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ABSTRACT

A seven-degree-of-freedom nonlinear mathematical model of a
& human body and a restraint system (lap belt or combination of lap
I belt and shoulder restraint) has been formulated, and a digital com-
puter calculation has been programmed, for purposes of investigat-
ing the dynamic behavior of automobile restraint systems. The
system response is calculated in the form of time histories of the
forces, accelerations, velocities, and displacements at various
points in the dynamic system for either: 1) an experimental or
idealized time history of vehicle deceleration, entered as a forcing
function, or 2) deceleration by a specified form of vehicle-stopping
mechanism.

A lack of detailed parameter and test data has prevented com-
plete validation of the model; however, comparisons between cal-
culated (estimated parameters) and experimental (from the litera-
ture) responses indicate a good agreement.

Major system parameters (e.g., belt properties, stopping distance,
deceleration pulse shape, etc.) have been varied to explore their
effects on restraint system performance, and preliminary conclusi-
ons are presented.

FOREWORD
MAN\' persons may pose the question, why, at this late stage
i the development of automobile passenger restraint systems, is
Mmhl necessary to devote attention to detailed analytical treat-
ment of the dynamics of these systems?
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Although much excellent experimental and analytucal work has
been done on passenger-restraint systems, a great deal of empiricism
also exists and several aspects of performance specilications and
acceptance testing remain controversial. A complete resolution of
existing controversy is made difficult by: 1) the response com-
plexity produced by system nonlinearities, 2) wide variations in
test cart results, and 3) the wide range of variations that exist in
impact conditions, passenger size and weight, and automobile
compartment space.

The analytical study described in this paper was performed to
advance understanding of the system dynamics, with nonlinearities
included, and thereby to provide insight regarding the relative
importance of restraint system parameters. This form of analytical
approach, although suffering slightly in realism when compared
with the more elaborate cart experiments, has the advantage of
providing a general, theoretical frame of references for correlating
experimental results obtained with diverse test procedures. It also
provides a research tool that can be manipulated quickly, easily,
and at low cost, to examine the effects of a wide range of trial
modifications in individual system elements under identical im-
pact conditions.

This study was performed in parallel with an investigation by
the Subcommittee on Dynamic Testing of the SAE Motor Vehicle
Seat Belt Committee, to provide guidance in its deliberations con-
cerning: 1) fundamental differences in the results obtained by
static and dynamic testing, and 2) the possible need for dynamic
acceptance testing of seat belts. It is hoped that the study will
also be of general use to the large community of scientists and
engineers engaged in research and development for improved
automobile passenger-restraint systems.

(The Automotive Crash Injury Research (ACIR) project of
Cornell Aeronautical Laboratory, Inc., Buffalo, New York, is
supported by funds from the U.S. Public Health Service, Grant
AC 00101-01, from the Division of Accident Prevention, Bureau
of State Services, and the Automobile Manufacturers Association,
Inc.)

INTRODUCTION

In actual use, automobile seat belts and harnesses must function
under conditions of dynamic loading. Therefore, a rational selec-
tion of acceptance test conditions or system performance specifi-
cations for optimum protection of the passenger requires a com-
plete understanding of applied loads and system response dynamics.

Restraint system dynamics are often investigated by means of
a physical simulation of collision loading, using anthropometric
dummies in actual vehicle collisions or in cart tests. This type
of research has produced a large amount of information about the
dynamics of discrete systems under particular test conditions; how-
ever, the experimental results lack generality. Variations in equip-
ment and procedures prevent a direct correlation of the results
obtained by different investigators. Also, there is a lack of agree-
ment on the procedures, equipment and instrumentation required
for a realistic and repeatable simulation.

Factors that influence both the overall system performance and
the repeatability of physical simulations include the following:

a) Vehicle (or cart) speed.

b) Stopping distance.

¢) Wave form of vehicle deceleration.

d) Cart weight (effects of dummy-to-cart interactions).

e) Size and weight of dummy.

[) Degree of sophistication in dummy.

g) Degree of joint fixation (restraint) in dummy.

h) Seat construction.

i) Slack in belts.

Questions have also been raised regarding the existence of signi-
ficant variations between static and dynamic properties of webbing
materials, and the effects of such variations on system response.

Specific webbing properties of interest are: 1) the maximum
load capacity, 2) the dynamic load elongation for increasing load,
and 3) hysteresis.

Even if a generally acceptable physical simulation is developed
for purposes of research and the development of specifications, a
point of controversy will remain regarding the need for elaborate
dynamic, as opposed to static, production-type acceptance tests




ol the belts themselves. It is obvious that a resolution of the prob-
lems associated with a realistic and repeatable dynnimic physical
simulation procedure, and a determination of the need (or lack
ol need) for dynamic acceptance tests, requires a clarvilication of
the dynamics of restraint systems.

The development of a general mathematical model lends itsell
to advancing the understanding ol several lorms ol restraint
systems, and for this reason, an analytical investigation, with
major nonlinearities included, was considered (0 be the most
lruitful undertaking at this stage of restraint system development,

OBJECTIVES

In view of the system complexity, the objectives ol the analysis
employed in this initial phase of the study program have been:
1) to develop, by means of appropriate simplifying assumptions,
the simplest and most general mathematical model capable of
producing correlation of major responses with the results of experi-
ments, in which anthropometric dummies (a first approximation
of the human body) have been used, 2) to apply such a first-
approximation mathematical model in an investigation of funda-
mental points of present controversy (e.g., load elongation of
webbing, stopping distance for test cart, wave form of test cart
deceleration, ete.), 3) to determine both the feasibility and the
utility of a more sophisticated model, and 4) to develop methodol-
ogy and parameter data that may be useful in related studies.

T'he major part of this initial phase of the study has been devoted
ta the lap belt because of its relative simplicity, the more widespread
use of lap belts in the United States, and the greater availability
ol experimental data. However, the developed model includes the
simulation of a shoulder restraint that is either isolated from the
lap belt, or allowed to equalize tension with the lap belt through
a slip-joint connection.

METHOD
A seven-degree-ol-freedom, nonlinear mathematical model of a
human body and restraint system (lap belt, or combination of
lap belt and shoulder restraint) on a test cart (or vehicle) has been
formulated, Figure 1, and a digital computer calculation has been
programimed for two forms of time-history solutions.
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Figure 1. Mathematical model of human body and restraint system on test cart
(seven degrees of freedom).

In the first form, where dummy-to-cart interactions are simu-
lated, the free response of the complete seven-degree-of-freedom
system is determined. A general form of cart-stopping mechanism,
that responds to the velocity and displacement of the cart, decel-
erates the system from an initial velocity. With this form of solution,
the adequacy of a cart and its stopping mechanism for simulation
of actual vehicle collisions can be evaluated.

In the second form of solution, the forced response of the six-
degree-of-freedom articulated body, restrained by the belts, is
determined with an experimental or idealized time history of cart
(or vehicle) deceleration serving as the forcing function.

The model illustrated in Figure 1 includes the effects of major
system nonlinearities, such as varying belt angularity, slack, sear
cushion deflection and friction, nonlinearity in belt load elongation,
and variations in the effective inertia of the articulated body. A
detailed theoretical formulation is presented in Ref. 13.

The system response is calculated in the form of time histories
ol the following items:
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a) Body orientation and position relative (o the vehicle (or test
cart).

Iy) Horizontal and vertical components of acceleration and
velocity at the hip.

¢) Magnitude and direction of acceleration al a general point
on the torso centerline.

) Belt forces and angularities.

¢) Friction force on the seat cushion.

() Vehicle (or test cart) acceleration, velocity, and displace-
ment.

r) Cart-stopping force.

li) Joint-restraining couples at hip and knees.

i) Restraining moment of the seat cushion on the upper legs.

‘I'he development of the calculation procedure has required that
the human body, restraining belts, automobile seat, and test cart
(il not by-passed by direct tabular entry of vehicle deceleration
data) be simulated by mathematical equations. As indicated pre-
viously, the analysis philosophy employed in this study has been
to develop, by means of appropriate simplifying assumptions, the
simmplest and most general mathematical model capable of pro-
ducing correlation with major system responses. The system com-
plexity has therefore been reduced by eliminating those degrees
ol freedom and system parameters that are considered to be of
secondary importance in determining the major system responses,
and by introducing simplified representations of the dynamic
characteristics of various system components. The major simpli-
fying assumptions are presented and discussed in the following:
Simulation of Human Body

This initial mathematical model has been aimed at a simulation
of major system responses, rather than a detailed treatment of
the biomechanical characteristics of the human body. The body
is, therefore, treated as an articulated assembly of rigid-mass seg-
ments, with dimensions and inertias that are sufficiently repre-
sentative to provide characteristic motions of the torso and extrem-
ities for purposes of determining vehicle clearances and body
aceeleration vectors.

I'he simulated body consists of four rigid segments connected
by pin joints, that are fixed in the segments, with a total of six
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Figure 2. Knee-stopping couple.

degrees of freedom, Figure 1. Reverse bending of the knee is pre-
vented by a knee stop, Figure 2, and muscular restraints are
simulated by constant restoring couples.

It is recognized that rigid segments with fixed-position pivots
constitute a crude approximation of the human body. However,
within the scope of the stated objectives of this study, sufficient
detail can be obtained to permit clarification of certain funda-
mental points of controversy regarding belt characteristics and
dynamic test procedures. Previous analyses with similar objectives
(8, 10, 15) have developed linear approximations of the system
with from one to three degrees of freedom.

A secondary objective has been the determination of both the
feasibility and the utility of a nonlinear representation, with
solutions in the form of detailed time histories. With the developed
methodology, the incorporation of additional degrees of freedom
and sophistication (e.g., head movement relative to torso, torso
bending, lower arm, foot restraint on floor, movement of internal
organs, variable muscular restraint of joints, indirect path of
webbing, seat movements, etc.) appears to be limited more by
the lack of biomechanical parameter data than by the obvious
analytical complications.

Restraining Belt Forces

The individual belt forces, and the cart-stopping force are
treated as general polynomial functions of deflection and the
velocity of deflection for increasing loads and as parabolic functions
of deflection for decreasing loads, Figure 3. The effects of body
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Figure 3. General form of belt and cart-stopping forces.

deformations, and of deflections in the vehicle structure supporting
the belt anchorage points, are assumed to be included, so that the
littedd mathematical representations of the belts are composite
load-elongation relationships. This analytical treatment was em-
ployed to permit the application of: 1) experimental load-elonga-
tion data for belt loops and 2) idealized belt characteristics.

The parabolic representations of unloading characteristics are
determined by specified (input data) ratios of: 1) conserved energy
(o maximum absorbed energy, and 2) final elongation to maximum
elongation for the belt loop. Published load-elongation curves
(either measured or “typical”) for webbing materials (1, 10, 14,
17), indicate a generally parabolic form of the unloading curve.
Also, the 1960 German Test Specification (10) and the specifica-
tion being prepared by the Economic Commission for Europe (17)
include tests of energy absorption and of permanent elongation.
Therelore, it appeared desirable to incorporate a parabolic un-
loading characteristic, in which the energy absorption and the
permanent elongation could be independently specified, for pur-
poses of parameter studies.

A provision is made in the simulation for recurrent loading of
the belts, Figure 4. When recurrent loading takes place, the
residual elongation from each cycle is added to the belt slack for
subsequent cyeles. If the belt unloading between cycles is incom-
plete, a value of belt slack is determined such that the new loading
curve will pass through the final point on the preceding unloading
curve,
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Figure 4. Load-elongation for belt with recurrent loading.

Automotive Seat

The vertical load produced by the seat cushion is represented
by two separate forces, Figure 5. The primary force, a nonlinear
function of vertical cushion deflection, is assumed to act vertically
through the hip. The secondary force, a linear function of vertical
deflection of the front edge of the seat cushion, acts vertically at
the front edge of the seat cushion. The secondary force was intro-
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Figure 5. Seat cushion restraint of upper leg.

duced to provide an approximate simulation of the restraint of
angular deflections of the upper legs (about the hip pivot) that is
produced by the seat cushion.

During forward motion of the hip, prior to the peak belt loading,
the simplifying assumption, whereby the resultant dynamic seat
force acts vertically through the hip, appears to be reasonable.
lFollowing the peak belt load, the torso rotates rapidly about the
hip, as the hip slides back relative to the seat. During the latter
motion, muscular restraint in the hip produces angular deflection
of the upper leg. For a realistic simulation, a resistance to this
upper-leg deflection must be provided by the seat cushion.

COMPARISON OF ANALYTICAL PREDICTIONS
AND EXPERIMENTAL DATA
‘I'he comparisons presented cannot be interpreted as a complete
validation of the mathematical model, since some of the parameter
data were estimated. Also, variations of the estimated parameters
were employed to achieve the degree of agreement in response
shown in Figures 6 through 10. The comparisons, therefore,
demonstrate only the fact that the mathematical maodel is capable
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calculation, system parameters estimated.)

of responding like the physical system, with parameter data that
is considered to be realistic.

In Figure 6, calculated time histories of: 1) the horizontal
position of the hip, relative to the seat; 2) the loop load of the
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the author.)

lap belt, and 3) the upper torso posture angle, are compared with
experimental data for an anthropometric dummy located in a rear
seat during an actual head-on vehicle collision (18). The experi-
mental time history of passenger compartment deceleration was
used for the forcing function in the calculation. In Figure 7, the
calculated position and orientation of the articulated body are
shown at various values of time throughout the collision for
further comparison with the experimental data in Figure 8.
Detailed parameter data for the specific dummy, belt webbing,
seat cushion, and the initial side-view angle of the lap belt could
not be obtained during the course of this study. It was, therefore,
necessary to estimate parameters on the basis of typical data from
several sources (see Appendix).

In Figure 9, calculated time histories of: 1) the loop load of the
lap belt; 2) the resultant chest acceleration, and 3) the component
ol chest acceleration perpendicular to the centerline of the torso
are compared with experimental data from a cart test (16). The
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experimental time history of cart deceleration, Figure 10, was used
for the forcing function in the calculation. In this case, a lack of
experimental data for the position and orientation of the dummy
is a handicap in evaluating the results.

To obtain the two closely spaced peaks in the calculated belt
load in Figure 9, it was found necessary to simulate an extremely
stiff seat cushion and, also, a relatively stiff (low-elongation) belt.
The simulated stiff seat cushion appears to be realistic, however,
since the test employed an aircraft type seat with a cushion thick-
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ness of only one inch. The actual belt characteristics are not
available.

In the comparison of calculated and experimental chest accel-
eration, it should be noted first that an eighteen-inch distance
between the hip and the “accelerometer’” was used in both the
test and the calculation. It is seen in Figure 9, that the calculated
magnitude of the resultant chest acceleration agrees more closely
with the experimental “horizontal” chest acceleration. This may
be due, in part, to torso deflections in the actual dummy, that
are not simulated in the rigid-body mathematical model (e.g.,
curvature of the dummy spine, caused by the rearward hip loading,
would tend to align a chest accelerometer more closely with the
direction of the resultant chest acceleration).

RESULTS

Typical detailed results from the mathematical simulation, for
the case of a lap belt, are presented in Figures 11 through 17.
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Similarly, for the case of a combination of lap belt and shoulder
restraint, typical detailed results are presented in Figures 18
through 22. In each case, identical vehicle deceleration pulses,
from Figure 8, were used.

Figure 18. Bod
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Vigure 20. Friction and belt forces, run no. A-1-4 (lap and shoulder restraint).

It is obvious from an examination of the results, that a variety
of factors must be considered in an evaluation of performance,
or “protection-level.”” Since absolute human tolerance is not clearly
defined for this type of loading, the present study was restricted
to a preliminary evaluation of the relative protection level, as
parameters were varied. The following items were included (where
applicable) in the evaluations:

4000
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oo /J
—_— SLACK
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Figure 21. Assumed load-deflection characteristics of belts, run no. A-1-4 (lap and
shoulder restraint),

1) Peak belt load (primary).

2) Duration of primary peak belt load (909 level).

3) Secondary peak belt load.

4) Duration of secondary peak belt load (909, level).

5) Magnitude of peak chest acceleration (primary).

6) Angle of primary peak chest acceleration relative to torso
centerline.

7) Duration of primary peak chest acceleration (909 level).

8) Maximum rate-of-onset of primary chest acceleration.

9) Magnitude of secondary peak chest acceleration.
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Figure 22, Chest acecleration and restraining couples (lap and shoulder restraint).

10) Angle of secondary peak chest acceleration relative to torso
centerline,

') Duration of secondary peak chest acceleration (909 level).

12) Maximum rate-of-onset of secondary chest acceleration.

13) Time for 6, < 45°

14) Time for 6, < 0°

15) Maximum horizontal displacement of hip, relative to cart.

16) Maximum vertical displacement of hip.

17) Final hip djsplaccmcnt-—horizontal} at b, = 0,

18) Final hip displacement—vertical at t = 0.200 sec.

19) Peak hip acceleration—horizontal.

20) Peak hip acceleration—vertical.

21) Maximum knee couple.

22) Time of maximum knee couple.

23) Horizontal velocity at shoulder, relative to cart, on return to
initial horizontal position, or at t = 0.200 sec.

24) Peak value of tension in shoulder straps.

25) Duration of peak tension in straps (909, level).

26) Angle of upper shoulder strap at peak tension.

27) Angle of lower shoulder strap at peak tension.

28) Torso angle at peak tension in shoulder strap.

PRELIMINARY CONCLUSIONS

The following conclusions are based on early results of parameter
variations in the described simulation. Because of a lack of com-
plete data for validation of the mathematical model, the con-
clusions drawn from its response must necessarily be considered
preliminary. In the interest of brevity, less significant findings
have been omitted.

Criteria for Evaluation of Protection Level

It appears that this type of analytical approach to the auto-
mobile restraint-system problem, if extended in sophistication and
supported by further research of human tolerance, can lead to
rational criteria for evaluating the overall relative protection level
(where trade-offs are involved) provided by various systems. It
can also serve as a theoretical framework on which to establish
criteria for the absolute protection level.

In existing automobile restraint systems, relatively large changes
in the position and orientation of the occupant can occur during
a collision. For this reason, an absolute evaluation of the protec-
tion level should include the following.

1) The response of internal organs to the complex torso accel-
erations, which include: a) abrupt pulses or *“‘spikes” super-

27




imposed on susained pulses, and b) a changing orientatian
of the resultaat acceleration relative (o the rso (see Figures
15 and 22 for typicsl calculated tisne listories of 1o
accelerations).

2) The directicas and magmiudes of struciural lomds on the

spine, rib enage, and pelvis,

3) The impact velocity and contact forees on obstacles in the

vehicle interior,

4] Surface preswre it lisue, produced by belis,

51 Expansion ol mordel w three dimensions,

Obwiously an extensive research program will be required 1o
ealablish cviteria e an absobute evalnaton. Tem (1) paricular,
is beyond exisung kuowledge of human wlerance (see (), for a
discussion of required resesech in this arca), Tor this renson, e
present sttidy has been restricted w comparisons of the relative
mgniudes of belt lorees, chest accelerations, position changes,
i, i A single plane, thar are produced by paramerer variations.

Strain Wave Effects

Soame investigators have exhibited concern over the possibilin
thar the “erivcal velocity,” associated with strain wave propagi-
himi i woven bell manterials, is being approached in preseny belt
aned harness designs. From the results of this preliminary investi-
wakion, it appears that the belt-elongation velocities 10 be expected
i wrvivable amomohile collisions are considerably less than the
Trnteal velocity™ values indicated in the lierawre for typical
webbing materials, (Aldman 1962 (1) and Coskren 1962 (2), report
erftial velocities in excess of 100 fi/sec in typical webbing ma-
terinl )V would appear, therefore, that in practice the maximum
Bl capracaty ul a Lelt loop should remain eseniially dochinged
botwersn cenditions ol static and “realisiic” dyvnamic loading.

SUMT v, Soft Belt Webbing

Thewve hias boen considerabile controversy regarding the advan-
Totges il dmsachv antages of 9T versus soft webbing materials, This
Anmlymin Gbieaes ibar, Jrom the siandpoint of minimizng bell
fomds Al prosenyger acecleritions, beles that have approximately
livesir oo lomgailon eharucterisins for inrreasing Ioad should be
Tl e elaigoton) oy powible withio the limiadons im-

in

posed by passenger clearance ahead of the sear. (Nowe that partial
or complete recovery of e horizontal position of e hip can
occur, in the absence af seat movement or failure, pros 10 extreme
jackknifing )

It is found analytically (as indicated by Grime 1963 (B)) that
a soft belt praduces o lower peak belt load for short duration cart
decelerations, and that a siff belt produces a lower peak belt
Inad for long duration cant decelerations. However, the described
effect is wue vmly in the complere absence of slack In the bale
loop. Since the complete elimination of slack i actual practice
does not appene (o be feasible, il appears that a belt loop with a
linear pate shoukd be as “soll” {large eslongalion) as possihle,

An Idealized Load-elongation Characteristic

It 15 informative o speculate on what forms ol loading curves
lar belt loops may produce maximums benefic as resteaint devices,
For example, if nonlincar load-clangatdon characieristics are con-
sidered, severnl distinet performance advantages can be gained by
means of @ “sanurating” (yelding at constar load) type of belt.
The advamtages of such a characieristic for combination lap and
shoulder pestraings are discused by Grime (7) and Willich (20),
A samrative iype of loading curve was tried in the muodel to deter-
mine its general effects on system response. For the present analysis
arl 10 the case of a lap beli, the peak belt load, the peak chest
acceleranion, and the forward hip movement were all found o
be considerably reduced from those obtained with & Lnear load-
elongation belt loop,

Criteria yenerally wsed 1w evaluate human tolerance, that may
be adversely ullected by a rapidly satwrating loop, avet 1) The
duration of the peak chest acceleration, @nd 2) the rae of onset
of chest acceleration, (With the perfectly sigid-plastic load-elonga-
ton characieristic assumed in the caleulations, the rate of onset
is theoretically infinite; however, a more realistic elasic-plastic
characteristic with o lower rate of build-up woildd tend (0 decrease
the vate of anser, ) [t s pointed out that in the range of acceleration
durations smudied for this case (less than 30 milliseconds), the
relative wilerunce 10 such durations and rates of orset of chest
acceleranon has not been established.. This i= in the region of
uncerfaimy discissed by Holcamb (9).
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Static vs. Dynamic Webbing Tests

Some investigators have measured differences in load-elongation
characteristics when the same type of webbings were tested
statically and dynamically. The present study shows that, even
though this may be true, the magnitude of variation between
separately measured static and dynamic load-elongation charac-
teristics, for approximately linear belts, may not be large enough
to produce significant differences in dynamic system responses
(insufficient experimental belt data is available to establish the
magnitude of the variations, also different webbing materials may
exhibit different time-loading sensitivity).

The system response does not appear to be sensitive to relatively
large (+209;) variations in the load elongation of a linear belt
loop (slack held constant). With the specific parameters and cart
deceleration used in the calculation shown in Figures 6 and 7,
a =20 per cent variation in the linear belt rate resulted in only
a -+2 per cent, —3 per cent variation in peak belt load, and
+1 per cent, —2 per cent variation in peak chest acceleration.
Hysteresis Effects

1. Lap Belts: The determination of an optimum value of
hysteresis (energy dissipation by means of webbing yield) for a
lap belt will require a study of: 1) the clearance available for
jackknifing of the upper torso, and 2) the anticipated slack in the
specific application. When there is insufficient forward clearance
available for jackknifing of the occupant, even from the initial
position of the hip, the reduced speed of jackknifing, produced
by a high hysteresis (early occurrence of belt yield, large inelastic
tleformation) belt, may more than offset the effects of the accom-
panying decrease in the speed of recovery of the hip position.
I'he same would be true in cases where a large clearance is avail-
able, such as in some rear seats.

2, Combination Lap Bell and Shoulder Restraint: From a
limited parameter study of combination restraints, in which the
shoulder and lap belts were isolated (no equalization of webbing
tenwion) and were identical in material properties, the use of a
high hysteresis material was found to be distinctly advantageous.

A0

Vehicle Stopping Distance

The use of a very short stopping distance in a cart test of lap
belts can produce a distorted comparison of the strength (when
belt loads are not measured) and the performance of webbing
materials with different load-elongation characteristics. This is
particularly true with slack or the effects of nonlinear low-rate
elasticity (in which the rate increases with deflection) in series
with the belt loop, e.g., body elasticity or padding over dummy
structure.

A short (3.0 inch) cart-stopping distance, at 25 m.p.h., produces
increases in the magnitudes of both the primary and secondary
belt loading cycles over those obtained with a more “‘realistic™
(17.0 inch) stopping distance, as encountered in automobile
crashes. Note that the analytically predicted secondary loads do
not include the effects of seat movement or failure. The described
increases in belt loads are much larger for low-elongation belt
loops, and further increases are produced in all cases (again,
larger increases for low-elongation loops) by the presence of slack
in the belt loop.

With a longer cart-stopping distance characteristic of auto-
mobile crashes, the system response is more dependent on the wave
form of the cart deceleration, This effect is caused by the increased
ratio of the duration of cart deceleration to the natural period of
the dummy-belt system. (For a discussion of the response of the
single-degree-of-freedom linear system to various types of single
acceleration time pulses see Von Gierke (19)). It appears that a
completely rational testing procedure (for development of speci-
fications) would require that a “‘standard” wave form be developed
from experimental crash data for each of the various types of
vehicles (i.e., compact, full-size, unit construction, separate frame,
front engine, rear engine, etc.) for which belts are to be tested.
(Note that such data could also serve as a guide to possible struc-
tural modifications to improve vehicle deceleration characteristics.)

An alternate solution for immediate testing purposes would be
to select an idealized wave form and stopping distance on the
basis of the primary wave forms in published test data (e.g., half
sine wave, A (1-cos wt), etc.). A more extensive analytical and
experimental study could be performed to determine the “worst
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INPUT PULSE SHAPE BELT LOAD CHEST ACCELERATION

(1 _:‘.c \ 100% 100%

(2) =X 104% 107%

(3) —Xe /_\ 136% 135%

(4) =X, 150% 147%

(8) =X 152% 150%

Figure 23, Response (o idealized pulse shapes for 17 inch stopping-distance from
25 m.p.h. (lap belt).

possible™ idealized wave form for the range of load-elongation
in currently available belt loops (e.g., A (1-cos wt) appears to
represent the fundamental wave form of published vehicle decel-
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erations, while producing higher belt loads than a half sine wave,
for the same stopping distance).

Vehicle Deceleration Pulse Shape

If the structural design of an automobile were to be modified
in order to develop an improved pulse shape for reducing impact
decelerations, the design goal should be a large structural defor-
mation (external to the passenger compartment, of course) with
an early development of the maximum resisting force. The resisting
force should either decrease gradually or remain uniform as the
structural deformation progresses. This conclusion is in general
agreement with Ryan (16).

For the specific dummy, belt, and seat parameters used in this
study program, the peak values of belt load and chest acceleration
were found to be dependent on the pulse shape of the vehicle
deceleration for long duration (greater than 50 milliseconds) pulses
and nearly independent of the pulse shape for short duration (less
than 15 milliseconds) pulses. This would be expected from con-
sideration of the known response of a linear, single-degree-of-
freedom system (see Grime (8) and Von Gierke (19) for discus-
sions of a single-degree-of-freedom system). Since actual vehicle
collisions generally produce pulse durations greater than 50 milli-
seconds, the response to various idealized pulse shapes for a con-
stant (17 inch) stopping distance at 25 m.p.h., corresponding to
pulse durations greater than 50 milliseconds, was investigated.
The results, listed in the order of increasing belt loads and chest
accelerations, as indicated by the percentage figures, are shown in
Figure 23. The required dynamic force deflection of a cart-stopping
mechanism (or vehicle front structure) for the various pulse shapes
is shown in Figure 24.

Effects of Shoulder Restraint

The addition of a shoulder restraint o a lap belt system (isolated
restraints, with no equalization of webbing tension) produces in-
creases in both the rate of onset and the magnitude of the resultant
torso acceleration. This appears to be wue for all values of linear
load-elongation characteristics and slack in the shoulder restraint.

The rate of onset of the resultant torso acceleration is larger
with “stiff”* (low elongation) webbing in the shoulder restraint.
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Figure 24. Dynamic force—deflection required in cart—stopping mechanism for
Various deceleration wave forms. (2000 Ib. cart—17 inch stopping distance)
25 m.p.h.

Also, for a given amount of slack, the peak value of the torso
acceleration tends to be larger with “stiff”” webbing in the shoulder
restraint. However, the sequence of the peak loads in the lap and
shoulder restraints, as influenced by slack, can produce minor ex-
ceptions to the indicated relationship between peak acceleration
and webbing stiffness.

I'he described effects occur in a duration range where human
tolerance is not defined at present. The advantages to be gained
by preventing impact of the upper torso with the vehicle interior
are obvious, but the possible penalty in terms of increased internal
injuries is not clear. Future studies are planned to examine the
overall effects on human tolerance in more detail.

Belt Slack

The fact that slack is detrimental to restraint system perform-
ance is, of course, generally recognized and is verified in this

AL

analysis. The elimination of slack in crash simulations, as a means
of improving repeatability, can produce uncertain and unrealistic
results.

Trials of increased slack in the mathematical model have re-
sulted in increases in: 1) the peak belt load; 2) the peak value of
chest acceleration; 3) the speed of jackknifing, and 4) the forward
displacement of the hip relative to the cart. A greater effect occurs
with stiffer belts (low-elongation webbing).

Dummy Joint Restraints

A complete test of a lap belt (for research or the development
of specifications) should include runs: 1) with realistic joint re-
straints to test the strength of the belt and associated hardware,
and to determine the maximum values of accelerations and loads
on the occupant that can originate from the belt, and 2) without
joint restraints to evaluate the occupant injury that can be pro-
duced by impact on portions of the vehicle interior, for the case
of an occupant in a confined space who is not alerted to the
impending crash.

The use of large resisting or restoring couples in the principal
body joints of anthropometric dummies, to simulate muscle tone,
has the effect (with a lap belt) of increasing both the belt load and
the resultant chest acceleration, while reducing both the speed of
jackknifing and the speed of recovery of the horizontal hip position
relative o the cart (note that, in this case, the effect of the de-
creased speed of jackknifing appears to more than offset the
slightly reduced speed of recovery of the hip position, as far as in-
fluencing the violence of impact on interior structure).

Rebound Velocity of Test Vehicle

In a cart (or vehicle) test, any rebound velocity of the cart must
be added to the impact velocity, before comparisons can be made
between “‘equivalent’ test runs. This correction is made necessary
by the fact that the velocity change of the cart relative to the
dummy determines the severity of the impact for the restraint
system, In cases where a small cart mass permits large dummy-
to-cart interactions, the problem of comparing runs is obviously
much more complicated.

35




Interaction between Lap Belt and Shoulder Restraint

The use of a slip-ring type of connection between a lap belt
and shoulder restraint, through which equalization of belt tension
is allowed to occur, appears to be dewimental to the restraint-
system performance.

The investigation of shoulder restraints in this study has been
very limited; however, a trial calculation was run to explore the
effects of tension equalization between lap and shoulder restraint,
through a slip-ring type of connection at a common anchorage
point. The trial run used data that were identical to those for the
calculation shown in Figures 18 through 22, except for the tension
equalization. The changes in response were as follows:

1) The peak value of chest acceleration was increased by 31
per cent, primarily because of the simultaneous occurrence
of the peak loads in shoulder and lap belts.

2) The peak value of tension in the shoulder restraint was in-
creased by 50 per cent.

3) The peak value of the lap belt loop load was reduced by
approximately 3 per cent.
4) Forward movement of the hip was increased by 44 per cent

(4.3 inches), because of the transfer of shoulder-restraint
slack to the lap belt

GENERAL RECOMMENDATIONS FOR IMPROVED
OCCUPANT PROTECTION AND PLANS FOR
FURTHER RESEARCH

General Recommendations

In connection with the parameter variation studies, some of
the results appear to be sufficiently clear-cut to justify preliminary
recommendation of design goals for improved occupant protection,
T'he specific items are discussed in the following paragraphs.

Yielding Belts or Anchorage: The development of yielding
(elongating with a constant resisting force) belts or anchorages
should be explored lor the purposes of: 1) limiting the maximum
belt force, and 2) reducing the total belt elongation for a given
force level (by means of an early development of the yield force).

&1

This recommendation is in general agreement with the conclusions
drawn by Grime (8) from an analytical study and Willich (20)
from an experimental study. Cart-test results, obtained with an
experimental inelastic “stretch’” member in the shoulder restraint,
are presented by Willich (20).

Slack-eliminating Devices: The incorporation of a slack-
eliminating device (e.g., inertia-actuated locking mechanism)
should be considered as a possible requirement in restraint-system
specifications, particularly for the case of a shoulder restraint. The
effects of slack in a shoulder restraint appear to be similar to those
in the lap belt, but they are made more extreme by the relatively
large magnitude of slack that is generally required for access to
the vehicle controls.

Vehicle Structure: Modifications in the design of the front
structure on automobiles, that would tend to produce: 1) an early
occurrence of the maximum resistance to impact loading, and
2) a gradually decreasing or uniform resistance as structural
deformation progresses should be explored for the purpose of
improving the protection of restrained occupants. This recom-
mendation is in general agreement with Ryan (16). Idealized
load-deflection characteristics to produce rectangular or decreasing-
ramp deceleration wave forms are shown in Figure 24.

Plans for Further Research

As indicated previously, it has not been possible during the
course of this study to obtain complete parameter and test data
for validation of the developed mathematical simulation. It is,
therefore, planned (depending on the cooperation of organizations
with experimental facilities) to carry out a program of fully-
instrumented cart tests of lap belts and of combination restraints,
with detailed measurements of all parameter data required for
the calculation program, in order to establish the validity (or
required refinements) of the developed mathematical model. The
initial validation will, of course, be aimed at major system responses.

After a basic validation of the model, further investigation is
planned in the following areas, with analytical refinements to be
incorporated as required.
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1

Ih-sect-in,
3]

in.
Ibeseet-im,

in.
in.
1b-in.
1h-=in.
i,

I

in,

0. 06418 Ih-sec?/in
72

1800
2600

15.0

209

0.06418
3,08
6,94
209
72

12.0

0.06418
9.21
3.3
7.21
11.65
8.55
209
72

0.04943

9.39
12:7

67.5

153.4
plete data given in this table was not collected before the caleulations were started. Therefore, the estimates in C

1.839

0.04476
(6.40)
69 .45

159.83

0.02748
9.64
1420
(7.21)
10.53
1,429
(7.21)
97.12
59.25

11.38

0.04140
8.6
183.6
73.1

2

0,0595
8631
(12.04)
198
72

12.0

0.06418
1800
2600
209

iew

M,
e
J1

the calculations.
**M  from 7, Homogeneous Right Circular Cylinder for Torso, Slender Rods for Appendages (R =5, h =28).

*Note that the com
were used, In v

90" Elbow,
Straight,
Height

Arm

Hands,

Total Weight

Arms and
Knee
Hip

¥



SAE, MAXIMUM

I STATIC ELOAGATIGM
i SPEC, APPLIED 10
{ LOOF [MIN. SLOPE)

P ¥ §
# GERMAN TEST SPEC. H
- ACCEPTABLE RANGE OF -+
OISPL. FOR ENERGY i

1t !

i ABSORFTION TEST,” |
A (1300 :p)/ 4

L E/ i 15 ' E / .:

BELT FORCE (L0OP)
POUNDE

S n!;mm: CIMHC'I[IIS“I’.!: ALDMAN, (982,
(WEBEING DATA APPLIED TO LOOP),

——=-=— DYMANIC CHARACTERISTICS, REIDELBACH, 1962,

———— (INTERPRETING “ZUGKRAFT IM GURT™ &5

LOOP LOAD RATHER THAN BELT TENSION)

(£ = 20.84 1n.)

DYNAMIC CHARACTERISTICS, KEIL, 1962,
4 =238 1
= £, =125 1IN

—— GRIME, 1962,
"USUAL WANGE 334 TO B3y LB/IN.*

[} | 2 3 L] & - T 8 9 10
ELONGATION OF BELT LOOP, £y £ PHCHES

Figure 25. Load-deflection of belt loop.

In Table I, it is seen that values for the radii of gyration, i
and the distances to the centers of gravity of the segments from
body joints, g are in relatively close agreement for a wide range
ol total body weights.

Webbing and Belt Loop Characteristics

Available data for the dynamic or static load-elongation charac-
teristics of belt loops are also quite limited. In Figure 25, a sum-
mary is presented of actual belt-loop data and estimates based on:
1) webbing characteristics and loop dimensions; 2) existing test
specifications, and 3) ranges indicated in the literature. Because
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Figure 26. Seat cushion load—deflection.

of the lack of definitive data, linear characteristics for increasing
loads have been used in all of the calculations, with the exception
ol those used to evaluate the effects of rigid-plastic characteristics.




Test Cart Parameters

Although preliminary caleulations have been run, in which
dunimy-to-cart interactions were simulated, and future studies are
planned to evaluate the adequacy of the cart weight and the
stopping mechanisin of various cart facilities, the majority of the
caleulations to date have by-passed the dummy-to-cart interactions.
I'his is accomplished by means of a direct entry of cart (or pas-
senger compartment) decelerations as a forcing function. In such
cases, the only parameters that are used are: 1) initial orientation
of dummy; 2) restraint system geometry, and 3) seat cushion
characteristics. Items (1) and (2) have been scaled from photo-
graphs or estimated for the results presented in this paper. Item (3)
lias been based on the data presented in Figure 26, and on esti-
mates of seat-cushion damping. The friction force on the seat
cushion has been assumed to be directly proportional to the
vertical force of the seat cushion at the hip.
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