< e e e ———C— Y s

Is the peak g level, -pulse-duration, onset rate, decay rate, or

W b g e .8 S kv S e v e vonm e

velocity change the best parameter to use in choosing the proper input

! waveform ?

The waveforms obtained were of such a variety of shapes
, that none of the above parameters could be used to clearly dctermine

a good input pulse to use. Therefore, as a starting point it was decided

N 0 Moaain
Mt A A oo e AR At ARk < At SR ke g

the inputs which caused the most severe environment for the seated man

in each type of aircraft would be used to evaluate and define optimum energy

absorption systems.

v ey o o o i
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This does not mean that the various inputs were applied

directly to the injury model of the man. The inputs would havé

to be applied through an energy absorber. To apply the various

inputs dirgctly to the man would be unrealistic. A 30:"g"

peak input of one waveform and a 50 "g"' peak of another, when

applied to man, willboth probably'easily exceed man's tolerance

limit. To select the worst would be ridiculous since neither would

be permitted to exist without some attenuation from an energy absorbing«\
device. Therefore the criteria for selection of the input requires the
calculation of system response, man-seat-absorber, not just man alone.h
The question then becomes how to select an absorber wlhen it is the
characteristics of the absorber that are to be eventually selecfed.

At this point in the program it was necessary to select an energy absorber
with characteristics that would be indicative of the eventual force-
displacement ¢riteria. From the force-displacement curves available,
Boeing test Number 3 was selected as representative of the commercially
available absorbers. The force-displacement curve has an:initial

spike, which was'suspected to be desirable, and then has.a relatively
constant force level. It was realized that the selection of an absorber
would probably influence the selection of input waveforms. However,

to ignore the absorber would be wholly unrealistic. The use of any

.commercially available waveform or even a theoretical square wave

is more desirable than ignoring the absorber.

2 -13
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The technique used to find the harshest input acceleration was
simply to put each pulse into the computer program, and using the
selected energy absorber for each input, compare the peak D.R. 1.

output of.all the waveforms of a particula‘z:-zaix:craft. The input

acceleration pulse which produced the hiéhest D. R.I. was the one

producing the most severe condition for a seated man and was
chosen as the input waveform for that particular type aircraft. These
input acceleration profiles are shown in Figures 2, 3, and 4.

2.3 ESTABLISHMENT OF DESIGN CRITERIA FOR ENERGY
ABSORPTION DEVICES '

One of the primary purposes of the research .conducted on
this program was to develop an optimum energy absorber for a-
helicopter; fighter, and transport type aircraft. The digital cdmpu£er
program previously developed along with the input acceleration profiles
and human tolerance levels defined in the preceding paragraphs were
used to establish the design criteria for these energy absorbers.
However, the questions 0f what an optimum device should accomplish
and how it should achieve the desired results become difficult to
answer' when examined in detail, but must be resolved to determine

the characteristics of an optimum energy absorber.
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What an optimum energy absorber should azcomplish is quite
obviously the protection of the seated man from severe input acceler- -
ations, but is there a criteria by which this can be achieved optimally.
The answer is yes. The seated man will react to an input acceleration
as a dynamic system (i. e. his response will differ from the response
of a rigid mass of the same weight). What is happening i)hysiOlogically

to the man can be predicted by the output of a 8 HZ man model, developed

by Payne, and is referred to as the Dynamic Response Index (D. R.I.).

The D. R.-[. versus time curve then gives a time history of the .
load carried in the spine since the D. R.I. is indicative of the spinal
forces. The criteria used to determine injury probability is only

the maximum level or peak the D. R.I. reaches. (i.e. for a pedk

D R.1. of 18 the probability of injury is five per cent) which means

the injury probability is independent of the length of time the D.'R. L.

is at a given level.

Another point to consider is what happens when the D. R. L.
varies as opposed to being constant. When the ID. R. 1. varies 'with
respect to the tume, the physiological model is dissipating energy

through the motion of the damper. This can be shown as follows:

M ﬁﬁx

D.R.1. Model

TX

R ot b . AP i ot 0%




D.R.I = ‘1’2_5_ = kS
. g Mg ' .
S = X-x g
D.RIL = K35 ) 0
E = Ergergy °diss.ipated /
E = g *cS).Sdt: )
t,

From équa,tion (1) it is seen that the-D. R. I. varies directly with the
diSplace-ment S. When the D. R.1. varies, S has a first derivative
and energy is dissipated by 1_:he system, outif the D.R.I. is consiant,
é is constant, é. is zero, and no energy is dissipated by the model.
If no energy is being dispelled by the man, then the energy present ir‘i'
the seated man-energy absorber system can only be dissipated in the’
energy absorber. When this condition exists, maximum use of the

energy absorber is attained, since the total energy of the system is

being dissipated as the energy absorber actuates.

D R1]
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The curve does not have an infinite rise time or decay time. This is
because the square wave is not physically realizable. The D.R. L

is tHe result of the response of an elastic system and hence even if
the input were a "step'' input, the response would have a finite

rise time.
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Some-energy will be dissipated by the man inreaching snd declining
from the maximum level, but this cannot be eliminated from a
dynamic systém and is negligible- when compared with the total

energy of the system.

How the ‘energy absorption device achieves the desired
optimum results depends not only on the energy absorber itself
but also on the seated man system that is attached to it. The first
results -achieved in trying to define an optimum en;argy absorber
indicated the magnitude of solving this problem and raised several

questions which were considered pertinent.

1. What weights are to be used? '

2. What stroke length is desirable?

3. What force levels are required?

4, What input waveform should be used?

5. What forces can the floor carry?

There are several independent variables involved and combinations

of these could be considerable. If 3 seat weights,3 man weights, 3

acceleration waveforms, and 3 stroke lengths, are used, there are

81 possible conditions for just one energy absorber and for evaluating

the nine existing devices thera are over 700 combinations.
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Additionalfcomplica’tic)ns occur due to the fact that the total system

is noz;li,neér. ~ By doubling the force in.the energy absorber thé

teré;sponse‘ is not necessarily doubled. The response may be dictated

by a "bottoming" action or by a relaxstion phenomena, which occurs
when the energy absorber stroke changes direction. Hénce if the
fesponse of the system is to be interpreted .and understood, conditions
must be selected that will best represent the real world. The following

figures were selected to be most representative,

:S’eat“Weivgﬂht Man W eight
Fighter 250 1bs. 170 1bs.
Helicopter 150 1bs. 170 1bs.
Transport 50 1bs. 170 lbs.

These valuésitogether with a stroke length of 10 inches were
used for the inhitial optimization and criteria development. It was
known that actual seat weights would vary from the values listed or
change in the future and that the weight of the man would vary from
135 1lbs. to 205 1bs, which are indicative of the 5th and 95th percentile.
Therefore, an effort was made to find the effect of the scat and r.nan
weight on the D. R. 1. using the computer program. Several cases
using one energy absorber (Boeing #3) for all three aircraft types

were tried-with the seat and man weight being varied.
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of the general form shown telow.
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~ ' Bottoms

These results are shown graphically in Figures 5 thru 16.

Figures 5, 6, and 7 are plots of seat weight versus D: R. I.‘

- different body weights. Theé points connected by the solid lines are
with 10:inches of stroke. L;‘x examining the;e curves it appears that

However, in all cases where the D. R.I. increases with seat weight

the energy absorber "bottomed out' and-exposed the man to high

input accelerations. For those cases the D. R.I. time curve was

me,  Peak'l
“~

2 -19,

Time

for the three typés of aircraft with the different curves representing

data points-actually calculated by the computer of an energy absorber

the D. R.I. increases quite drastically as seat weight becomes greater.
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It appears from the shape of this curve that if the stroke
length coiild be extended the D. R:I. Wwould be-reduced to the level
5f Peak 2. If this is *he case, then the points connected by the

dashed lines would represent the true-€ffect of seat weight which

appears to decrease the D. R.1. with-added weight. This hypothesis )
—was. tried ubing a stroke length of 25 inches for afew éases and the
results given in Figures.8, 9, and 10 show that the D: R.I. does

vary inversely with seat weight if the stroke length is long enough.

] The graphs in Figures 11, 12, and 13 show the effects of man
weight on the D. R. 1. for different seat weights. Here again the

same problem with the stroke length arises. If the stroke length

is 10 inches, the D. R.I, increéases with body weight, but the

energy absorber "bottoms out.' This condition is depicted by the
solid graphs, while the dashed lines show what couldbe expected

if the stroke length was longer. Several cases using a stroke length

of 25 inches were tried and the results given in Figures 14, 15, and

& P g s ATy
TS s e o bttty s st n oo S L

16 do show that ihcreasing the man weight will decrease the D. R.I.
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The consequence of the preceding results is that some

restrictions can be placed on some of the system's parameters

for purposes of optimization and design criteria definition without )

loss of generality since the previous data predictis a trend
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when eithér seat or man wéight is varied and stroke length is-long

7

enough to prévent the eriergy absorber from "bottomirig. ™ These™
ghtop gy orii "bottomsing. ™ The

z -

qualifications along with knowing what .an op’f;[fnqm, device should -

Ity

accomplish now ease the problem of-gptimizal_‘tiqn éu;d d’efiigj.tiqn

of design criteria.

For optimization purposes,. the:primary ‘effort v-gras, to
determine whether o‘r not energy absorber critéeria ¢'oufd be de?rel‘dp'e"é"'
to take advantage of the dynamic response of the- subjéctl ; Is 11:‘
possible that the standard square wave energy ‘absorber _fo.rce-' 7
displacement curve is nof the optimum? Does fhg man's resbonsé
significantly influence the design of the absorber? The digital
program developed was generated to test the hypothesis that a‘.&’or:ce-

displacement curve exists that is better than the generally aéceptécj '

constant force absorber,

The initial approach to the problem was an intuitive .one.
We realize, firs‘; of all, that we are attempting to d,évelop an absorber
which will have a minimun siroke while creating aftolerable'. environ-
ment for the man. This is true because if we w'ished to maintain
tolerable accelerations only we could have low force, levels but

extremely long stroke length absorbers.

2 - 21
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Unfortanately, we realize thit by redecing the stroke we are also
raising the forces, decreasing the timme duradon, and gtneralmg

T the force oversho of the man.

Since a long duration acceleration palse is nndesixlable,
what will the shor- deration pulse canse? The limit of a.short
duration pulse is the impulsive input. The &uration of the pulse
is so short that the system responds not to the waveform but

raiher to its area, the velociiy change.

The response is as shown.

r (©)

Time

This infers that if we impulsively sirike the system it will reach
a peak value and then decrease to zero. If the peak is a limit, it

is desirable to gei up to ihe peak and then hold it.

s 3 5




If this is achieved, we are maintairing a constant acceleratlon leveL
on the man and heping that we will not exceéd his limit. Since we

have a linear system we can use superposition and add other input

impulses to create a constant output. / - .

v As an 2xampie, two inputs and their responses are shown as:

5 (t,h /«.\_\ /\

l t
vi “‘/ . .
—e= Time
r
o Time

It is apparent that the first pulse can be used to achieve the desired
level and that subsecuent pulses can be added to maintain that level.
Can pulses be added initially to get the response more quickly up

. to the desired level? If this is possible, we are approaching a square

s it bt bt

s B

wave output which implies greatest energy absorption for least stroke.
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i]nfontur;ately, it,:is not~ poss,:ible.,. The- ipitiél 'pulsf clearly dictates

1:hé~ ’g‘eak, aéééiefr,ation 'lg{rél and adding additional pulses can only be

a\.ttempted: when,theirl résponse and the initial ~pu41serresponse

colleCtgvely will not exceed the desiréd level. This means that ”
tg}ere will be a large‘ initial séike, a valley or "notch’ and then

a se“riés of lower léve;l pulses as requ}iréd to maintain a clonstant
vﬁue. The input accelerates the mass but before the acceleration

becomes too great the input 'is removed and the acceleration "coasts"

into the tolerable limit.

Tﬁe description given is directly applicable to the man and
seat. We want an acceleration to the man that causes him to compress
up to a given level and then hold it. If this is to be achieved the acceler-
ation of the seat must have the "notched'' appearance. Since the seat
acceleration is dictated by the forces of the energy absorber and the
d);namic response-of thé man, the energy absorber force-displacement
curve must create the force-time ''notch’ desired. During the initial
acceleration, the' man will lag the input and not generate large forces.
However, the seat will have accelerations nearly equal to the input
and hence the forces generated. by the energy absorber will approximately
equal the seat mass times its acceleration. Therefore, the force-time

profile of the energy absorber must have the same "notch. "

2 - 24
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With a "notched' absorber thé seat acceleration will generate

approximately the proper response of the man.

2.3.1 WAVEFORM DETERMINATION - HELICOPTER

The next step was to quantitatively d.efine a force-displace-
ment profile for an optimum energy absorber. From existing crash
criteria the 40 g level was used as a first estimate of the permissible
acceleration that could be carried by the energy absorber structure.
Assuming a helicopter configuration with.a 150 poﬁnd seat and a
170 pound man, the peak force due to-inertial response of the total
dead weight would be 12, 800 pounds. Existing energy absorber data
indicated possible loading rates of 60, 000 pounds per inch\ for the
initial crush of the absorber. This infers 0. 213 inches to a peak

force of 12, 800 pounds. Assuming a symmetrical pulse the total

impulse displacement is then 0. 420 inches.

The plateau portion of force-displacement curve is dictated
partially by the impulsive response but is also the asymptotic limit
for the inertial fo;'ces of man and seat. After the transient response
has decayed, the D. R.I. limit must be indicative of the accelerations
of the seat. A D.R.I. of 18 was used as the limit. Since this is the
inertial acceleration of the man and ‘seat, after transient response,
the force level of the absorber must be approximately 18 x 320 = 5, 750

pounds.
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The profile to be developed must appear as:

F + 12, 800

5750

From data-collected on the Boeing #3 energy absorber it was
known that about 75, 000 pound-inches of energy would have to be
dissipated to develop a severe but tolerable D. R.I. By adding the
eneérgy increments of the force-displacement curve it was determined
that at least 12. 5 inches of $tioke would be required if another 0.213
iriches were used in getting from the force valley to the plateau

magnitude of 5, 750 pounds.

Based upon the estimate discussed, the following waveform

‘was selected as a curve for the helicopter.

rl 12, 800

\ 5750

\
eyl
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It ‘was not known where or how big the ''notch’ should be and

i

so several variations of 'notch’ location and impulse peak form
, Vi
<

were atternpted. The best response was achi'e\;ed when the "nc’itc‘h:" |
immediately followed the impulse and had a stroke of nearly three
and one half inches. The plateau value was decreased from theﬁ
initially assumed 5, 750 pound level and the péak was increased to.
14, 200 pounds. The selected waveform and its response are ‘shown,

in Figure 17 and 18.

The curve in Figure 18 indicates that it is possible to develop
an energy absorber force-displacement profile which will generate

"y
a nearly constant D. R. 1.

The waveform-of Figure 17 is the "optimum'' for a 170 pound
man, a 150 pound seat, and the helicopter acceleration input shown
in Figure 3. It is assumed that the 150 pound seat ‘is the parameter
of least variability. The variation of response with man's weight

and acceleration input as variables has to be examined.

Consider first the effects of changes in'the acceleration input.

The acceleration for the helicopter was assumed to be 115 g and . 030

seconds duration. This is a severe but potentially survivable environment.

Suppose the acceleration input is of less severity.

2 - 27
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First, 'less severity' must be defined. If we assume that the

‘waveform. generated as input to the energy absorber is a function
of the €lastic characteristi¢s of the helicopter, then it is reasonable

to assume that even a less.severe crash will generate the same

time duration of the response. A system subjected to a transient

input will respond by oscillating at its own natural frequency regard-
less of the magnitude of the input. Tt is not completely independent

of the waveform of the input, butfor this investigation it seems more

T T I
e el R
.

. reasonable to assume that "lesg severity' implies reatced amplitude

i only and not scaled-magnitude and time. Therefore, acceleration

g faes

inputs were examined having the same time base but with scaled

amplitude.

The energy absorber found has an initial force spike of 14, 200
pounds. This requires a certain amount of input acceleration to get

the absorber 1o actuate., As the input acceleration is reduced, a point

Y T B R e e
e i o e oy e 1 At e b
- ~

is-reached:where the input is insufficient to generate the 14, 200 pounds.
The absorber then-acts as a high stiffness element and the man over-
1n

| shoots the input. As the input is further reduced, even the "overshoot

of the response will not exceed allowable limits. Hence, if a large

force spike exists on the energy absorber it may be extremely efficient

TR

in getting the man "up to speed’ quickly.
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But it may create a band of acceleration inputs where the most )

critical human response occurs with less severe input.

i
t

AccelIer}'paqcion

Energy Absorber Effective Range

Energy Absorber Ineffective --

Marn's Reaction Tolerable

'

Time

In-order to investigate this problem, it was necessary to's’;udy
several variations of absorber waveform and input acceleration. The
first attempt made was:to reduce the peak force magnitudg to one half
of the "optimum"' value and examine variations of the "notch.' By
reducing the peak value, the loss of strain energy would have to be
infroduced elsewhere and hence the notch variation was examined to

determine how and where the lost energy could be reintroduced.
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The response curves:given in Figure 19 for a reduced energy
absorber waveform with a 7, 100 pound peak show tha’g the initial
energy l‘osé does cause the response to be distorted and the optimum
D.R.1. waveform becomes a cirve wit'h a slight dip at 40 milli-

seconds and peak at 80 rilliseconds and a 5 per cent greater response.

The form of this response suggests that the man should be subjected
to a greater a‘.ccelera!:i‘on»onset‘ rate in the beginning of the energy
absorber stroke and a lower acceleration at the end. In terms of the
\ energy absorber .characteristics this means that inore energy should
‘be dis’sipated in the first part-of the stroke and less energy in the last
part. This means the energy absorber characteristics curve should have

the following form.
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If the stroke (AL) of the "hotch” of the énergy absérber-

-used-for Figure 19 is reduced, the responsebé¢omes more répre-

two approaches should be looked-at. The "r’up.tc":h” waveform »appro'acir

can ‘be continued to examine the effects of‘input variations, and-a

;peak and plateau absorber-of the following form .can also bé examined..

The next step was to find what happens when the inﬁut is reduced.

The results of a preliminary investigation with-a "notched"
energy absorber are presented in Figure 20. The curves shown
are the responses that are generatéd by reducing the input wave-
form. That is, the amplitude of the acceleration input is multiplied

by 0.9, 0.6, etc., to observe the response as the input is reduced.
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'\'.ghe*curv‘es demonstrate that a reduction.in input does not always
ge‘n\erate a reduction in response: Even though the input is reduced
to lejs‘ss than half of the original magnitude, it is possible to have a |
responéé?“that exceeds the levels genefated at maximum input
accelération-as shown.by the curve wi;ch 0. 4 of the maximum inpat,

The response has a D. R.1. of 21.2 while the maximum input only

geénerated-a D. R. 1. of 18. 2.

Knowing that the reduction in acceleration inputs can have
a-dangerous effect on a seatéd man and that a "'notched’ and un-
notched energy absorber should be examined, the ratio inputs were

tried with both types of energy absorbers. The results are shown

in Figures 21 and 22. The characteristic curve for each en;argy
;};éérber was determined by finding a waveform for the maximum
input that matched the energy absorber curves in Figure 19. That

is the response for RA-1.0 in Figure 21 and 22 matches the response
for AL = 3.8 and 0. 8 respectively in Figure 19. This correspondence

now provides & means of comparison between the iwo energy absorber

types, ''notched" and "un-notched. "

Examination of the curves presented in Figures 21 show that
the "notched’' absorber D.R.1. responses fall below a peak level of

19. 2 except the curve for RA=0. 4 which has a peak D.R.1. of 19. 9.

2 - 32

o T4 S e e s G WP B e e e

e T —y




ARk

T
ART-AI A A A AN ¢

TR,

EEC o g

LA e as
e s 4~ A e At - v

T——

Eak T b A ey

.
:
4
E
3
4

&l

Since these peak D. R.I. levels car be adjusted down to a-level

of 18 by slightly lowering the forces of the energy absorﬁer; it ~
appears that the "notched” type absorber can be optin-iizéd to
protect a 170 pound man from any crash waveforrﬁ up 'to the max-
imum expected providing.the stroke length is_'long enough. The
un-notched energy absorber generates t};e résponses shown in
Figure 22 which- demonsti“*atevthét successively lower inputs ot
generate approximately the same peak D.R. 1. (19.8) until the

input is reduced to 0.3 oé the initial value. Here again the force .
levels of the absorber could be adjusted to bring the ‘peak D.R. I.A '
level down to 18 for the maximum expected input, but 1’6‘wer inputs g

would still generate responses which had peak D. R.I. levels equal -

to 18. This means that the probability of injury will remain tile same

for the "'un-notched” energy-absorber even though the input is reduced..

The "notched" energy absorber does not exhibit this characteristic
because a reduction in the input results in a lower D. R. I. except

for cases where the energy absorber's stroke is very small

(RA =0.4 and 0.3). However, in these cases, the peak D.R.I. level
£till remains below the peak generated by the'initial input. ‘Therefore,
it appears that the "notched" type energy absorber is an optimum for

a 170 pound man and 150 pound seat with the selected helicopter input

1fr e
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; The next point to consider is ike variziion of the man's weight.

From all the data coliecied and that specifically shoun in Figures i4
g thra 16, itisWEMmMusehthew“sweightwiﬂlMer
the D. R.L bt increase the siroke. Therefore, i can be said that
the optimam energy absorber designed for a 170 pound mamn wonlid
also work for a 205 pouréd {25:h percexntile) man providing the stroke

length is long enough. If {he sircke length is critical, it cam be
shortened provided the force levels of the energy absorber are raised |
so that the armount of energy dissipated is similar to ihe previoes

sorber. The D.R.1L may or may nof increase depsnding or how
the force levels are adjusted, but levels can be fourd.which will
generate responses that have 2 D. R.1. of 18 or less for a 205 pound

man.

The reaciior of 2 135 pound (“ih percentile) man xith an
energyv absorber designed for a 170 pound man presenis iire opposiie
situation from ihat of the heavier man. The data previously presenied
(Figures 14 thru ;6) very definiiely shows an increase in D. R. 1. with

‘a decrease in man weight. A case was iried to see if this frend held

- for the energy absorber designed for a 170 pound man and is shown in
E : Figure 21. The resulis was a 10 percenti increase in D. R. 1. for a

E

: 135 pound man, therefore, an optimum energy absorber designed for

3 a 170 pound man will not work for a lighter man, but an absorber

2 -34 -
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cesigned for 2 135 pound man will profect heavier subjects proviced

the siroke length is long enmough. Since the response of the 135 pound

. used above, the force levels were slighily reduced fo bring the peak
D.R.i. Jown and the responses fourd i0 2 variation of inputs. The
resulis are skown in Figure 23 and indicate that this absorber would
protect the 5th thra 95th percentile man (135 to 205 pourd) seated in

2 150 pound seat and subjected o the selecied helicopier inpui waveform.

2.3.2. WAVEFORM DETERMINATION - TRANSPORTY

A similar zpprozach was izken for the transpori confEfguration
with more immediate success. An opiimum characieristic curve
shown in Figure 24 was found for ihe baselire 170 pound man and

50 pound sezi. The D. R.I. response using ihis energy absorber is

shown ir Figure 23 and indicates ithat the curve is not as flai as ihe
helicopier. However, this coazld be achieved wiih aédition=1 manipulzaiion
of the “noich™ locziion. Afier the opiimum was fourd iwo variziions
were again examined. One was ihe peak with no noich, and the oihér

. 2 "notched” configuraiion. The ones found were not capable of generating
ideniical pcak D. R. 1. The opiimum generzated 2 maximum value of 138. 4,
the peak-plateau a value of 18.7, and the "noiched” 2 value of 16. 9.

I Hence, the two curves are 1. 6 percent high and 8.1 percent low.

J— a J— - R FSCUOREE U P [

man generated a peak D.R.1. of 21.3 with the “notched” energy absorber
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Both configurations were examined for less severe inputs. Once
‘again, ratios of the input were examined and the results shown in
Figures 26 and 27. The “un-notched"” waveform (Figure 27) generates
extreme values of D-R 1. at ﬂlﬁr';l’;es of input acceleration less

{ian the maximum and greater than one half the input. An acceleration

input with less peak acceleration and less velocity change than the

selected maximum, generates a greater response.

This phenomenon is not observed for the “noiched” waveform. .
{Figure 26) As the input peak is reduced, the maximum response
does increase but never exczeds the maximeum allowable of i8. 0.

Tnis typa eneryy absérber appears to be an opiimum for baseline

condiions ¢f 3.5¢ pound seat, a 170 pound man and the selected

irznspori input-acceleration.

Asg for ihe heiicopier, the variation in man weight was also
zonsidered 2nd ihe same conciusions reached. The responses of a
125 pounnd m2x: are shown in Figere 28 for a: energy absorber wiit
siighily lower fc;'ce levels ihan ihe one above. The carves illusirate
that a 135 pornd man can be protected using an energy absorber wiinh

a "notched" iype characteristic curve. A heavier man of 205 pounds

would also be protected by this device if the stroke was long enough.

e — A t—— 7 T
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2.3.3 WAVEFORM DETERMINATION - FIGHTER

The baseline configuration for the fighter, 170 pound man

T T N

ard 250 pound seat was best {itted with the notched absorber con-
figuration of Figure 29, which g;nera:ted a response shown ir Figure 30.
- A truncated configuratior, Figure 31, was also developed to study the
effecis of less severe inpuis. No atiempt was made to determ.in-e
an “un-notched” waveform since the commercially available configurations ‘

-

were approximately comparable o the force-displacement levels required.
The optimum: curve does maipiain a relzatively constant D. R. 1., but
the truncaied waveform does require improvement. If the ‘runcated

waveform were io be improved, the initial plateau value of 5400 should

be raised. This would cause the pezk response ai lower irpai leveis

to more closely approach 2 D. R.1. of 18. The present curve is nearly

XA

13. 0 (18. 6) for the exireme inpuis, but only reaches z wvalue of 14.2

when the inputi is three tenths of the maximum. If ihe platezu were

raised, the 18.6 value woul¢ be changed only slightiy bui the response
t0 reduced inpais raised. This would result in 2 more efficieni abscrber
waveform because more energy is dissipated within the same siroke.
The response of 2 135 pound man to the initial and reduced waveiorms
was also tried for the truncated "notched" energy absorber. The results
are presented in Figure 32 and the gonclusions are the same as those

mentioned for the helicopter and transport.
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2.4 - ANALYSIS OF EXISTING ENERGY ABSORPTION DEVICES

“The quée;timé profiles of existing energy absorbers pre-
- .viously tested by ACED aund docpmented in Report No. NADC-AC-6905
"Dypamic Testing of Eaergy Attenuating Devices" were reduced o -
_provide force-deflection curves and these were properly formatted
for entx:y into the digitail program. The technique used for deriving

the force-deflection curves is comple.tely described in Appzndix IV,

This method consists of plotting the relative acceleration betwecn

the test platform and the dead weight and then graphically integrating ]
twice to obizin the deflection-time profile of the energy absorber.
This curve and fhe load cell force-time history are then used io '
generate the force-deflection curves by {finding iorce and Geflection

values thai occur ai the same iime.

The calcuiation of the force-defleciion curves required that

the load cell record and the acceleration racords of the platiorm

and dead weighi be complete. For cases where overshoot occurred

and the irace disappears, the icrce-deflection curves could not be

obtained. These fesis are listed below: ] ‘ -
1. ARDE - Test No. 4
2. BCEING - Test No. 2

3. ALL AMERICTAN - Test No. 1

2 -38
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The calculation of the force-displacement curve for the ARDE

torsional energy absorber for Test No. 1 indicates that the data is’

invalid:beyond approximately 52 milliseconds, since relative velocity

changes directions and therefore relative displacement becomes
smaller starting at thic point. it was indicated in the report that

ior Test No. 1 not enough energy was imparted to the device to allow

it to respond properly. The device deflected oniy wuiotal cf 2/8 of an:

inch as compared to over 3 inches for Tests 2 and 3.

The remaining nine energy attenuating devices have their
force-deflection curves calculated and put in the proper format for
use in the compuier program. These devices are listed below.and
their characteristics are shown in Appendix IV.

1. ARDE - Test No. 2

2. ARDE - Tesi No. 3

3. BOEING - Test No. ¥

4. BOEING - Test No. 3

5. MECHANICS RESEARCH INC.
6. ARA INC. -~ Test No. 1

7. ARA INC. - Test No. 2

8. ARA INC. - Test No. 3

9. ALL AMERICAN - Test No. 2

Upon completion of putting the force deflection curves in the
proper format for the computer program each energy absorber was
entered inio the program and evaluated for each aircraft type with
three body weights of 135, 170, and 205 pounds which represeiit the

5th, u0th and 95th percentile man.

2 ~39
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The results of these 81 cases are presented in Appendix V as graphs

A e ey g

» which show how the D. R.I. varies with man weight providing the
stroke lengths are long enough. Also- it appears that the devices
manufacture;l by the same company provide similar response and -
therefore for purposes of comparing with the design criteria only the

) following devices were considered.

1. ARA INC. #3

2. ARDE #2

3. ALL AMERICAN
4. BOEING £3

5. M.R.1.

These devices along with a square wave that had 2 peak force
of 3969 pounds were evaluaied for a 170 poun: man, 50 pound seat,
and’the iransport input waveform. To match the design criteria for

optimum energy absorbers; the inpuis weére requced and the response

recorded for a maximum siroke length of 25 inches. The resulis are

shown in Figures 33 thru 38. All the devices tested generaied D.R. 1.

LAt el

responses in excess of 18 which indicaies that nune of the energy absorbers
would protect the man for the transport conditions. Three of the energy :
absorbers exhibit the phenomena of producing higher peak D.R.1.'s

, when the input is lowered.

T

2 - 40.
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These are ARDE #2, ALL AMERICAN and BOEING #3. The MRI
absorber response curves appear indicative of the impulse response
of a single degree of freedom system. This is to be expected since
the force level of the MRI device is so hign (10, 000 pound) that the
energy absorber is essentially a rigid link between the point where

the input is applied and the seat.

The square wave absorber whese respowrses are shown in
Figure 38 was found by considering the man as & rigid mass. If
we say we want the maximum seat accelera%.ion to be 18 g's then
the following calculations will determine the force level of the

energy absorber.

“’t = \Vl + W 5 Total Weight
“’; = 530+170 = 226G 1b.
L
F_= 18 220 Energy Absorber Force
F = 3960 lb.
ea

This 1s the force level that was used for the square wave absorber.

The responses show that four oi the eight curves overshoota D R 1.

level of 18 and the overshoot is due to the man responding as a

dynamic system and not as a rigid mass.

2 -4}
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A square-wave energy absorber that generated a D. R.1. of 18 or
less would have a lower force level chan the oné used in Figure 38,

but the stroke would be longer.

A compa:rison table of the existing energy absorbers and the
optimum absorbers develcped which lists peak D. R.1, stroke length,
and aircraft type is given in Tabl;e V. The absorbers listed under
the commercial heading were the devices evaluated on this program
while the theoretical heading lists energy absorbers described by
the design criteria discussed in the previous section. A direct
comparison of individual energy absorbers is somewhat difficult
since the D. R. 1. man weight and stroke length vary, but some
general conclusions can be drawn for each aircraft type. For the
fighter with a 176 pound man the ARA INC. #2 energy absorber
and the fighter optimum have the same D. R.1. but the ARA INC.
device requires two more inches of stroke. The remainder of the
commercial absorbers except the M. R. 1. all have lower D.R. 1.
values for the same man weight, but show stroke lengths of 20 inches
or greater. The M.R.I. device has a lower stroke (9.7 inches) and
a higher D. R.I. (33. 3) which is expécted because it is a much stiffer
absorber than the others. The two "'notched' energy absorbers,

designed to handle reduced inputs, have acceptable D. R.I. values,

but very long stroke lengths.

2 - 42
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A direct comparison with other devices is not possible since the
calculation time is twice as long. The Square w23 zbsorber designed
for a rigid mass and an 18 g seat acceleration compares unfavorably '

. with the fighter optimum because it results in a much-higher injury o

probability. The probability of injury for the fighter optimum is only

0. 06 and for the square wave it is 0. 5.

By making si-milar comparisons with the helicopter optimum
and the transport optimum it is seen that these devices are apparently.
better for their respective aircraft than any of the ot1.1'3r commercial -
devices listed. The cptimum energy absorbers maintain a tolerable
level for the man and use less stroke than the commercial devices.
Again the square wave absorber D. R. I. values show that higher injury

probabilities will result when this device is used.

The values in Table V can become deceiving should the conditions

under which they were found be forgotten. The optimum energy absorber
for each aircraft was determined for one man weighi and seat weighf
for the maximum input. The ''notched" absorbers, on the other hand;
were designed to handle peak and reduced inpu-t accelerations. All

of the numerical values in Table V were calculated by the computer
program using the maximum accelerations, but several devices listed )
generate higher D. R. 1. values with feduced inputs. Figures 33 thru 38

should be checked for this phenomenon.
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If the above conditions are kept in mind when using the tabie, com-

parisons of the different energy absorbers can be made.

2.5 I?ISCUSSION

It has been shown that for a given seét of condifions, man
weight,' seat weight and input acceleration waveform; an optimum
force-displacement curve can be found. As long as the input is of
short duration, less than a tenth of a second, the dynamic response
of ;:lle man creates a.force overshoot and this can be compensated
for ’by having a "notched" absorber. This type device differs quite
drastically from the traditicnzal square wave force-displacement
absorber. The square wave device wiil dissipate the most energy

for a given stroke iength, but will generate an acceleration input

‘to the seated man which wil' result in a high probability of injury.

Because the man responds as a lightly damped dynamic system,

a square wa-ve absorber causes higher seat accelerations than
énticipated. This also subjects the man to greater accelerations
which generates higher forces in the spine. This fneans a greaier
probability of injury. The design criteria developed in the previous
section takes the man's response into accoun;:'; and, for an energy
absorbeti: that is a passive, elastic element, the optimum for a given

set of conditions is a "notched" force-displacement absorber.




Unfortunately, it is usually not possible to design for a
given set of fixed parameters and a range of values must be
considered. The absorber must act in conditioﬁsof iess severe ‘

- inputs. If the absorber has a high peak value initially it is possible
that an injurious input could be less than the-actuation level of the. |
absorber and hence the absorber would act as a stiff ei_astic_glex%ent )
rather than a energy dissipating device. This can be overcome by

truncating the initial peak value and compromising-on-the efficiency

of the absorbers.

»

The truncated and notched absorber will work for all
acceleration input levels provided that the forces levels of the

absorber are low enough. The levels are not necessarily dictated.

FE by the maximum input but by some lesser input that creates a maximum
response.
2 P

If it is desired to develop the passive, plastic absorber

there are three methods of approach that can be followed.

1) Design for the ultimate response. This is the approach

3\ aie ) o rr e i A s ora

that was taken in the previous section. An absorber curve is found

cyatra

that will not create a response greater than a selected D. R.1. value,

regardless of the severity of the input.

T o
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This apf:roae‘h results in long stroke lengths arnd an absorber that

is the result of compromising various segments of the curve in

-~

order to insure that three-iénihs or seven-tenths ofthe maximum

input doesr't overshoot fhe allowabie.

2) Acdditional passive elemenis can be .cluded into the
energy absorber. Just as a peak-valley-platean was found for a
maximum input, a peak-valley-plateau can be found for each level

of the input. Is it then possible {o develop 2n absorber witk not only

elastic bat viscous elements that can creste all of the optimum force-
displacemeni: curves? If the worst com}ition exists at a less severe
input, ihen it is possible that a viscous element might imprcve the
system. At high levels of input wWith relatively large velocity changes
the damper would generate large forces which when added to the
elastic forces would create the peak vz;lues reguired. At lesser
input levels the diamper would not coniribute significantly and hence
the elastic force could be set at a magnitude that would not create

an injurious cvershoot of the man.

Addition-al emphasis should be placed upon finding the
optimum for many levels of input. It was originally anticipated
that the peak magnitude of the absorber would have to be reduced
mainly to insure that reduced acceleration inputs could permit
some stroking of the absorber. However, in the analysis it was

seen that the dynamics of the system can generate more severe

responses with less severe inputs.
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It is nct necessary that the absorber fail to stroke to get an increased -
response. The dynamics of the system alone can generate greater
response for lesser inputs. This makes the-total problem more
complex in that it is difficult to say what the worst environment reall;'
is.
3) A statistical approach can be taken. The D R.IL

¢9ncept has associated with it a statistical measure of injury..
Similarly the man's weight and the input acceleration have statistical
distributions. Is it possible that a cumulative iijury criteria can be
established as a criteria for enex;gy absorber design? As an example‘
ct;nsider the truncated and notch helicopter waveform for a 170 pound
man. The response at maximum input is a D. R.1. 0of19. This has

a probability of injury of greater than five percent. As th;a input

is reduced the response eventually overshoots and develops a D. R.1.
of nearly 20 for an inputi equal to four-tenths of the maximum. From
other criteria such as the Army's Crash Survival Design Guide, there
is a probability curve associated with magnitude of the input. In other
words, there is a finite pro‘oability that thz crash wiil indeed be near

four-terths of the assumed maximum. Is the cumulative probability

of injury, a D. R.I. of 20, and the occurrence oi:‘ an input of four -tenths

of the assumed maximum, sufficient to compromise the absorber

waveform.
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This approach-ultimateiy leads to a cumulative injury criteria as

a basis for energy absorber criteria. The prc‘oabilitg;' of being

at or near the “maximum” input acceleration is a value. At

that level the D. R.1. will be another value with an associated
probability. Assuming these are statistically independeni; there

is then a cumulative probability of ir;jury at that particular input
acceleration band width which is the product of the two. If this

is duplicated for all t;and widths and the numbers summed, an injury
potertial of the absorber is developed. In this marner it is possible
to quantitatively tra-deoff probability of injury with absorber design
characteristics. If it can i>e shown that the four-tenths overshoot
does not significantly influence the total injury potential, then the
absorber design can be more efficient. If the occurrence of an
input is remote, then the prqbability of injury at that input can be

high and the absorber can be designed to take advantage of it.

4) There is another means of achieving the desired force-
djsplacement for various combinaiions of conditions. This is of
course the active feedback system. Just as it was mentioned ir
connection with passive elements, active feedb;aLck control elements
could also be designed to adjust the response as functions of relative
velocity or force generated. Active systers are usually equated with

complex arnd expensive systems. However, it is a means that could

and should be pursued.
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‘APPENDIX I - COMPUTER PROGRAM USERS GUIDE |

The computer used for this stidy program is listed on the
following two pages and is discussed in the subsequent paragraphs

with a complete listing of the terms following the discussion.

The initial cards establish the constants to be-used in speci-
f);ing the structural constants. The aircraft floor stiffness is (K6)
and damping is (C6). The impact velocities for each acceleration

waveform are Al, A2, and A3.

The first three constant. function cards, CFN, represent the
acceleration waveforms used as inputs. The number within the field

indicates the number of time data points within the field. If it takes

10 points to describe the acceleration input, CFN (10. 0‘) would be re~
quired. The last CFN card represents the energy absorber as a
function of displacement and a series of ten points. The parafneter
cards are those inputs that are used to study the variations of response
with input parameters. The user has the capability to put in a'ny
variation of subject weight, W1; seat weight, W2; aircraft type, AC;
energy absorber stroke, SL; number of energy absorbers, NE; ana

RA input reduction factor.

The function cards establish the functional relationship between -

the parameters on the constant function cards. That is, 'FUN (AJ, T)

indicates that the data on the CFN card AJ is a function of time, 'T.

i .
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* AF = FIGHTER

' D

" IMPACT RESPONSE OF SEATED MAN

v— we xox " o ——

*%EMIMIC SCURCE=-LANGUAGE PROGRAM¥ %%

CON(K6,C6,KT)
CON(AL,A27A3)

- — o s = 4 o ettt e s mme mer -

AF "CFN(4.0) 7
5. .. % AH = HELICOPTER e e
) : : AH CFN{6.0) ‘
* AT = TRANSPORT . o
, R AT CFN(3.0)
V) EA CFN(8.0) o )
FA FUN(AFyT)
HA FUN{AH,T) i ) L
O T TA TFUN(AT,T) B
PAR(WI:NZvAE;§kyN§13A) o
;1 W1/386. :
© ‘ : KL M1%¥3950. - e
i . Cl 0.6%MY%62.8 )
o L N2 W2/386. ) i
o w3 M1 - o T
X3 M3%2500.
‘ ' €3 0.44%M3%50.
) L FOREA FUN(EA,X6)
) i AD AC-2. -
: ARR FSW(ADyALl,A2,A3)
D 3 AR ~ RA%ARR : -
b 20X1 (=Cl¥10X1~K I¥X1+C1¥ 10X2+K1%¥X2=H1) /M1l -
Lo 1DX1 INT(20X1,AR)
"9 X1 INT(1DX1,0.) o
o2 20X%2 (C1%1DX1+K1¥X1=C1*1DX2=K1#X2+ENAB+STR=%2)/M2
1ok '10X2 INT(20X2,AR)
19 X2 INT(10X2,0.) T B
bog 20X3 (C3%1DX2+K3%X2~C3%1DX3-K3*X3=W1) /M3 o
{3 10X3 INT(20X3,AR) ‘ o T T
D3 X3 INT (1DX3,0.)
Lo ORI (K3%(X2-X3))/(M3%386,) =~~~ 7 77T T 7T
~ ARS FSW(AD,FALHA,TA)
D 2DX4 RA*ARS T CTTT T e ot
% 10%X4 INT(20X4yARY N
; x4 INT{1DX4,0.) o
D X6 X4=X2
j 10X6 1DX4~1CX2 T - -
7 10X7 AP%1DX6

K
>
~

INT(1D0X7,0.)
FSN(T".OOS’ 1.11.?0’)

©
ot
[os]

FSW(AM+1DX6,FALSE, FALSE,TRUE)
FSW(ANM+10X6,TRUE, TRUE,FALSE)

{
. GISP ~ TAS(X6,AN,0.) T T T
; FORED YAS(ENAC,AN,0.)
D CIS2" 7 "TAS(X6,AB;s0.) T
i _FOR2. TAS{ENAC,AB,0.)
! STR K6¥X8+C6%1CX8 TrTTF«/— /T ot T
19 L AY FSW{X6=SL,FALSE,FALSE,TRUE)
: T AL 7T O LSHW(AY,15450.) ’ T
= . 16X8 AZ%1DX6
) X3 INT(1DX85 0.y TRUE,AY) T
ENAB NE*ENAC
ENAC FSW(L1DX6yFOREB, FOREB,FOREF) T
Q, FOREF FOREA%BN+FOREB%AP
. BN LSU(DIS2,0es)e) Tt o o e -
AP _LSH(DIS2y1.,0.)

|\ nthe o < eI T




e S A L L N M e b s SRS o
Ny = i S o —————— 3 %
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. FSW(1DX7,TRUE,TRUE,FALSE). _

LSW(B3y1ler0s)
FSW(1DX7yFALSE, TRUEsTRUE) . .

FOREB~  FORS+REBD

10X10, _ B2*1DX?

LSW(B4y1s90.)
FOR2*B2+FORED*BL

,81*10x7
INT(1DX990e ¢ TRUE,83) °

INT(1DX10¢0¢s TRUE5B4)
KT%X9

K7eX10 7 =
REB1#BLEREB24B2

OTMAX oy

S e ———— - —— g £ 5 o 44 ot ot Bt

Al

DTMIN  OTMAX ~ ' * T

FIN(Ty.1)

HDR(TIME,ZDXZpZDX4.X6.ENAB'DRli"_"""'"“"“"'";""'
: L BUT(T2CX2s2CX4 X6y ENAB,DRI) )
3 PLO(T 920X 4y 20X24 X6y ORI )
:3 SCA(0°01'2000_'200’0! .15’ 10) . R e e i
2 ZER(O.'O.'O.'O.,SOQ)
! END S . -
| A, e
|
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* The-computer will establish linear relations between the points given

and interpolate as required.

The next series of cards merzly evaluate the stiffness and
damping coefficients for the models. Since the man models are.
fixed, 10 HZ and 3 = 0.3 for the force modei; 8 HZ and § = 0.22
for the injury model; the coefficients are calculated by inserting the,

given body weight.

The remainder of the program is the coding of the differential’

equations of motion previously mentioned. For example, the
differential equation for the seat is written:

MoXy = QXF KiXy- QX KiXgh Bpt Fg~ Wy
The first terms are directly from a summation for forces. The last

three are the forces due to the energy absorber, forces due to struc-

tural response, and the inertial term. As the energy absorber

-compresses, the force generated changes with increasing relative

displacement. However, it cannot displace an unlimited amount.
If an energy absorber is not sufficient to absorb the input energy, it
would attempt to travel a distance greater than practically availabie.

Therefore, the stroke limit, SL, is specified. If the device attempts

to exceedthis limit it is assumed that the seat impacts on a very rigid

structure having stiffness KB6.
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‘ This caused large magnitude and high frequency "ringing" to occur and

structural damping C$ is included to limit the ringing.

The other condition is that of seat rebound. If the aﬂsorbe“r
dissipates the energy properly, a point is reached where theb rela:tive
velocity beiween the floor and:sg?.i goes to zero. If the seat and man
want to rebound, the energy absorber does not néces;uﬂy réSpoﬁd )
as a continunous ele-ment. Since repound data~i5_ ﬁot available for all
types of absorbers, it .is-,.assu,med the device deforms elastically
back to zero force with the same 5tiffness as‘ the original elastic
deformation of the curye. This is shown below. The value used

at present is 17, 000 pounds per inch.
;_E—

Force

-Deformation

The remainder of the program contains the logic required to
properly control the energy absorber "rebound" and the structural
bottoming. The structural response is the easiest to explain. . When
the absorbar deformation, X6, exceeds the selected stroke; SL, the

displacement of the ''rigid" link is calculated by integrating the

relative velocity starting at the time when X6-SL is greater than zero.

This creates a force STR which is added into the differential equation.

R AN




When fhe deformation becozes [2ss than tEe Hrmiting sivoke, the
imtegration siops and the foroe goes io zero. The sext is free to

rebommnd.

The energy absorber atiion Is rmore coxplicaied. As the
displacemeni, X6, ircreases; the relative velocily, IDNG, evenivally
slows 0 zero. Al ihis point ithe absorber waris to rebound, boi
rot along the original path. Instead, i warts fo crload along 2
line parallel to the imitial elzstic poriion of the force-displacement
curve. There the lzst valre of force znd displacement aftaired at
zero relative velocity mrst be stored as the imitizl valce of ihe
rebound or relaxzeiion poriion of the curve. This is ihe purpose of

ihe "frack and store™ operziions such as:

DISP = TAS X6, AN, O.)

FORED = TAS (ENAC, 5%, 0.)

From ihese iniiial conditions we must backirack aloug the si;.ifness
curve K7. Therefore, the force in the energy 2bsorber is ihe siored
vaire minus the prodact of K7 and X8. When the absorber réaches
another zero relative velocity, expands as far as it will go, the
deformation may again increase 2long the elastic curve from the

stored values:

DIS2 = TAS (X6, AB, O.)

FOR2 = TAS (ENAC, AB, O.)

P
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“The occurrence of efastic rebound within it elastic range, even
though 1DX6 goes positive, is recognized by kaving the logical test
vlaced uponr IDXT7 which detects the first change in relative velocify.
Wiren the absorber imitially compresses, the relative velocity is
positive bot the maximuom displacerment has not occurred to initiate
IDX7. After the pesk dispiacement is once reached, 1DX7 has some

valze and enables the compcter to cziculaie the relaxation effect

-

rather than return to the original force displacerent curve.

The output of the-prograrm can be selec;tedbguseofheader
and ais cards in the formrais shown. As writiem, ihe program prinis
oct and plcts the input acceleration, the sezt acceleration, ’ﬁhg energy
absorber crusk: and the D. R. I. Tkese provide in one plot the inprut,
ihe seat response, erxergy zbsorber response, and ihe h;zman

phkysiological response.

It is necessary ihat ithe program cards be placed in a parii-
cular order and with 2 pariicelar number of cards seguenced properly.

-

The proper order is explained below.

The firct card is a2 job card having the maximum number of
minuies and lires of ouiput anticipated alopg wiih an identifying

problem number and name.

4308 S546 09545000  €S-568,N S PHii, BETA IND. INC.

e e e 8 ——— ——— —

The second card is an execute card that identifies the routine t{o be

used.
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This is followed by a comment card which is the printout to be
placed at the fop 6f computer program listing. The program deck
follows the commrent card anéd the last card of the program is the

End card to be follswed by data.

i The cards following the program are those called oxt within

‘the program in the order they are listed. The constants K6, C5,

and K7 are on the first card and the velocities Al, A2 and A3 are on-

the second.
- K& .__C6 KT .
1.55YDE (6 ZoZO0PCCE M2 T.C600C0E 05.
'S S o A2 B ¥ S
~S.OTLO2E 32 . =Ze235ICE 02 | -4.93C(CE 22

Crash zccelerziion waveforms are the pext seis reguired. The
nrumber of poinis for each fmusi meich the number within éhe con-

stant furciion feld of ike ideniifying card. Tkat 15, for ike fighier,

AF=CFEN (4. 0) musi have four daiz cards. The accelerzation cards are

as shown. : -
T 4e AF
e c.
3.,53DCE-C2 1.730CIE N4
S.621C2E-02  _1.CBICE 04
1.("7’.‘9"35."61 C.
T €T T A T

- 1. - 0. —.
10.,0223L82E~-C3 1.83GCCE 924
1.3C790E-52 2.03CCCE G4
1.807223E-C2 4.,452000E 04
(2.5CIPDE-D2 S.67CCOE 93
3.05)6‘35‘02 T C. )

TTTTTTT T =TT OUTTRAYTT T
G £
"1.8090GE-22 1.166ceE 04
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- The next set of cards described the energy absorber force-deflecting

characteristics. A sample is shown below for EA=CFN (7.0).

To . EA : .

3, 0. .
10.909COE-C3 €. 20000E 03

T T3,906006-C1- = < €.26CCCE 03
£,CCOC0E-CL 4,50CCCE 93
TAOBFE 00 EJICCOE O3
5.C0ICIE CO £,3CECOE 03
5.)CICOE O1 £.,30CCCE 03

The deck is completed by adding the parameter cards required.
These are the variations io be run with one deck. For each set of -
parameier cards a complete set of data are computed and prinied

out.

-

The first parameier card ideniifies the weight of the man,
the weight, of the seat, the aircraft selected, the stroke length, the
number of energy 2tscrbers, and input reduction raifo. These are

shown below.

- —

. Wl w2 AC
__1.TOZDIE €2 . 1.540CCE 02 2.C0CI0E 0D
sL NE RA -

5.3CICIE 31 _ _ 1.,06000E 00 1.00000E, 80

The last card is the end of the file card and compleies the deck. ~

A,




AC

AF, AH, AT

DISP

DRI

EA

ENAB
ENAC

FA, HA, TA

FOREA

FORED

FORS
NE
SL

STR

Al, A2, A3

Aircraft control parameter. This is input to the program
to csziect either the fighter, belicopter or fransport acceleration

input depending upon wkether or not the valueis 1, 2, or 3

respectively. .

Ssimbols identifying the acceleration data poinis for the
fignter, helicopter, and transport.

The displacement of ike absorber as lorng as the relative
velocity is positive. The track and stcre operation causes
DISP to track X6 until 1DX6 goes negative and stores that
value. Wken 1DX6 goes positive again, DISP tracks cntil
another velocity reversal. Ik this manner DISP always
contzins the initial conditions for dispiacement when the
seat attempis to compress the absorber. )

The Dynamic Response fadex which is 2 measure of vertebrai
fracture. ) .

Symbol ideiltifying the daia poinis obizired from the energy
a2bsorber curve. The number in parenthese esizblishes the

-number <f poinis {c be used zs inpui. (Force in pounds versus

{ime in secong.) .ot

Toial force for zll zbsorbers. (pounds)

The force developed by one zbsorber zt any time. (pounds)

Symbols identifying the time funciion generated by the daia

-

points AF, AH, and AT

Symbol esiablisnes ihe relation between the energy absorcer
curve and calculaied relaiive displacement.

The force the absorber develops as long as the relaiive
velociiy is posiiive. This deplicaies the aciions of DISP.

A stored force ai ithe beginning of expansion or compression.
Number of energy absorbers, aiso an input.

Stroke limit is included as input (inches)

S

The force developed by the structure at imbact of the seat
when the stroke limit is exceeded.

Velocities of the fighter, helicopter, and transport aircraft
respectively. These are used as the initial values of the

integrators of the program.

e ey
mind S

A o i

Sz

N 2N

1t




-ns‘\u%k oAbk

C1
C3

Cé

DISC2

FOR2 -

K1
X3

K6

X6

2DX1, 1DX1,
X1

2DX3, 1DX3,
X3

2DX4, 1DX4,
X4

RA

The damping factor of the 10 HZ man model (#/inch/sec.)
The damping factor of the 8 HZ injury modei (¥/inch/sec. )

Damping coefficient of structural element that is impacted )
when seat impacts. (¥/inch/sec.) )

The displacement of the zbsorber as long as the relative i
velocity is negative. The track.and store operation is
reversed so that DIS2 will always contain the value of
absorber displacement as the absorber attempts to elongate. .
This provides the initial conditiors for absorber displacement
during expansion. .

The value of the force in the energy absorbter during expansion.
The value is held during compression

The stiffness of the 10 HZ man model (#/inch)

The stiffr.ess of the 8 HZ injury model (#/inch)

Stiffness of structural element that is impacited when seat
impacts after exceeding stroke limit. (#/inch)

Relaxation stiffness of energy absorber. This can be an
assumed equal to the initial si:finess of energy absorber
force-displacement curve. {#/inch)

The mass of the 10 HZ man model (#/inch/sec?)

The mass of the seat (i‘/inchlsecz)

The mass of the 8 HZ injury model (#/inch/sec?)

Relative displacement across the energy absorber

The acceleration, velocity and displacement of the force )
model mass, Ml :

The acceleration, velocity, and displacement of the iniury
model mass, M3.

The acceleration, velocity, and displacement of the crash
input. -

Input Reduction Ratio

e s ——————— - e e e e
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- APPENDIX Il - WAVEFORM LINEARIZATION

The input acceleration waveforms used in evaluating and optimizing
energy absorbers were obtained from measured data taken during controlled
crashes of actual aircrafi. The waveforms actually measured, however, were
complex in nature containing “structural ringing” and other high frequency
"hash" and it was necessary to modify the meas=red data so that the pulses
could be handled easier. Tke data reduction method used:is described:below
as it was applied to crash data measured on a traiisport. The same té’chnique

was also used on fighter and helicopter data. , .

Particular curves are available for 6-degree and 20-degre= impacts
of a Lockheed L-1649. Transport and for an 8-degree and Zﬁ-deg;:'ee impact of
a Douglas DC-7 Transport. Let us examine the 8-degree impact-fox; the Dé—?
Transport. The measured data are shown with an approximaté mean drawx}
through it. How can we realistically developv an acceleration profile from this
that can be used? Should we duplicaie this curve and establish it as a criteria?
']:.‘o do so would require users to be able to handle complex waveforms. Or is

it possible to approximate the waveform and feel assured that the approximation

* will provide accurate data¥?

The most approximate "wave analysis™ is simply to record the time
of "peak" and "valley " accelerations and note their magnitudes. If this
is done from 0. 65 seconds to 0. 80 seconds, ths mean time between peak

and valley is 0. 010 seconds. -

e coanre e oven et i




The oscillation modulating the "basic” puls? is therefore a 50 HZ vibration.
'l:he acceleration essentially passes.through a rigid energy al;sorber and
acts upon the man. The man acis as a-10 HZ acceleration is attenuzted

28 db or by a factor of 0.04. The mean. magnitude of the acceleration
is-about 12 g. Therefore, the man model would respond by -generating

0.48 g, approximately 2.5 per cent of the basic acceleration.

‘ The modulating acceierations were approximately 50 HZ mth an
amplitude of 12 g. By subtr;cting this from-the peaks and-adding to the
valleys, a new curve was generated with a peak at 0.73 seconds. A line
was drawn throughb the pcinis and a symmetrical waveform generated. From
the plot it is apparent that this does not agree with the rate of o;xset_or rate
decay as well as could be hoped for. By extending the waveform-a -t-)etter

approximation of the rate of onset can be achieved. The result is a 22 g

symmetrical, triangular puise. The complete description for this case

is then,
Peak g 22
Time Duration 200 milleseconds
Velocity Change 71 feet per second -
Rate of Onset 220 g/second
Rate of Decay 220 g/second

These are representative of the 8-degree impact fer a DC-7.

A similar approach was taken for the 20-degree impact. In this
case the modulation is not as distinct and it appears thai the best approximation

to fit the complete pulse is to represent it by a skewed triangle.
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Similar results for the L.-1649 Transport are shown below,

" 3
0 R s

6 Degree 20 Degree
Peak g T 23 30 g
Pulse Duration 110 milleseconds 85 milleseconds
Velocity Change 40. 7 feet/second 41.1 feet/second
) Rate of Onset 536 g/second 1650 g/second
Rate of Decay 343 g/second 450 g/second

These four triangle pulses are-shown graphically in Figure II-1 .
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Vertical G Values ina 6-Degree and 20-Degree Impact - .
: iockheed 1.-1649 Transport.
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Longitudiral and Vertical G Values in an 8-Degree and 20-Degree Impact -

Douglas DC-7 Transport.
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APPENDIX III

CRASH ACCELERATION WAVEFORMS
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APPENDIX 1V

ENERGY ABSORBER CHARACTERISTIC CURVES
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APPENDIX IV ENERGY ABSORBER CHARACTERISTIC CURVB
Records of nine existing energy absorbers previously tested

by ACED were evaluated and formatted for use in the computer

- program. The records sapplied contained input acceleration pfr;:ﬁles
and force-acceleration-time profiles of the energy absorbers response,
generated from experiments.in which energy absorbers supported,
dead weights during impact. However, if energy were to be analyiically ]
included into the computer program, the characteristic force—deﬂe-c‘tion
curve is required. The method used to find this characteristic curve
for one particuiar energy absorber is described in the following
paragra;)hs and this technique was used repeatedly to find the force-
deflectior curves of the other devices, which are shown in Figu‘rqé

1y-6 thru 1V -14. i : -

The Boeing-Vertol Load Limiter Strut is a device that
attentuates erergy by forcing a pre-cui tube over d mandrel and
causing-the cut sections to curl up along the side of the tube.. Three
tests were conducted-on the device. This data, as well as static ’

- and dynamic force-displacement curves, made it a logical fﬁrs_t
attempt to use the test infox;mation. The tests consisted of three
drops. The first two bottomed out and generated large overshoots.

in the load cell. The third resulted in a smooth response for all

three data channels and was selected for analysis.
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- The physical set-up of the test was sqch tl:ut acce_lerometer;s
measured the input acceieration of the cart above the load cell and
the output acceleraticn at a:dead weight di;-e.fﬂy b;alow the etiergy
absorber. If we assume that t:he stiffness of all elements between
the accelerometers are large in relation to the-stiffness of the
energy absorber, then the two provide a means of evaluating the

relative accelerations across the absorbers.

Overiays were ma&e of the two accelerations and tke platform

acceleration scaled up 1o that of the dead weight (Figure-l‘;’-l)- The

difference between the two was found (Figure IV-2) and integrated

twice (Figure IV-3). With the displacement versus time and the
measured force versus time, a croséplot was made to construct
the force-displacement curve of the absorber (Figure IV,-4-). The
displacement calculated was found to be 3. 28 inches as.compared

with the 3.5 inches mentioned in the test discussions.

The force-displacement curve 'constrlicted matches ve-ry well
witk: the measured c;urve of dynamic force-displgcement found for B_oeing
test number 2. The correlation between the two indicated that the
one curve is a reasonable representation of the dynamic force-

displacement curve for the Boeing E/A Sirut.
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- A comparison of the dynamic curve with the statif: curve
(Figure IV-5) indicates that there is ; significant difference in
the two. We could use the dynamic curve as’ available for ali
environments. However, the fact that the static and dymmi;:_
do differ is sufficiént to indicate that this area should be further
pursued. At present we assume that the dynamic force-deﬂectic;.n
curve is valid for the environments ic be investigated since the
peak g and waveform are approxinm tely representative of the

of the crash accelerations being examined.
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