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Int roduct ion 

The imposit ion of increas ingly strin&ent leeislative st andards and the concept 

of motor vehicle as working tools have recently generated a research interent 

in occupant safety problems . 'föis paper approaches the quest ions of the con

sequence s  of a head-on coll isio between two vehicle s .  

A �enerally applicab] e mat hemat ical mode l offering an accurate simulation of 

both vehicle a.."ld occupant ani 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 dat a have been obtained from a simpli

fied mode l .  

The calculat ions have been based on t he assumpt ion t hat the occupant i s  in the 

d.river ' s  seat and free to move to the point where his ehest strikes the stee

rinß wheel and his knees strike the part of the structure l inking the two 

front pillars . This configurat ion i s  relat ively typical of head-on col lisions. 

In ad.1ition, it is the most serious as far as injury t o  the driver is con

cerned. . 

The model involves discret isation of both the vehicle and the accupant . 

Discreti sation of the vehicle has been deocibed elsewhere ( 1 , 2 ) . The occupant , 

on the other hnnd, haR been simulat e d  by an assembly of suitably intercon

nected finite element s endowed with mechanical propert ies determined by the 

nature and geometry of the different part s of the body. 
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El•stic 
element 

F i g .  1 :  Hill ' s  muscle mode l .  

Contract ile 
e/emen t 

Elastic 
elemen t 

The lower e:>..-tremi t ie s  are re

presented by beam element s 

wi th carefully defined local 

cross-sections and characte

rist i c s .  

�he coupling correspondinc t o  

the j o int s was obtained by 

assuming relative movement 

wi th the rel ease of the :ic
�rces of freedom associated 

with the movement allowe d .  

Relative movement s were che

cked by using nruscle e lement s 

(fig. 1 )  attached. t o  the bone 

structure as shown in figs . 2 
and 3 showing the out s i de and 

inside, a.�terior ani posterior 

views of the l ower extremi ty 

respect ively . 

:·.1ovement of the occu;>ant on the seat was represented by instant-by-instant 

chang·e s in their relat ive posi t i ons . The occupant -seat interaction -..ras sinru

late� by assu�inc a bea� on an elastic foundat ion ( fic. 4 ) .  
The ;ielvis i s  a sandwich struc-t "..lre composei of both triangular and pln.te el� 

ment s .  The upper part of +.·riP. t orso cons i st s  of beam linked at· the vertebral 

a) 

a) 
F i g .  2 :  Lower l imb : lateral v iews . F i g .  3 : Lower l imb : ant-p o s t  v i ews . 
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j o int s .  The ske leton o.l so carries muscle c l e:nont s (not ·.;hown in t.hc fiGUro) 

t aken from Tennyson ( 4 )  and. PontiuE" & Liu ( ) ) . '".'he hear.t is rcprescnt e d  by a 
single mas s ,  tho scapula by a shell-type struct -lre , an i  the arms oy 'beams 

( fig. 5 ) • 

The model i s  of general applicat i on .  lt can, in other words , be uscd t o  de

t ermine the femur-pelvis , p at el la-femur , an1 m�scle-ztructure interactinc 
fOrGeS COrrespondinc t o  any initial .h.ypothesis or input 'iata, t ogether Hith 
thcir stress and strain distribut i o n .  ,l!;ach ir_t eract ion can be subJected t o  
parametric analys i s  and. a study can b e  me.do o f  the :!.ar\�;e displacement s t hat 

occurs in problems of t hi s  kind. lt should be not e d ,  howeve r ,  t hat t h e  results 
are influenced. by the values of elas t i c  paramoters of the contrac t i le e lements 
u s :� ::l  t o  represent the musclcs . 'rhese Here obt.:üned. from the scanty and, i t i s  
0u.,mi t t e d. ,  poorly rcliable 1 i terature dat a ,  t u  ensure c ompat ibili ty w i  t h  the 
rcs:..tl t s obt ained wi th d.ummie s  and. cada.ver s . The s e ,  of cours e ,  offer no more 
c:".::..'1 a very approximate simu1at ion of the ber..aviour of t he living body . Proper 
i:1 ,_-ivo characterisat i on of r.mscle is need.ed t ::i  provide reliable values for 
the iata needed in t h e  mathemat ical mode l .  �vc� s o ,  the :noa.el is extrer.iely 

versat i l e  and i t s  recept ivit;:{ enables the para:neters t o  be varied without al
t ering the simulation philocophy . 1:Jhen the dat:J. required are more precicely 
·:iefined, i t wil l  s rve to provide a convergence wi th true occupant behaviour 

during an acciuent at a lat e r  st age . 

F i r, .  4 :  Occupant-seat interact i on mode l .  

307 



a) 

A 
) 

t� . 

' 
' . 

' .· .... � '-- . 
��· . 

b) 

't::· b . ' , 11 ' A . 

J - / „ .  -/ I / � 

/ / / 

�-

F i g .  5 :  F i n i t e  e lement model o f  the drive r :  a ) bony s tructure ; b ) bony 
s t ructure and muscles . 

Dynamic analysi s  

The flow chart in f i g .  7 shm·rs t hat two sub-structures ( t h e  venicle and the 

::tri.ver ) and their int eract ion must be analysea.. 

'rhe d.river i s  not held t o  tne seat or an�' part of the structure 01' the vehicle 
b;y rest raining belt s .  His permit t ed. motion is tnus that arisint; om„ of tne 

'J.;)'r..ar.uc :::; Of the impac !. j _ t ;... b'.:Un.:iar .!..13f: <...-· � ullOSe of tr.� COi.lpc:..r-._:nen-. l. t ::;�li . 

'.:.':ic :na:nemat ical process represcnt int; tt..is �henomenon i s  :·Jeur.iark' s direct inte 
cr.:lt ion 01· different ial cquo.tions methoct ( 9) • 'l'nis i s  one of tuo methods used 

t o  correct tne st i1'fness and o:tamping r:iatrixes for cach int egrat ion step , s o  
as t o  allm-! for the chanccs brcu.rh:t c.bout by the Lll'6e d.i splacement s and. thc 

c onst itut ive laws c.ssoc iat ed '.·Ti'th ü1c local pl:lst 1cisat1on 01· tne structural 

c o:r.;)onen t s .  

1'hi ::;  ana.!.;y s i s  leaa.s t o  o. typical case of di scontinui ty , \·rhich ari s e s  when 1:nc 

:iriver strikes one of thc insidc part s of the cot:lpa.rtment , a.vi·.1 the st eerinc 

·.-1hee1 2..."li i t s support in,:;- cross-:11e;nbcr in par-:: icular . '11hi s  impact phenomenon 

is .tealt �:ith b:i• inc..:.u·.:ür..c t�1e c onservat ion of ::-iomentum in the c o l l i sion . 

Accoll."lt u:: t akcn of ·�he s t i f fne s s  of thc knec r.itt i:nc the cro::;s-1:-ier:iber, and. 

the s t i f fness of the .� atter , p l-...:.c t h c  flcxibilit;; o:!:' any covcrinc; i� may 
h<i.ve . 

Evaluat ion o.�· t.he st iff:rn s s  c!' such covc;rinc, a.n.l it s effects on t h e  :nacnitud.e 

of t.he fc ::--c c G  excha.."l.ceJ. bet·„;cen tne structures involved. in possible injuries 

to t�e feT.ir 2.11i �elvi s ,  nas been carrie� out by �ea:�s of a p�ra�ctric ana
l�' s i s  l inki.!1,: ".; !'le st iffncsc of the c ovcrin[; t o  it s thicbi.e s s .  
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F i g .  6 :  F i n i t e  e lemen t mod e l  of the car . Exper imen t a l  and c a l cu l a t e d  
deforma t i on .  

As shown by the flm·1 chart , the values of the forces exchane;ed consti tut es 

input dat a for the analysis of femur a...YJ.:i pelvis ieformat ion a.."ld. stre s s .  

Stress analysis demands the construct ion o f  nathemat ical mode ls capable of 

t aking in all t he con8equences from the inJury st andpoint . It was therefore 

neces sary t o  buili a ::r!: ructure formed of 20-noJe , hexaheiric t r.ree-dimensional 

e lement s .  This l·:as sub-divi ::l.ei in such a ':!a:J' an t o  �ermit the local variation 

of the physical pro?er:. ies of the spongy bone , :md. hence obt ain a re sponse in 

keepinr; uith the que stions posed. in nn invent icat ion of this kind. 

'I'he femu:::- ancl pel vis mod.e l s .  

·1'he femar modcl correct )_�, follows the struct ural geo:netry . lt shows conside

rn.b l e  thickening of the rr.csh near t he neck n..."l.:!. iistal epiph;:rsis . 

These part c are formed of a thin layer of cort ical bone ani contain the inter 

nal sponc;y bone . The t rabecular architecture of the sponc;y mass follows the 

lincs of force of the structure subjected. t o  stress under ordinary conditions . 
This feature gives rise t o  an a..YJ.isotropic charact erist ic of the interior mas s ,  

w!:one local features are accorr:panied by direct:.onal propert ies that vary from 

one �oint t o  another. 

309 



övl>.Jtrvctur's 
i1?fr„11ction fo„c• 

Sl-'W-,., .,,� "'""" 
,r,;rt,-/6#/'IM 

Fig . 7 :  Flow chart of  the dynamic and s t r e s s  analys i s . 
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F i g .  8 :  E l a s t i c  modul i  of  the femur 
cort i ca l  and spongy bone . 

'föe abilit,v t o  t ake account of the 

mat erial constitutive laNs is a 

feature of the d.iscreti7- a .t ion 
�ethods employed. The underst a..�

linc of these propert ies , however, 

conEt itut e s  a considerable obsta

c.1.e .  

Reference has been �a�e t o  the vast 

lit crature on the ;::;ubject t o  obtain 

thc pr;:,pertie::; acsociat e d  wi th each 
of ti�e 1 7  rei:;ion:::: int o which t he 

interior of the proximal and distal 

epiphyses is dividei (fig. 8 ) .  

'rhe mesh shmm in fie;. 9 will ser·.re 

t o  c l arify the criteria usei in the 

C:ivision . 

Similar considerat ions were t aken 

into account i� the construct io� 

of the pelvis mode l .  As already 

stated, this is a typical sa.ndwich 
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Fi g .  9 :  Femur mesh Fi g .  1 0 :  Pelvis mesh 
structure whose perfect stiffness dist ribut ion makes it a Honderful concrete 

example of lightness allied with considerable strenrrt h .  

The mesh o f  the pelvis i s  il lustrat ed i n  fic. l C\  The criteria used : o  ana

lyse the st resses in the acet abul'..lm are read.i l;:,r apparent . One of the diffi

cult ics encount ere:l in this ci�,.;,lation ariscs fro:n t!:e 12.ck or :t::it a concerninc 

the propert ies of tho _part forr:ied b;y the core of the sanc'.'.:ric h ,  i . e .  the trabe

cular struct ure . In t!J.e ::io::!.cl shovm , thc ent ire cort ica:'.. bone t-.•as built with 

triancul<l!' p1at e ele;::ent s , ·.rhereaG the inside was Gimulat e::!. �·rit.b.. 20-!lode solid 

elcr.ient s .  T.1".e physical features of these e l ement s .:i.:re sho·„� as t.ype 1 and type 

2 in fic. 8 .  

Results 

T�1e describe::!. r.iathemat ical mod.els have bcen ·.tsed for the d.;:,rnamic analysis of 

frontal impact t-ri th axt obstaclc, and t hat r:f the c-i;ress distribut ion in the pelvis 

anJ. femur . 

The values for the nechenical propert ies of the muscle bundles brou:ht into 

the calculations '·rnre ;>rogrc:::sivel;r correct e i  un-til 1�:n amic res:ponses c ompa

rable '·:it!J. thosc observed on :iw:i.:iies an l  cadavers :·rcrc obt:ünerl . 
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Fig . 1 1  Kne e ,  ehest and head acce leration 
mode l  resul t s  and exoerim. data . 
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Fig . 1 2  : Knee accel eration a s  function of  
the dashboard covering s t i ffnes s .  

F i g .  1 1  shows the acceleration response a t  certain s ignifi cant points o f  the 
mode l ,  together with the corresponding experimental values used in the c a l i 
brat ion . F i g .  1 2  i l lus trates t h e  knee acceleration A versus t ime f o r  3 d i ffe
rent s t i f fness values of  the dashboard covering s truck by the knee . The curves 
are normal i sed with respect to the cal ibrat i on curve whose peak value i s  20 g .  
The cons i derab l e  influence exerted by the s t iffne ss  o f  the covering on accele
ration and hence on the impact  forces sustained by the femur i s  c lear . 

The comp l e te array of  resu l t s  obtained from the dynami c  ana l y s i s  was u t i l i sed 
as the input for evaluation of the s tress d i s tribut ion in individual s tructure s ,  
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Fig . 1 4 :  Stre�ses i n  the 
corti ca.1 bone 
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Fig . 1 5 :  Stre s s  distribution on the cortical shel l s  of the pelvi s 

. 3 1 3  



Fi g .  1 6 : Pelvis el asti c 
def ormation 

o so mm 
� 

O e  f .  

Fi g .  1 7 :  Femur elastic deform . 
initi al angle of hi s 
axis ex = 2 0 °  

and in the femur and pelvis in part icular . V arious initial positions were 

adopt ed for the d.river' s legs. •.:.1he resul-:s are 1 ar 1.oo e:rt ensive t ,, '.:•: .; .unm� 
rise.i ::..� ::üs not e .  Thc :ncst significant find.ings are t herefore shown in 

figs .1 3 /1 7 . These il lust rat e the stresses and the elastic deformat ions of 
the femur a.nd pelvis in the case of a frontal impact at 5 .6 m/s , with the 

a.xis of the femur at right an:les to the vehicle cross-memcer . 

The principal stresses on the pelvic cortical bone and some key part s of the 

femur are represent ed by orient ed vectors 1·:hose lenc;th is proportional t o  
their value . Fig.1 4 indicates t hat , in the case of the femur , the neck and 

the contact areas '-Ti t.h the pat ella and acet abulun are "the part s most subj ec
t ed to stre s s .  

In the .)elvis,  stresses are primn.rily concentrat e d  on the two cort ical shells 
housi�c the sponc:Y bone . 

1''icur(', 1 5  shows t!:J.e areas of major stress a.nd the stress area inside thc 
acete.uuLi.:n . The case H!:J.erc the c..x:i s  of the fer.JUr is at 20° to the direct i on 

of t rave l  is of particula: interest . It i·ril l  be seen from the deformat ion 

pat t ern in fic. 1 7 that disloc:-.:.t ion of the hip is the probable out come in 
this si ": ·)_�t ion . 
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Conolusions 

Dynamic ani stress analysis in complex, interact ing structures ,  as examined in 

this not e ,  demanded the employment of finite e lement methods . The results of

fer a reasonably exhaustive picture of the dynamic behaviour of the femur ani 
pelvis and the stresses t o  which t hey are sub j ected in a simulated frontal im

pact . 

The numeric values ,  however, must be recarded as first approximat ions , not so 

much because the mathemat ical model i s  defective or subject to limitations , as 

because of the lack of sufficiently rel iable dat a ,  especially with regard t o  

the elast ic propert ies of the contract i le element s .  By contrast , the model it

self is sufficiently r:eneral to enable it to be applied for both the d;ynamic 

and the stress ane.lysis of structures involved in an impact under any hypot.1.rn

t ical condi t i ons . It s pa.rt icular composition makes it a versat ile t ool in the 

parametric analysis of occupant-vehicle interact ion s .  

Research now being conducted on various fronts should lead t o  the est ablish

ment of more reliable values for the elastic features of muscle in vivo . 

When the hoped for resul ts a.re availab l e ,  further refinement of the inve stiga

t ion by applyine more accurate values and exploit ing the general nature and 

versat i l ity of the model should make it possible t o  analyse man-vehicle inter

actions under the most disparat e condit i on s .  
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