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Introduction

The imposition of increasingly stringent legislative standards and the concept
of motor vehicle as working tools have recently generated a research intere:st
in occupant safety problems. This paper approaches the questions of the con--
sequences of a head-on collisio between two vehicles.

A renerally applicable mathematical model offering an accurate simulation of
both vehicle and occupant anl their mutual interactions has been developed

to analyse strain and stress in the femur and pelvis during such an accident.
As a preliminary approach, the input data have been obtained from a simpli-
fied model.

The calculations have been hased on the assumption that the occupant is in the
driver's seat and free to move to the point where his chest strikes the stee-
ring wheel and his knees strike the part of the structure linking the two
front pillars. This configuration is relatively typical of head-on collisions.
In addition, it is the most serious as far as injury to the driver is con-
cerned.

The model involves discretisation of both the vehicle and the accupant.
Discretisation of the vehicle has been descibed elsewhere (1,2). The occupant,
on the other hand, has been simulated by an assembly of suitably intercon-
nected finite elements endowed with mechanical properties determined by the
nature and geometry of the different parts of the body.
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Fig. 1: Hill's muscle model.

The lower extremities are re-
presented by beam elements
with carefully defined local
cross—-sections and characte-
ristics,

The coupling corresponding to
the joints was obtained by
assuming relative movement
with tne relz=ase of the de-
grees of freedom associated
with the movement allowed.
Relative movements iwere che-
cked by using muscle elements
(fig. 1) attached to the bone
structure as shown in figs. 2
and 3 showing the outside and
inside, anterior and posterior
views of the lower extremity
respectively.

Jdovement of the occupant on the seat was represented by instant-by-instant
changes in their relative positions. The occupant-seat interaction was simu-
lated by assuming a beam on an elastic foundation (fig. 4).

The pelvis is a sandwich structure composed of
ments. The upper part of +nre torso consists of

both triangular and plate ele
beam linked at the vertebral

Fig. 2: Lower limb: lateral views. Fig. 3:Lower limb: ant-post views.
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joints. The skeleton also carries muscle clements (not shovm in the fipgure)
taken from Tennyson (4) and Fontius & Liu (b). “’he hean is rcpresented by a
single mass, the scapula by a shell-type structure, ani the arms oy beams

(fige 5 )

The model is of general application. It can, in other words, be used to de-
termine the femur-pelvis, patella-femur, and micscle~structiure interacting
forces correspondin;: to any initial hypothesis or input idata, together with
their stress and sirain distribution. mach ir‘teraction can be subjected to
parametric analysis and a study can be medc of the large displacements that
occurs in problems of this kind. It should be noted, however, that the results
are intluenced by the values of clastic paramcters of the contractile elements
us2d to represent the nmuscles., These were obt:iined from the scanty and, it is
suanitted, poorly rcliable literature data, tv ensure compatibility with the
results obtained witsh dummies and cadavers, Thiese, of course, offer no more
iinan a very approximate simutation of the belaviour of the living body. Proper
in vivo characterisation of ruscle is needed %2 provide reliable values for
the lata needed in the mathenatical model., kvea so, the moael is extreinely
versatile and its receptivity enables the parameters to be varied without al-
tering the simulation philogophy. 'Yhen the data required are more precisely
def'ined, it will s rve to provide a convergence with true occupant behaviour
quring an acciaent at a later stage.

Fig. 4: Occupant-seat interaction model.
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Fig. 5: Finite element model of the driver: a) bony structure; b) bony
structure and muscles.

Dynamic analysis

The flow chart in fig, 7 shows that two sub-structures (the vehicle and the
ariver) and their interaction must be analysea.

The driver is not neld to the seat or any part of the structure ot the vehicle
by restraining belts, His permitted motion is taus that arising ourv of tne
symamces of the impact; ~tu dsanrariese woc ou0se of the comparvient iiecli.

rac mailnematical procesg representing inig phenomenon 1gvewmark's direct inte
cration oi differential equations method [ 9) . nis 1s one of two methods used
to correct tne stiffness and aamping matrixes for cach integration step, so
as to allow for the changes brcught about oy tne large aisplacements and the
constitutive laws agsociated with thie local plasticisation oi tne structural
conponents. ‘

This analysis leaus to o typical case of discontinuity, wiich arises when tac
driver strikes one of' the inside parts of the compartment, and the steering
wheel 2ad its supportine cross-menber in particular. This impact Ddienomenon
iz lealt with by incluiing the conservation of momentum in the collision.
Account 1g taken of the stiffness of the ikneec ritting the cross-member, and

the stiffness of the latter, zlus the flexibilit) of any covering i® may

have,

Evaluation of the stiffnesc cf sucn covering, ani 1ts effects on the magnitude
of the fcorces exchansed betwecen tae structures involved in possible injuries
to tae femur and pelvis, nas teen carried out by meaas of a parametric ana-

lye1s linikin: she stiffness of the coveraing to its thiclmess.
%) & &
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Fig. 6: Finite element model of the car. Experimental and calculated
deformation.

As shown by the flow chart, the values of the forces exchanged constitutes
input data for the analysis of femur and pelvis Jdeformation and stress,

Stress analysis demands the construction of mathematical models capable of
taking in 211 the consequences from the injury standpoint. It was therefore
necessary to build a siructure formed of 20-node, hexahedric ithree-dimensional
elements, This was sub-divided in such a way as to permit the local variation
of the physical properties ot the spongy bone, and nence obtain a response in
keeping with the questions pnosed in an investigation of this kind,

'"he femur and pelvis modecle.

vthe femur model correct)y follows the structural gzeometr). It shows conside-
rable thickening of the rresh near the neck azl distal epiplyrsis,

These partic are formed of a thin layer of cortical bone anl contain the inter
nal szongy bone. The trabecular architecture of the spongy mass follows the
lines of force of the structure subjected to stress under ordinary conditions,
This feature gives rise to an anisotropic characteristic of the interior mass,
whose local features are accompanied by directional properties that vary from
one point to another.
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Fig. 7: Flow chart of the dynamic and stress analysis.

The ability to take account of the
material constitutive laws is a
feature of the discretiation
methods employed. The understan-—
ling of these properties, however,
congtitutes a considerable obcta-

cle,

Reference has been made to the vast
literature on the subdject to obtain
the properties associated with each
of iite 17 regions into which the
interior of the proximal and distal
epiphyses is divided (fig. 8).

The mesh shovm in fig, 9 will serve
to clarify the criteria used in the

{livision,

sl 3ealx(a|r2]a]e[w]w]a|u/a]un<

Similar considerations were tazken
into account in the construction
of the pelvis model, As already
stated, this 1s a typical sandwich

Fig. 8: Elastic moduli of the femur
cortical and spongy bone.
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Fig, 9: Femur mesh Fig., 10: Pelvis mesh
structure whose pertect stiffness distribution makes it a wonderful concrete
example of lightness allied with considerable strength.

The mesh of the pelvis is illustrated in fig.1Q The criteria used *o ana-
lyse the stresses in the acetabulum are readily apparent. One of the diffi-
culties encounterec in this simulation arises from the lack ot data concerning
the properties of the nart formed by the core of the saxndwich,i.e. the trabe-
cular structure. In the model shovm, the entire cortica’l bone was built with
triancular plate elenents,'thercas the inside was simulated with 20-node solid
elcments., Th.e physical features of these elements are shom as type 1 and tyde
2 in fig.8.

Results

The described mathematical models have been “ised for the dynemic analysis of
frontal impact with an obstaclc,and that € the stress distribution in the pelvis

and femur.

The values for the mechenical properties of the rmuscle bundles brousht into
the calculations were progressively corrected until -rmamic responses compa-—
rable with thosc observed on dummies anl cadavers -wrcre Obtained.
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Fig. 12 : Knee acceleration as function of
the dashboard covering stiffness.
Fig. 11 shows the acceleration response at certain significant points of the

model, together with the corresponding experimental values used in the cali-
bration. Fig. 12 illustrates the knee acceleration A versus time for 3 diffe-
rent stiffness values of the dashboard covering struck by the knee. The curves
are normalised with respect to the calibration curve whose peak value is 20 g.
The considerable influence exerted by the stiffness of the covering on accele-
ration and hence on the impact forces sustained by the femur is clear.

The complete array of results obtained from the dynamic analysis was utilised
as the input for evaluation of the stress distribution in individual structures,
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and in the femur and pelvis in particular. Various initial positions were
adopted for the driver's legs. '‘he resulis are tar toc extensive (v o« sunma
ricsed iz taic note. The mest significant findings are therefore shown in
firs.13/17. These illustrate the stresses and the elastic deformations of
the femur and pelvis in the case of a frontal impact at 5.6 m/s , with the
axis of the femur at right angles to the vehicle cross-memkter,

The principal stresses on the pelvic cortical bone and some key parts of the
femur are revresented by oriented vectors whose length is proportional to
their value. Fig,14 indicates that, in the case of the femur, the neck and
the contact areas with the »atella and acetabulum are the parts most subjec~—
ted to siress.

In the nelvis, stresses are primarily concentrated on the two cortical shells
houging the spongy bone.

Figare 15 shows the areas of major stress and the stress area inside the
acetabulumn, The case wherc the oxis of the femur is at 20° to the direction
of travel is of particuler interest. It will be seen from the deformation
pattern in fig. 17 that dislocition of the hin is the prchable outcome in

this si*tunstion,
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. Conolusions

Dynamic and stress analysis in complex, interacting structures, as examined in
this note, demanded the employment of finite element methods. The results of-
fer a reasonably exhaustive picture of the dynamic behaviour of the femur ani
pelvis and the stresses to which they are subjected in a simulated frontal im-
pact.

The numeric values, however, must be regarded as first approximations, not so
much because the mathematical model is defective or subject to limitations, as
because of the lack of sufficiently reliable data, especially with regard to
the elastic properties of the contractile elements. By contrast, the model it-
self is sufficiently r:eneral to enable it to be applied for both the dynamic
and the stress aneslysis of structures involved in an impact under any hypotiie-
tical conditions. Its particular composition makes it a versatile tool in the
parametric analysis of occupant-vehicle interactions.

Research now being conducted on various fronts should lead to the establish-~
ment of more reliable values for the elastic features of muscle in vivo,

When the hoped for results are available, further refinement of the investiga-
tion by applying more accurate values and exploiting the general nature and
versatility of the model should make it possible to analyse man-vehicle inter-
actions under the most disparate conditions.,
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