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ABSTRACT

A mathematical model is presented which simulates in 2 dimensions
the motion of a restrained car occupant and thereby takes into
account the deformations in lumped parameter form which are ex-
perienced by the human body as a result of helt loading during a
crash event. The human body model has 10 degrees of freedom. In
order to allow for a detailed analysis of restraint system perfor-
mance, independent simplified models of the body regions contac-
ted by a safety belt and of the restraint system itself were de-
veloped and combined with the body model. Model validation is per-
formed by comparing the computer calculations with the results of
a 50 km/h barrier crash test with sled and dummy.

In view of the pronounced deformation rate dependence of the hu-
man mechanical chest characteristics the presently used belt ma-
terial with 1its structural damping behaviour, i.e. strain rate in-
dependent loading and unloading characteristics, does not seem to
offer optimal protection. It is shown that an improved performance
within the framework of the mathematical model can be obtained
with a restraint system which exhibits a strong viscous, i.e.
strain rate dependent mechanical component because such a system
would have some capability of adapting its stiffness over a wide
range of crash conditions and occupant characteristics.

I. INTRODUCTION

A common method of evaluating the performance of restraint systems
for vehicle occupant protection consists in exposing a dummy ser-
ving as human surrogate and restrained by the harness to be tested
to a prescribed deceleration pattern with the aid of an impact
sled. Such a procedure is meaningful if the chosen standard test
case or cases of surrogates and decelerations can be regarded as
typical and representative of a wide class of possible victims

and actual situations. In particular, for a given deceleration
pattern the variations in the motions and loads exerted on a body
arising from the natural biological variability of crash victims
as well as from the normal spread of initial conditions (seating
position, etc.) have to lie within certain appropriately pre-
scribed limits with regard to the chosen standard case.

25



The hypothesis that a chosen set of standard cases indeed approxi-
mates sufficiently well a major class of actual accident circum-
stances 1is difficult to substantiate because on the one hand the
number of tests which would have to be conducted in order to cover
a comprehensive selection of accident situations would be unreali-
stically large and on the other hand our present accident recon-
struction techniques do not allow for a sufficiently detailed ana-
lysis of actual accidents such that experiments for this purpose
would become unnecessary.

In order to alleviate the discrepancy which exists between the li-
mited experimental capabilities and the vast amount of actual acci-
dent circumstances and to gain a deeper insight into restraint
system performance in general mathematical models for the simula-
tion of mechanical crash victim response have been developed
(e.g., McHenry 1963, Young 1970, lluston and Passerello 1971, Dan-
forth and Randall 1973, Robbins et al. 1973, Fleck et al. 1974;
for a more complete review see King and Chou 1976). Once a mathe-
matical model is validated extensive parameter studies can be per-
formed at relatively small expcnses. Moreover, it should allow to
evaluate proposed restraint system improvements prior to experi-
mental realization which sometimes is not readily possible.

As a further step in view of these goals the computer model PSOS
(Program for the Simulation and Optimization of Safety Belts) has
been developed which allows for a more detailed analysis of harness
performance and associated human surrogate response than has pre-
viously been possible. It has been developed from MODROS (Danforth
and Randall 1973) whereby a main effort has been directed towards
the simulation of restraint systems. In particular, PSOS allows

the evaluation and optimization of safety belts with respect to

- mechanical characteristics of belt material, anchors, and
seat

- mechanical compatibility between belt material and body parts
exposed to belt loading

- performance in case of non 50% anthropometric occupants

- deceleration patterns which differ substantially from 50 km/h
rigid wall impact

IT. MATHEMATICAL FORMULATION

PSOS calculates the motion of a crash victim in two dimensions.

The human body model consists of eight rigid segments connected by
viscoelastic joints and thus has ten degrees of freedom. This sy-
stem interacts with a vehicle and restraining safety belts during
the course of the motion. The vehicle is composed of ten line
segments which can be arranged arbitrarily. It executes a rigid,
prescribed motion. The body model and an arrangement of the vehicle
segments representing a typical car interior are shown in figure 1.
The ten differential equations of motion (in lLagrangian formu-
lation) can be integratcd if all the forces acting on the system
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are known at each integration ster. \rart from the gravitation and
the nonconservative joint forces tuere are the contact forces ex-
erted by the vehicle and the restraint system as well as possible
contact forces between limbs which are not directly connected.

The body model and .the associated differential equations have been
adopted from MODROS (Danforth and Randall 1973). Furthermore, its
well validated method of calculating contact forces from the pene-
tration depth of body segments into vehicle elements 1s also utili-
zed.

In PSOS the exterior body shape is given by ten ellipses which are
rigidly connected to the segments and serve as contact sensing
elements. The aforementioned penetration depth is derived from the
amount of overlapping of these contact ellipses with vehicle ele-
ments. In case of an ellipse contacting only partially (edge con-
tact), empirical corrections are introduced in order to prevent
unphysical forces and force directions.

The model of the restraint system as implemented in PSOS is seen
from figure 2. It includes models for the body parts contacting

the belt (elements c;), the belt itself and the anchors (elements
a;). The anchors a; are rigidly connected with the vehicle in the
anchor points 4,, 4,, A3;. The belt 1s coupled to the body through
e; which are given properties according to the nonlinear visco-
elastic behaviour of the chest, the gut, and the pelvis. The points
Ci1s C2, C3 are rigidly connected to the limbs representing the
upper, the middle, and the lower torso, respectively. The belt it~
self extends in a single strap from B, to Bg; it can glide in

BZ’ LRI Y Bs.

In order to be able to perform an integration step, one has to
know the forces in and perpendicular to the elements c¢;,cs,c3.

The locations and the velocities of the points 4,, 4., A3, Ci1, Ca,
C3; and the angles B,, ..., B¢ are known at the beginning of a step.
The forces in question can be calculated if the deformations

da,, Saz, 6ajz, 6c,, S6c2, Sc; of the anchors and the body elements
as well as the gliding distances &by2, 6ba23, 8b3y, Gbys of the

belt in the points B;,..., Bs are determined tecause then the
deformations of the five connected belt segments B,B,, B2B3, B3By,
B,Bs, BsBg are also known as the whole system is geometrically uni-
quely determined. Therefore, we have the ten unknowns dfa,, dba,,
d6a3, dGcl, décz, déCg, dablz, débzg, ddbgq, débus, where d ...
indicates the increment of the quantitiy to be calculated for this
time step. They are determined from the following ten equations:

Fgp =~ Fpp =0

Fo1 = Fp1 cos oy - Fpp cos o, = 0

ch = sz cos A3 = Fb3 COS8 Oy =0

Faa - Fp3 cos as = Fpy cos ag =0

FC3 = qu cos Qg - Fbs coSs Qg =0 (1)
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Fig. 1: 2-dimensional computer model PSOS

1 - 8: body segments

A - 1: vehicle contour elements

e S, B belt anchors

Clseee C3° chest, gut, and pelvis element,

connecting respective body seg-
ment with belt (see fig. 2)

Fig. 2: Model of restraint system

broken line: body model

solid line: restraint system

Ay ,4,,A, anchor points with anchors
Al1,a2,Q3

By -oe - 2Bl belt consisting of fivec con-

nected segments B,B,=b,,B,83=b,,
B3Bu:b3,BuBs=bq ,BSBS:bs.

It may glide in B8,,...,Bs; the
assoclated gliding distances arc
denoted by 68b;,,8b,3,8b34,8bys,
respectively.

C,,C,,03 : points rigidly connectcd to the
upper, middle, and lower torso
segments, serving as connccting
points for the body support clc-
ments c;,c,,c3

By,...,B¢ : angles defining dircction of
tody support and anchor clements,
to be determined during intecgra-
tion such that «;=a,, ctc.




Fa3 = Fbs =0
+ Uy (meay-az)

sz = Fbl e’ = 0
t Uy (m-az-oy)

Fps = Fpa, e = 0
MERYER

qu - Fb3 e = 0
oM

Fbs - qu e =0

In these equations F,; and F,; are the forces in the anchors and
the body elements, and Fp; are those in the five belt segments.
The angles a; are defined in figure 2. The first six equations
follow from the equilibrium conditions for the points B;, ... Bs
in the direction of the elements a; and c¢;, respectively. The
equilibrium conditions perpendicular to these elements arc ful-
filled automatically if the forces F,; are such that their direc-
tions coincide with e¢;. This is achieved by calculating the angles
By ..., Bs accordingly. The angles B, and Be are chosen such that
the anchor and the belt segment fall into a straight line. The
last four equations in (1) follow from the relations describing
the gliding friction of a belt which slides over a cylinder with
the friction coefficient p; and which is in touch with it over the
angle appearing in the exponent. The signs follow from the direc-
tion of gliding.

From the system (1) the ten unknowns are to be determined. For this
purpose, the forces are expressed in these quantities by assuming
that F,;, Fp;, Fo; can be represented as polynomials in the de-
flection and the deflection rates of the respective elements. This
procedure is straightforward for F_ ; and Fg;, but for Fp; the de-
formation and their time derivatives have to be eliminated using
the geometrical relationshipsgoverning the displacements of

By, ..., Bg and the gliding distances 6b;2, ..., 8bys. If materials
with strain-rate independent characteristics are to be modelled,
force-deflection characteristics can also be prescribed in tabular
form. The resulting system of equations is nonlinear and therefore
solved by iteration.

ITI. RESULTS

1. Standard Case

A standard test case for the evaluation of restraint system per-
formance cons$ists in a 50 km/h rigid barrier impact of a sled with
dummy. It was therefore attempted to simulate first such a sample
case with PSOS for validation purposes. Input parameters were taken
from the MODROS baseline conditions (Danforth and Randall 1973),
whenever applicable. The deformability of the chest element ¢, 1is
chosen according to the measurements of Kroell et al. (1971)
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while those of the gut and pelvis (¢, and ¢3) are hypothetical.
Belt material characteristics are entered in tabular form in or-
der to simulate the typical mechanical properties of present har-
nesses with strain-rate independent loading and unloading characte-
ristics.

Representative results for the standardcase are documented 1in
figures 3a (shoulder belt force Fj,;), 3b (lap belt force Fp, as
function of time), and 3c resultant (head acceleration as function
of time). The solid lines show the calculated response, while the
dotted lines indicate the typical resultsof a sled test (Klar-
hoefer, Volkswagen AG, private communication). In general, in view
of the approximations and simplifications used in the model the
results can be considered acceptable. However, the details of the
head acceleration curve show considerable differences in compari-
son to the experimental curve, which can be attributed to the re-
latively unsophisticated neck and shoulder model of the mathemati-
cal surrogate. It can be expected that the implementation of an
extensible neck and shoulder element could lead to more reliable
head acceleration results. The differences found in the shoulder
and lap belt curves may be explained by differences which exist in
the mechanical seat characteristics of the mathematical model and
the sled seat as well as by differences in the mechanical respon-
ses of the body elements ¢; and the dummy.

In order to demonstrate the sensitivity of the computed sample
results with respect to some of the crucial input parameters the
influence of varying these parameters within the following ranges
is shown in figures 3:

- joint stop angles of the two spine joints (see figure 1)
between 15 and 45 degrees

- friction coefficients of the spine and neck joints within one
order of magnitude '

- friction coefficients p; (see eqs. (1)) between 0.01 and 0.1.

The spread of the resulting curves 1s depicted in figures 3 by
shaded areas. As can be expected, the head acceleration curve
exhibits the strongest sensitivity. The calculated HIC values
range between 460 and 890. Furthermore, it was found that the
friction coefficients p; have a significant influence on the simu-
lation results. Due to this friction, the computed lap belt force
is sometimes considerably lower than the one in the shoulder strap
which 1is not confirmed by experiments. It can therefore be con-
cluded that the friction model applied in eqs. (I) overestimates
the influence of belt-body friction.

2. Improved belt system

Present restraint systems are optimized for a 50 km/h rigid
barrier impact and have, as mentioned above, strain-rate indepen-
dent loading and unloading characteristics. One might hypothesize
that a restraint system with mechanical properties which exhibit
a strong viscous, i.e. strain-rate dependent component would be
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Fig. 3a: Force Fp, in
shoulder belt segment
b, as function of time;
standard case.

a: simulated results
b: typical test result

shaded area: see text

Fig. 3b: Force Fp, in
lap belt segment, same
notation as fig. 3a.

Fig. 3c: Resultant head
acceleration, same nota-
tion as 3a.
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preferable because such mechanical properties would allow a re-
straint system to become increasingly stiffer with increasing
crash severity where in general higher deformation rates are to

be expected. It would therefore have some capability of adapting
its stiffness over a wide range of crash conditions and occupant
characteristics and thereby retain reasonably small elongations.
Moreover, in view of the viscoelastic properties of the chest
which are also strongly deformation rate dependent, the mechanical
compatibility between chest and harness could also be improved for
situations which deviate substantially from the standard case con-
sidered above.

To substantiate this hypothesis, simulation results are shown in
the following which were obtained with hypothetical restraint sy-
stem characteristics having the desired viscous properties. Figure
4 shows the calculated maximal shoulder belt force as a function
of impact speed for the standard (curve a) and the improved system
(curve b). As expected, for the conditions of the standard case
(13.4 m/sec impact speed) the differences are relatively small,
while the improvements become progressively more important with
increasing deviation from this case. Furthermore, in figure 4 the
maximal relative extensions (%) of the shoulder belt segment for
the standard (curve c) and the improved system (curve d) are

seen indicating that an improved performance is obtained in spite
of the substantially lower elongation of the hypothetical system.
HIC values and head accelerations which however were seen to
scatter considerably for the computer model and which therefore
should not be assigned a decisive significance, are in all cases
lower for the improved system.

In figure 5, the results are depicted for variations of the crash
victim dimensions. Similar improvements are obtained as in case of
the variations of the crash severity.

A further aspect of improved system performance is finally seen in
figure 6 where the mechanical hysteresis loops for the standard
belt (a) and the viscous system (b) are shown for the standard

case. In spite of the lower maximal elongation, energy dissipation
capabilities of the viscous system are superior. Moreover, the

belt forces reach high levels already relatively early during the
course of the crash because then the deflection rates are also high.
This fact explains the lower head accelerations occuring with the
improved system.

IV CONCLUSIONS
The computer model PSQS has been described and representative re-
sults have been demonstrated which show an acceptable agreement

with experimental findings. As a next step of model improvement,
\an extensible neck and shoulder element could be of benefit.
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Fig. 4:

Maximal shoulder belt force
Fp, for standard belt (a)
and improved belt (b) and
maximal elongation of
shoulder belt segment of
standard belt (c) and im-
proved belt (b) as function
of impact speed. Standard
case is indicated by arrow.

Eigp. §:

Same as fig. 4 for varia-
tion of crash victim cha-
racteristics, whereby 100%
represents the standard
case surrogate. Impact
speed = 13.4 m/sec.

(140%: occupant of approx.
110 kg weight)

Fig. 6:
Mechanical hysteresis of
shoulder belt strap

a: standard belt
b: belt with strain-rate
dependent properties
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Simulation results with a hypothetical viscous system seem to in-
dicate that substantial improvements of present belt systems are
possible for crash situations deviating significantly from a

50 km/h rigid barrier impact. The possibility of systems with
mechanical properties directed towards the strain rate dependence
proposed here have previously been analysed by Adomeit (1976). Such
systems may represent some alternative or addition to other pro-
posed improvements such as force limiters and preloading devices
(e.g., Hoffmann et al. 1978). However, extensive experimental veri-
fication of the results presented in this paper remains to be con-
ducted.
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