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HIS RESEARCH PROGRAM WAS PERFORMED 1o
Texamine the validity of a digital computer simulator of
an automobile occupant during a frontal, head-on colli-
sion. The simulation is an analytical tool for use in the ex-
ploration of the effects of several types of restraint sys-
tems on occupant responses in a confined compartment,
where injury-producing contact forces occur. The effects on
occupant responses produced by the positions, orientations,
and load-deflection properties of contacted interior sur-
faces are also simulated. This progress report covers one
phase of a Cornell Aeronautical Laboratory long-range
program of development of simulation techniques for study
of occupant/vehicle and vehicle/obstacle collision re-
SPONSES.

The overall problem of improving the crashworthiness of
automobiles is so complex that various aspects have been
isolated for concentrated study. For example, controlled
collisions of actual automobiles are essential to define the
acceleration environment within the passenger compart-
ment and to investigate the various modes of structural
collapse. However, the development of human tolerance
data, improved interiors, and restraint system designs by
this means alone is not feasible. Therefore, additional ex-
periments are conducted with cadavers and anthropomor-
phic dummies in a variety of sled tests, and mild impacts
are sometimes investigated with living subjects to permit
comparison.

Although excellent experimental work has been done on
the dynamics of automobile crash victims, a particular dif-
ficulty is that research stems from the system complexities
and nonlinearities which preclude extrapolations and cloud
inferpretations of test results. Variations in equipment and
procedures prevent a direct correlation of the results ob-
tained by different investigators. Also, there is a lack of

greement on the procedures and equipment that are re-
quired for a realistic and repeatable physical Sim”hﬁor_"

In analytical approaches to the automobile crash-in|.ury
problem, the human body has been represented by a Vt/lde
range of mathematical models. At one extreme, a linearized
equation for a single rigid mass has been use.d. At the
other extreme, the presently reported mathematical model
includes nonlinear equations for an articulated assem‘bly of
rigid mass segments with ten degrees of freedom within a
confined compartment (Figure I). 5

Each technique of automobile collision simulation, wht?fh-
er physical or analytical, has its own limitations and .dn‘.ﬁ—
culties. In view of the overall complexity of Cra_Sh'V'Chm
responses, both experimen’ra| and analy’rical simulation tech-
niques are required in a comprehensive research -p.rogram.

The CAL mathematical model of the frontal collision case
constitutes a research tool that can be manipulated quick-
ly, easily, and at low cost to extrapolate experimen’ral results
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to other impact conditions, system configurations, pas-
senger sizes and weights, and conditions of occupant mus-
cular tension that may arise from anticipation of a crash.
The advantages of this approach are: the capability of es-
tablishing optimum characteristics for crash injury counter-
measures through the relatively rapid and inexpensive ex-
ploratory variation of idealized parameters; the ability to
repeat identical impact conditions while changing a single
system parameter; and the comprehensive output informa-
tion which clarifies the dynamic interactions that occur with-
in the complex, nonlinear system and thereby provides in-
sight for developing system improvements.

Research Differences—Aerospace/Automotive

This research involves mathematical modeling of the hu-
man body in a manner that is significantly different from
that of related aerospace research. Results obtained from
the extensive related aerospace research have only a lim-
ited application to the automobile case, dut to several basic
differences. For this reason, the aerospace work has not ap-
preciably diminished the need for research related specifi-
cally to the automobile case.

For example, a highly restrictive restraint system and pro-
tective headgear can be specified in an aerospace vehicle,
and the directions and speeds of impact are controlled with-
in specified limits. Also, in aerospace vehicles the ranges of
passenger size, weight, and physical conditions are limited.

In the case of automobiles, the voluntary use of crash
helmets and highly restrictive restraint systems is not a
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widespread practice. Standardization of the design of
compartment interiors is not seen as an early development,
and the ranges of passenger size, weight, and physical con-
dition encompass those of the entire population. The va-
riety of possible impact conditions is almost limitless, al-
though certain statistics are available regarding the rela-
tive rates of incidence and the relative severities for the
various directions of impact and contact regions around
the periphery of the vehicle.

Therefore, in comparison with aerospace vehicles, the
automobile is seen to constitute a much more complicated
problem for attenuation of crash injuries. Much of the re-
lated aerospace research has been concerned with the re-
sponse of viscera within a tightly restrained or even "en-
capsulated” torso, and aerospace mathematical models
have therefore dealt with every limited visceral, spinal, and
torso deformation considerations. The corresponding auto-
mobile research must be primarily concerned with large
and highly variable changes in the position and orientation
of the occupant, even with the use of existing restraints.
For this reason, contacts with the vehicle interior, particu-
larly those of the unprotected head, must receive concen-
trated attention, as well as the various kinds of restraint
devices and the conditions associated with crashes.

The ultimate objective of research is a valid analytical
simulation of the responses of a living subject in an actual
automobile. In view of the overall system complexity, it
appears that this obiective can best be accomplished
through the mechanism of specialized simulation programs
for particular areas of interest—programs in which analyti-
cal detail and sophistication would be incorporated only in
relation to a particular aspect of occupant-interior inter-
action. The remainder would be left in the simplest ade-
quate form.

This general approach is based on a consideration of both
the economics of obtaining the time-history solutions and
the requirements for parameter data. For example, it would
appear to be both unnecessary and inefficient to incorpo-
rate a sophisticated and detailed treatment of foot-floor
interactions in a parameter study that is concerned with
steering wheel-column-chest interactions.

This initial validation study may therefore be viewed as
an examination of the adequacy of a variety of analytical
representations that were deliberately simplitied. The exist-
ing simplifications reflect both the exploratory nature of
this initial attempt at simulating contact forces and the as-
sociated uncertainty of the economic feasibility of time-
history solutions. The extent and the magnitudes of dis-
continues in the nonlinear differential equations, even in
the simplified case, made the machine time for time-history
solutions uncertain.

Time for the Computer

The computer time requirement of initial runs of the ex-
isting simulation program was found to be approximately
four to five times that of the simulation described in Ref-
erence |. While not exorbitant (approximately $35 to $40
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for a 200 millisecond time-history), the running costs made
it desirable to seek a basic validation within the limita-
tions imposed by the relatively simple analytic geometry
and solution logic. More detailed and sophisticated treat-
ments could be developed later and validated in specialized
programs for areas of particular interest.

The General Motors sled facility at Wayne State Uni-
versity was found to be ideally suited for the initial basic
validation study, since it featured instrumented, padded,
simple "targets'’ representing the contacted regions of the
automobile interior (Reference 2).

The specific objective of the program was to obtain de-
tailed parameter and response data from fully instrument-
ed sled tests in order to examine the basic validity of the
developed mathematical model, with analytical refinements
incorporated only as required to achieve an adequate de-
gree of correlation. The selected test subject was an anthro-
pometric dummy, since it is not feasible to use living sub-
jects to validate the simulation of injury-producing contact
forces. Some of the detailed body parameters of living
subjects and cadavers are also difficult to measure, and it
was desirable to avoid the use of estimates of "typical"
parameter data in this initial validation study.

A series of fifteen instrumented sled tests was performed
with an anthropometric dummy unrestrained, restrained
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(target positions adjusted to achieve contact on the appro-
priate regions of the dummy or sled speed reduced to
avoid "bottoming-out" of target pads), improved meas-
urements of component characteristics (target properties
under conditions of oblique impact or dummy padding un-
der belts at higher load levels) or analytical refinements (im-
provements in the simulation of torso and neck bending
resistances).

Two Comparisons Yield Results

In the interest of brevity, only two of the detailed com-
parisons are presented.

I. Response Comparison for Unrestrained Dummy at 10

MPH Cart Velocity (Figures 2-4).

In Figure 2 the generally higher calculated forces nor-
mal fo the target surfaces may have been produced by the
neglect of shear effects on the simulated target properties.
Measurements of the target properties were made under
conditions of perpendicular impact. It is hypothesized that
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widespread practice. Standardization of the design of
compartment interiors is not seen as an early development,
and the ranges of passenger size, weight, and physical con-
dition encompass those of the entire population. The va-
riety of possible impact conditions is almost limitless, al-
though certain statistics are available regarding the rela-
tive rates of incidence and the relative severities for the
various directions of impact and contfact regions around
the periphery of the vehicle.

Therefore, in comparison with aerospace vehicles, the
automobile is seen to constitute a much more complicated
problem for attenuation of crash injuries. Much of the re-
lated aerospace research has been concerned with the re-
sponse of viscera within a tightly restrained or even "en-
capsulated" torso, and aerospace mathematical models
have therefore dealt with every limited visceral, spinal, and
torso deformation considerations. The corresponding auto-
mobile research must be primarily concerned with large
and highly variable changes in the position and orientation
of the occupant, even with the use of existing restraints.
For this reason, contacts with the vehicle interior, particu-
larly those of the unprotected head, must receive concen-
trated attention, as well as the various kinds of restraint
devices and the conditions associated with crashes.

The ultimate objective of research is a valid analytical
simulation of the responses of a living subject in an actual
automobile. In view of the overall system complexity, it
appears that this obiective can best be accomplished
through the mechanism of specialized simulation programs
for particular areas of interest—programs in which analyti-
cal detail and sophistication would be incorporated only in
relation fo a particular aspect of occupant-interior inter-
action. The remainder would be left in the simplest ade-
quate form.

This general approach is based on a consideration of both
the economics of obtaining the time-history solutions and
the requirements for parameter data. For example, it would
appear to be both unnecessary and inefficient to incorpo-
rate a sophisticated and detailed treatment of foot-floor
interactions in a parameter study that is concerned with
steering wheel-column-chest interactions.

This initial validation study may therefore be viewed as
an examination of the adequacy of a variety of analytical
representations that were deliberately simplified. The exist-
ing simplifications reflect both the exploratory nature of
this initial attempt at simulating contact forces and the as-
sociated uncertainty of the economic feasibility of time-
history solutions. The extent and the magnitudes of dis-
continues in the nonlinear differential equations, even in
the simplified case, made the machine time for time-history
solutions uncertain.

for a 200 millisecond time-history), the running costs made
it desirable to seek a basic validation within the limita-
tions imposed by the relatively simple ana]yi:ic geometry
and solution logic. More detailed and sophlsf'uca’red‘freaf-
ments could be developed later and validated in specialized
programs for areas of particular interest. :

The General Motors sled facility at Wayne State Uni-
versity was found to be ideally suited for the initial basic
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simple "fargets' representing the contacted regions of the
automobile interior (Reference 2). :
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tailed parameter and response data from fully instrument-
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developed mathematical model, with analytical refinements
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pometric dummy, since it is not feasible to use living sub-
jects to validate the simulation of injury-producing contact
forces. Some of the detailed body parameters of living
subjects and cadavers are also difficult to measure, and it
was desirable to avoid the use of estimates of "typical
parameter data in this initial validation study.

A series of fifteen instrumented sled tests was performed
with an anthropometric dummy unrestrained, restrained
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pected in view of the larger calculated force normal to

.".'".'".%,"z{'z mﬂr«vw the target in Figure 2. The fact that the approximate “ef-
SATED BPER MO LOWER <) 9 y
| T omeaie (ot | fective” head mass appears to be more reasonable in the
—_— PE. 7. . " . " .
v 14 ! — AL T4 . calculation (the corresponding "effective” head weights
/) CHEST _ACcEL. Sy - 3%

at the time of occurrence of peak acceleration are approx-
imately 8 lbs. from the experiment and 16 Ibs. from the
: bl gl calculation) casts some doubt on the experlmenfa| results.
7or - Ny P Note that the existence of a chest force at the time 94’ oc-
currence of peak load acceleration could .conctelvak?ly
make the comparison of "effective” head weights invalid.

LAP BELT L0 FORCE - 185 The chest acceleration was expected fo produce the
20 (Vs £ worst agreement in view of the simulation of.a rigid chest
i| Dy notding under beil may have segment. The actual dummy construction includes steel

R L T, ribs, which could produce large discrepancies between cal-

culation and experiment. In view of this, the time histories
of chest acceleration components are considered fo be

15 0 quite good. :
UIPER TORSD ' Horizontal and vertical displacements of ’rhe' hip were
BELT FORCE ~ [BS. obtained from the film records. In general, Figure 4 is

considered to show good correlation.
2. Response Comparison for Lap Belt and Shoulder Strap
at 10 MPH Cart Velocity (Figures 5-7).
The simulation program includes two options in the
] A treatment of a shoulder strap. In the first option, the web-
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the relatively small (six inch diameter) four-inch thick card-
board honeycomb targets tend to yield in shear at a rela-
tively low tangential force level, thereby reducing the re-
sistance to perpendicular loading. The assumption of pro- i

portionality between tangential and normal forces on the ' H A =
small diameter honeycomb targets appears to be unreal-
istic from a comparison of the two upper plots.

Note that the small diameter cardboard honeycomb tar-
gets constitute a unique form of contact surface that ap-
peared to be well suited for this basic validation study but
is not representative of the interior surfaces of real auto-
mobiles.

The calculated peak value of knee forces is approximate-
ly 16 per cent higher for the first peak and 42 per cent
lower for the second peak as compared with the experi-
mental mean values. The delayed and reduced second cal-
culated peak value could have been produced by the ana- I b ok Mok o e
lytical retention of permanent deformation from the first TIME = JEC. g 2 ;
contact (the analytical treatment assumes that the second
impact takes place at the identical location of the target of

Approximate analytical representation
of torao bending resistance

CHEST ACCEL. AP~ 5

the first impact). FIGURE &
In Figure 3, the calculated peak head acceleration in the
A-P direction is approximately 27 per cent lower than the LAP AND TORSO RESTRAINT

mean experimental value. This direction of error was unex-

CART VELOCITY 10 MPH
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. jonsion s equalized throughout the strap. In the sec-
bmj the two ends of the strap are treated separately (com.
olﬂe+‘e|y - olated from each other). It is hypothesized that

» behavior of the actual physuc§| system lies somewhere
potween these two extremes. In +h|§ response, both options
o applied for purposes of_comparuson.

3 ' Figure 5, the kinematics of the simulated dummy are
oo be in exce||<.en+ agreement with those of the test
Jummy.- It is im‘er‘tleshng Jro”no’re H-\.a’r the simulated dummy
s appear to "average H’l_e kinematics of the experi-
mental arms. The unsymmetrical should strap produced
gifferences in the experimental responses of the individual
S which, of course, are not simulated in the present
lane-motion analysis.

The comparison of calculated and measured lap belt
forces in Figure 6 shows a discrepancy attributed to short-
comings in the measurement of dummy padding proper-
Hes. The other plots are considered to show a fairly good
correlation. The equalized-tension option in the shoulder
strap appears fo be the better approximation.

However, the comparison of calculated and experimen-
tal head accelerations shows a poor correlation. The dif-
ficulty in the case is probably due to the approximate
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analytical representation of the neck bending resistance.
The use of constant friction and limit stops appears fo pro-
vide a poor simulation in cases like the present one where
large neck deflections occur. The calculated "spikes'" on the
chest acceleration plot are also probably produced by the
simulation of excessively abrupt limit stops in the spinal
“ioints" and the neck. The present representations of bend-
ing resistances are first approximations. Unfortunately, the
presented comparison of responses is the first one that has
been available upon which a second approximation could
be based. .

In Figure 7, the erratic behavior of the calculated .hlP
accelerations is probably produced by the discussed diffi-
culties with spinal and neck bending resistances. The recov-
ery of horizontal hip position is seen to deviate further
for the case of equalized tension in the shoulder strap.
However, the single experimental response that is ploi:-
ted gives no indication of the repeatability of the experi-
mental recovery of hip position.

Conclusions

. The comparisons between simulated and experimental
time historics show agreement in the timing of events,
the occupant kinematics, the general levels of peak values,
and the waveforms of responses, despite recognized short-
comings in some of the parameter data and recognized
limitations imposed by simplified analytical representa-
tions.

In those parts of the validation study where significant
differences exist between the computed and experimental
responses, there are either obvious reasons for the differ-
ences (the dummy elbows were locked in four of the six
test conditions, a physical constraint that could not readily
be simulated; or the "target" positions in one of the test
conditions produced impact on a target edge, rather
than a direct hit, by a portion of the dummy other than
that on which the corresponding contact force is simulat-
ed) or logical explanations (the targets were impacted under
conditions that differed significantly from those under
which the characteristics were measured).

2. The present combination of analytical treatment of
torso and neck bending and associated parameter data do
not produce an adequate degree of correlation of the wave-
forms of calculated acceleration time histories with those
of moderate fo high severity experiments to permit direct
application of available information on human tolerances.
This finding is not surprising in view of the "first quess"
nature of the present treatment of torso and neck bending.
The differences between the simulated and experimental
acceleration waveforms are of a type that would be ex-
pected from the use of improperly spaced and excessively
abrupt travel limits.

3. The "first approximation' parameters used in the an-
alytical representations of spinal and neck bending resist-
ances are excessively nonlinear.

4. The assumption of proportionality between tangential
and normal forces on the six-inch diameter four-inch thick
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honeycomb cardboard targets used in the reported test
series is not valid. However, this assumption may be a
reasonable first approximation for surfaces less susceptible
to shear failure.

5. The analytical simulation of seat cushion friction is not
adequate for conditions of large vertical deflection of the
cushion. On the basis of a 20 MPH test condition with the
lap belt restraint, it appears that some "'plowing" or "dig-
ging-in" effects exist under conditions of large vertical de-
flection of the seat cushion. The assumption of proportion-
ality between horizontal and vertical forces on the seat
cushion is a poor approximation under these conditions.

6. The actual dynamic vertical stiffness of the seat cush-
ion is somewhat higher than that simulated.

7. The measurement in this validation study of load-de-
flection properties of padding on the dummy structure un-
der the lap belt did not include a sufficiently large range
of loading.

Recommendations

The previously discussed difficulties in scheduling tests
and in obtaining reduced test data in a timely fashion re-
stricted the present validation study essentially to a "first-
shot' comparison of responses. For this reason, the objec-
tives of the reported research have not been fully achieved.

However, these comparisons and other completed com-
parisons are sufficient to justify certain applications to cur-
rent related problem areas. Also, by working backward from
the reported comparisons with exploratory adjustments, it
is possible that some of the recognized shortcomings in
the present analytical representations and parameter data
can be at least partially remedied (Conclusions 3-7). Ex-
ploratory adjustment of parameters would not have been
appropriate in the reported validations study.

The following tasks should be included in future research:

I. Applications in Present Form.

a. Generation of Response Information for Design Guid-

ance.

The recently increased attention being focused on per-
formance specifications for crash injury countermeasures
has revealed a dearth of applicable information on occu-
pant responses. For example, relationships between head
velocity, normal to a specific contact surface, and vehicle
speed immediately prior to impact, in a frontal collision,
are not known fo be defined. Similarly, the corresponding
inertial loading of the head during contact with an interior
surface of the vehicle is not known to be defined (the "ef-
fective head mass" during impact on the instrument panel).

Factors that determine the ranges of head velocities
and the inertial loading of head contacts, in a given colli-
sion, include the impact type (time history of compartment
deceleration), compartment dimensions, occupant size, con-
dition of restraint, position of seat adjustment, or muscular
tension. Definitions of the above two aspects of occupant
response, among others, would appear to be essential for
the development of design improvements and related per-
formance specifications. The present version of the comput-
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er simulation is ideally suited for the generation of applic-
able response information.

b. Specification of Dynamic Test Procedures for Accept-

ance Testing of Restraint Belts.

There is an extensive current interest in dynamic accept-
ance testing of restraint belts. The development of specifi-
cations for an acceptable test procedure involves the re-
solution of many controversial issues. The present version of
the computer simulation could constitute a means for re-
solving existing differences of opinion regarding the ex-
tent of sophistication that is required in components of a
test facility (time test dummy, the seat). It could also be
applied to the problem of tolerance specifications in a
dynamic test procedure. For example, the sensitivities of
the peak belt loading and the time history of belt elonga-
tion fo specific types and magnitudes of variations in the
waveform of sled deceleration, to errors in the sled speed,
could be evaluated analytically.

2. Further Developments Aimed at Special Applications.

For particular areas of interest requiring more detailed
treatment of specific aspects of the simulation, the select-
ed form of programming will permit easy modifications in
the analytic geometry and the logic associated with
force generation. Several areas of particular interest, re-
lated to contact forces, can be anticipated:

a. Steering wheel/column-chest interactions.

b. Instrument panel impact.

c. Windshield impact.

3. Further Developments Aimed at General Improve-

ment of the Simulation.

The ultimate objective of the present research is vali-
dation of the simulation for the case of a living subject in
a real automobile interior. The described special applica-
tions are primarily concerned with analytical representation
of the automobile interior and the localized contact prop-
erties of the occupant. Further research related to general
improvement of the simulation of the occupant and the
criteria for evaluating the injury potential of responses is
also recommended, particularly the following:

a. Correlation of simulated responses with those of ca-

davers and living subjects.

b. Development of criteria for automated evaluation of

probable injury.
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