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The deve l opment of bi omechan i ca l  performance cri teri a so  far has been 
di rected at assess i ng speci fi c thres holds for certai n i nj u ri es ,  and 
converti ng these to nume ri ca l v a l ues of force and ti me mea s ured an 
a dullllly i n  a s tandard crash .  I n  rea l  l i fe ,  however ,  occupants vary 
greatly i n  age , s i ze ,  and to lerance to i nj ury , and col l i s i ons vary from 
the s l i ghtes t to the mos t  seve re . The use of a s i ngle  s i ze dummy i n  
a s i n g l e  tes t  c learly cannot fu l l y refl ect the range of vari ables  
present in  the real wor l d. 

Thi s paper exami nes some of the data a l ready pub l i s hed on these 
vari ab les . These are the di s tri b uti ons of severi ties of i mpacts , of 
types of co l l i s i on ,  the age , sex , and s i ze of occupants exposed to ri s k  
i n  the three des i gnated seats i n  the c a r  ( dri ver ,  front passenge r ,  rear 
passenger ) , the vari ation i n  i nj ury seve ri ty wi th age and the relati on 
of age to morta l i ty for a gi ve n  i nj u ry .  

Same concl u s i ons a re drawn on the we i gh ti ngs whi ch mi gh t be gi ven to 
di fferent severi ties of i nj ur ies , and some obse rvati ons are made on 
the consequences of 1 1under11 and 11 ove r 11 protecti on . S ugges ti ans for 
necess a ry furthe r research p rojects are out l i ned bri efl y .  
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I NTRODUCTION 

Historically, the p rotection afforded by vehicles in collisions has been 
s pecifi ed by means of design rules which have controlled the characte ris tics 
of certain s ub-systems . lt has become apparent in recent years , howe ver ,  that 
it is impossible to provide optimum protection by the s pecification of these 
s ub-sys tems conside red separately, and there is now a trend towards the 
development of a series of whole vehicle tes ts which will s upposedly represent 
a satisfactory p roportion of real-world accidents ( Mackay,  1 975) . Further,  
each tes t  will specify the performance l imits in terms of the forces and the 
time durations as meas ured on anthropometric dummies . 

Development of biomechanical pe rfonnance criteria for tes ts of occupant 
restraint sys tems is clearly a promising way forward , but in discussions on 
this topic , attention has  been mainly directed to asses sing thres holds for 
certain injuries of human s ubjects and the conversion of these to values to 
be measured on a dummy in a s tanda rd crash .  lt is then perhaps too readily 
ass umed that the tas k  will be comple ted. 

I n  real life any p roposed restraint devices will be used by a wide range of 
size and age of occupant and the impacts will range from the s l ighte s t  to the 
mos t  severe . The aim of the restraint sys tem is to minimise the injuries 
caused having also appropriate rega rd to inconvenience or extra expense that 
may be incurred by the use of the p rotection . The method of a s ingle seve rity 
of impact a nd a s ingle size of dunvny may achieve this minimum but consider
a tion of the populations of irnpac ts and of persons exposed s hould clarify 
whether this is s o .  The following sections discuss some of the distributions 
and relationships involved.  

THE POPULATION  OF SEVERITY OF I MPACTS 

Minor impacts a re much more frequent than the mos t  seve re . Many of the minor 
impacts , howe ve r ,  do not cause injury to the occupants s o  that the distri
bution of inj ury-producing impacts is skewed s tarting at zero with low impact 
speeds and rising rapidly to a peak at perhaps 25 km pe r hour Equivalent 
B arrier Speed ( for frontal impacts) whe re the increasing risk of inj ury with 
increasing E . B . S .  combines with the decreasing but s till high frequency of 
impacts a t  moderate s peed to give a maximum ( Mackay et al,  1 9 73) see Fig . l .  
Similar relations hips in terms o f  velocity change are described by Grime ( 1 9 77) 
who also quotes Moreland ( 1 96 1 )  and Langwieder ( 1 9 73) ; these are illustrated 
in Fi gs . 2 to 5 .  

The effect of choosing a single severity of impact for a tes t  s pecification is 
to select a particular value in this dis tribution , for e xample , A-A in Fig .  5 .  

THE DISTRIBUTION OF TYPES OF COL L I S I ONS 

l t  is important that any tes t  should rep resent adequately a large p roportion of 
a p articular accident type . The impact configuration and s peed of each tes t  
s hould b e  so  chosen that it is typical o f  a moderately seve re part o f  the 
crash severity s pectrum for that c l as s  of collis io n .  Tole rance levels should 
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be speci fi e d  wh i ch wi l l  fi rs t ly  p rovi de s urvi va l  for mos t  peopl e  exposed to 
those condi ti ons , and second ly ,  but perhaps at  a s ubordi nate l e ve l , protect 
agai nst seri ous i njury where poss i b l e .  These condi ti ons may have to be met at 
the expense of a number of mi nor i njuri es  caused i n  more numerous l ow speed 
col l i s i ons . 

A number of s tudi es  have out l i ned the re l a ti ve frequency of di fferent co l l i 
s i on confi gurati ons and objects s truck , ( Ri ley and Radley , 1 9 76; Gri ffi ths et  
a l  1 976) . If  fronta l and front ob l i que col l i s i ons  a re con s i de red together ,  
approxi mate l y  two thi rds o f  those caus i n g  seri ous i njury are car to car, the 
remai nder bei ng i mpacts wi th trucks o r  s o l i d  objects s uch as  trees and l amp 
posts . The mechani sms of  s tructural co l l apse and i njury causati on a re s i mi l ar 
i n  ca r to car a nd car to s o l i d  object c ra s hes , whi ch together account for 
over 80% .  I t  i s ,  therefore , reasonab le  to base a tes t  p rocedure on these 
types of acci dent. 

Al though i t  i s  more convenient  to run the car i n to a s o l i d  object,  the type of  
tes t  mus t be a rranged to  gi ve res u l ts s i mi l a r  to  car  to  ca r i mpacts in  terms 
of  the exte n t  of  the damage , the dece l e rat ion  p attern and the ve l oci ty change , 
and i t  mus t a l s o  a l l ow for mass rati o cons i de rati ons . Over fi fty per cent 
of col l i si ons  have a di recti on of i mpact whi ch i s  head-on , and the i njuries 
recei ved by the occupants do not di ffer much between head-on and ob l i que 
i mpacts , and , therefore , a head-on di recti on i s  acceptab l e  for tes t  purposes . 
More than a thi rd of  i njury-produci ng frontal col l i s i ons i nvol ve overl aps of 
between a quarter a nd a ha l f .  The amount  of ove r l ap of the frontal wi dth i s  
i mportant because for a g i ve n  speed of  i mpact,  thi s quanti ty l a rge ly contro l s  
the leve l  of  dece l e ra ti on  and the amount o f  i ntrus i on i nto the p assenger 
space . These  two c ri te ri a ,  dece l e rati on  and i n trus i on ,  l ead to di fferent 
types of trauma and requi re sepa rate eva l uati o n ,  a l though i t  may be pos s i b le 
wi th i n  a s i ng l e  tes t  to spe c i fy both requi rements . 

I t  i s  appare nt  that the perpendi cu l a r  30 m . p . h .  ri g i d  barri e r  tes t  whi ch 
c urrently s peci f ies  s tee ri ng as semb l y  pe rformance , produces dece lerati ons of 
the vehi c le  whi ch are more seve re than those whi ch occur i n  car to car 
col l i s i ons on  the road ( C . C . M . C .  1 9 75) . Conve rse l y  at  equi v a l ent barri er  
s peeds , the amounts of  i ntrus i on seen in  car  to  car  co lli s i ons a re much 
greater tha n  i n  the ri g i d  barri e r ,  sy1T111etri ca l  tes t .  

Work i s  under way whi ch compares the re l a ti ve meri ts o f  offset ,  perpendi cular  
barri er i mpacts wi th varyi ng amounts of  ove r l ap wi th ang l ed b arri e rs set at  
60 degrees to the l i ne of  t rave l of  the car  ( Kemp , Nei l son a nd Wal l ,  1 976) . 
An asynunetri ca l  tes t ,  howeve r ,  i n troduces a number of  new p rob l ems whi ch s ti l l  
demand eva l uati on , a nd at  present i t  i s  too early  to s ay whether dece l erati on  
and i ntru s i on c ri teri a can  be  measured s o l e l y  i n  tenns of du1T111y res ponse , and 
whether these  can both be eva l uated i n  a s i ng le  crash tes t .  

There i s  the addi ti ona l prob lem o f  compati bi l i ty both i n  terms of col l i s i ons 
between vehi c l e s  of di fferent mass ,  and between s tructures whi ch vary i n  
terms of  the s ti ffness  of the i r  seve ra l components . Thi s i s  a comp l e x  prob lem 
because true compati b i l i ty i nvo l ves  cons i de rati ons of col l i s i o n  confi gurati ons 
other than car to car,  head-on . Front to s i de i mpacts parti cu l ar ly  show 
severe i ncompati b i l i ty between front s tr uctures  and s i de s tructures as they 
are currently  des i gned . I n  the future the use of deformab le  b arri ers for both 
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fronta 1 a nd s i de i mpact eva1 uati on  may we l l  be necessa ry .  

THE POPULATION O F  PERSONS EXPOSED 

� 
Though the tota 1 popu 1 ati on  whi ch mi ght be e xposed has a b road d i s tri b uti on  
wi th on 1 y  s li ghtly  decreas i n g  n umbers wi th advanci ng years up  to  age 60 and 
after that a more rapi d dec l i ne ,  the actua 1  exposed popu l ati on di ffers from 
th i s .  Proporti onate l y  fewe r chi l dren and fewe r o l d  people trave l i n  cars 
and i n  the case of dri vers there a re legal  l i mi ts to the age range . A 
further i nf l uence i s  that younger dri vers have h i gh acci dent rates . The data 
of Tarri e re et al ( 1 9 77) gi ve the di stri b utui on of ages of occupants i n  
injury-produci ng acci dents from s ample studi es i n  France . These data are 
i l l ustrated i n  Fi g .  6 .  

They show that, as dri ve rs , ma les  predomi nate in a rati o of  4 to 1 .  For 
front seat passengers , howe ve r ,  females outnumber ma les  i n  a rati o of almost 
2 to 1 ,  whi l s t  for rear seat occupants agai n fema les predomi nate i n  a rati o 
of 6 to 5 .  The median  age for re ar seat occupants i s  20 , wi th 25% bei ng 
less than 12 years of age , and 20% bei ng over 40 years . Occupants i n  the 
th ree s i tti ng areas occur i n  the rati os of 2 . 3  to 1 . 5 to l for dri vers to 
front passengers to rear pas senge rs . For both g roups of  front seat occupants 
the distri buti on i s  skewed wi th a peak at approxi mate l y  25 years . The 
di stri buti ons gi ven i n  Fi g .  6 show that rear seat occupants parti cul a rly are 
di fferent from front seat occupants . The data i n  Fi g .  6 are for occupants 
pre se nt i n  i njury produci ng co l l i s i ons . The di s tri b uti ons for col l i s i ons  
wi th seri ous and  fatal casualties  are l i ke l y  to be di fferent agai n .  

Re l ati on of age to suscepti b i l i ty to i nj u ry for a gi ven i mpact 

Apart from speci a 1  factors whi ch a ffect changes of s u s cepti b i l i ty through 
chi l dhood, the maj or  change i s  an i ncrease of s u s cepti b i l i ty wi th i ncrea s i ng 
age through adu l t  l i fe . Ti s s ues  become more s ub ject to i njury for a gi  ven 
seve ri ty of i mpact . Cons i ste nt w i th th i s  i s  the fi nd ing  by Schmi dt et a l  
( 1 974) o f  i ncreasi ng numbers o f  ri b fractures wi th advanc ing  age o f  cadavers 
when s ubje cte d to experimental i mpacts ( Fi g .  7) . The re l ati onsh i p shows an 
average i ncrease i n  ri b fractures of about 3 . 75 or of i njury seve ri ty of 
O . 6  AIS  per decade above age of 20 years , accordi ng to Schmi dt. 

Thi s impl i e s  that when an i mpact l oa d  i s  app l i ed to the ehest of  a 25 year 
o l d  mal e  s uch that i t  j u s t  begi ns  to produce ri b fracture wi th no di s place.
ment,  the same l oad mi ght we l l  generate mu lti pl e ,  l i fe-threaten i ng ri b 
fractures , often associ ated wi th damage to the thoraci c organs , i n  a 65 yea r  
o l d .  

Age i s  not the on l y  parameter whi ch i nf l uences suscepti b i l i ty to i njury .  For 
example  the mi neral contents of b one have a cons i de rab l e  effect on both the 
dynami c and stati c strength characteri sti cs of the ske leton ( Curry 1 969) . 
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Re l ati on of age to morta l i ty for a gi ven i njury 

Studi es by B ake r e t  a l  ( 1 974) and B u l l  ( 1 9 75 )  s h ow a re lati on of morta l i ty to 
age for gi ve n  severi ties of i njury . In Fi g .  8 the data are recons tructed to 
demons trate thi s re l a ti onshi p .  After the age of 40 morta l i ty from moderate ly 
seve re i njuri es ri ses by 5 - 1 0% per decade . 

In fi e l d  data of  injury and death from traffic acci dents there are i ncl uded 
both the i ncreas i ng s uscepti b i l i ty to i njury and the i ncreas ing  morta l i ty 
for gi ve n  i njuri es  wi th advanci n g  years . Hopens ( 1 965 ) analysed ACIR acci dent 
data and compared the i njuri es  of young adu l ts ( 20 - 39 yrs) wi th those of 
older  adults ( 6 0+ y rs ) . He s h owed that after correcti on for severi ty of 
acci dent and seati ng pos i ti on the o l der  car occupants were more freq uently 
i njured and thei r i njuri es were much more often seri ous or fata l . 

S i ze and Weight 

S tandard fi gures  are avai l ab l e  for the i ncrease of body we i ght  wi th age 
through ch i l dhood. For adu l ts there i s  a corre l ati on between body we i ght 
and hei ght ( e . g .  l og he i ght  proporti ona l to l og wei ght) and hei ght i tse l f  
shows a n  approx imate l y  nonna l di s tri buti on . Further anth ropometri c data are 
avai l ab l e  for s peci fi c re le van t measurements , e . g .  s i tti ng hei ght,  though 
these may need to be separate ly consi dered for di fferent ethn ic  and nati onal 
g roups . Se l ecti on of a s i ngle s i ze of dununy i mp l i e s  that the tes ts re l ate 
to a s i ngle  va l ue i n  the di s tri b uti on of body he i gh t  and body we i ght .  

Data from France ( Ta rri e re ,  1 9 77) a re s h own i n  Fi g .  9 for the hei ghts of 
occupants i nvo l ved in  i njury-produci ng acci dents . These data show that rear 
seat occupants parti cu lar ly  are sma l ler  than front seat occupants , and 
cons i derati on of mean values only can be mi s l eadi n g .  

Wi thi n a ca r ,  vari ati on i n  he i ght  parti cul ar ly  
exposure to ri s k  of certai n parts of the body . 
the front seats have an i ncreased ri s k  of head 
header regi on or the A pi l l ar i n  compari son  to 
restrai nts are used.  

may lead to changes in  the 
For examp l e ,  ta l l  people i n  

contacts occurri ng wi th the 
s horter peop l e , i f  no 

B ody wei gh t  i tself may we l l  have a cons i de ra b l e  i nf l uence on i njury s uscepti 
b i l i ty .  I n  a gi ven co l l i s i on a heavy person weari ng a seat be l t  experi ences 
l oads whi ch a re concentrated across the shou lde r  and ehes t ,  the pe l v i s  and 
on the knees . Those l oads for a gi ven col l i s i on vary i n  proporti on to the 
body we i gh t  of the occupant,  but  i t  i s  un l i ke l y th at the to lerance to 
i njury vari es  p roporti onate l y .  

01 scuss rar� 

The a i ms of  good des i gn for crash performance and for legi s l ati on wh i ch 
i nf l uences des i gn are to mi n i mi se deaths and i njuries or mi n i mi se costs to the 
communi ty o r  s ome comb i nati on of both . There may a l s o  be a des i re to use 
othe r cri te ri a .  One s uch would be to mi n i mi se "unacceptab le" acci dents s uch 
as coach crashes where large numbers of people  are severe ly i nj u red at the 
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same ti me ,  or s peci al 1 1unacceptable11 i nj ury s i tuati ons s uch as entrappment i n  
a burni ng veh i c l e .  In  a poli tical sense more e ffort someti mes appears to be 
appropri ate for the pre venti on of these speci al s i tuati ons than i s  made for 
more 11norma 1 11 acci den ts . 

More generally , i n  the li ght of what i s  known of  the popu l ati ons of i mpacts 
and vari ati ons i n  i ndi vi dual s us ceptib i l i ti e s , we s hould guard agai ns t optimi 
sati on of protection  a t  the wrong values , or comb i n ati ons of levels of the 
selected vari ables . For i ns tance ,  protection s h o uld not concentrate too much 
on severe i mpacts, whi ch may be fatal by a n umbe r of i nj u ry mechani sms not 
a 1 1  of whi eh can be contro lle d .  There may then b e  detri ment to ful ler pro
tecti on i n  les s  severe i mpacts wh i ch would gi ve bene fi t to more people . 

Judgement on these cons i derati ons depends partly on : -

1 .  The relati ve wei gh ti ngs  to be g i ven to pre vent ion  of s l i ght ,  severe or 
fata l i njuri es . 

2. The role of ci rcums tances of i njury other than those modelled by the tes t  
procedure , e .  g .  

a )  Impacts from other di recti ons 

b )  Deformation of the pas senger compartment ,  l eadi ng to seve re i njury . 

Further analys i s  of  field s tudi es  wi l l  be necessary to assess these  factors . 

3 .  The li kely effects of  "under protecti on"  and 1 1over protection11 • 

a )  1 1unde r  protection 11 w i  1 1  occur w i  t h  i mpacts more severe than those 
tes ted or  wi th pers ons heavi er or  otherw i s e  more s uscepti ble to 
i nj ury than correspond to the dummy s peci fi cati ons . The res ul ting 
i njuri es wi 1 1  then be more severe . 

b )  "Over protecti on11 wi l l  occur wi th less seve re i mpacts and/or l ower 
leve l s  of s uscepti bi l i ty .  I n  these ci rcumstances i t  i s  possi ble 
that a devi ce s uch as  a more ri g i d  belt mi ght  i nduce more i nj uri es 
than would a be l t  which would just  p rotect i n  the circums tances . 
I f  thi s  i s  vali d then more extens i ve expl orati on of  the i nterplay 
of i mpacts and i ndi vi dua l s uscepti bil iti es  will be necessary to 
opti mi se the tes t speci ficati ons . 

We s uggest  that more s tudi es and thought a l ong these l i nes  should p recede 
adoption  of s ta ndards of the type currently p ropo se d .  For example : -

1 .  A further exami nati on  of  the opti mum veloci ty changes at wh i ch protection  
i s  to be  p rovi ded in frontal and  s i de i mpacts . 

2 .  An exami nati on of the phys i ca l  characteri s ti cs of the populati ons 
s i tti ng i n  the three des i gnated seats i n  the car ( dri ver, front passenger 
and rear seat occupant ) . I s  i t  appropri ate to assume that the s ame 
levels of p rotection shou ld  apply to a ll three pos i ti ons? I n  parti cul a r  
i t  appears tha t  rear seat occupants have di fferent phy s i ca l  characteri s 
tics i n  compari son t o  front seat occupa nts . 
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3. An exami nati on of acci dent  di s tri buti ons to optimi se the consequences of 
" under"  a nd "over protecti on". 

4 .  An exami nation of the conseq uences of a s i mp l e, s i ng le-test, pas s-fai l 
cri teri on  for the protec ti on l evel offered by a car.  Because of scatter 
i n  durrmy response under crash condi ti ons, \>Jhat margi n mus t a manufacturer 
provi de i n  order to be confi dent tha t  hi s des i gn wi l l  pass a comp l i ance 
tes t? What  wi ll be the consequences of that margi n and wou l d  i t  be better 
to i n troduce some probabi l i ty e l ement i nto the comp l i ance speci fi cati on? 

5 .  Even i n  those coun tri es where comp u l s o ry use of seat be l ts has resu l ted 
i n  hi gh leve l s  of  be l t  use, when measured i n  the general  traffi c s tream, 
i t  i s  by no means clear that the l evel of be l t  usage i n  co l l i s i ons i s  
correspondi ng l y  h i gh (Mclean and Aus t, 1 977) . l t  i s  perhaps premature to 
act on the premi se that a l l  occupants wi l l  be usi ng res trai nt  systems 
and that des i gn sho u l d  be opti mi sed excl usi ve ly for the res trai ned 
condi ti on .  An exami nation of the bes t  ba l ance i n  de s i gn for di fferi ng 
proporti ons of res trai ned and unres trai ned occupants i s  an i mmedi ate 
requirement  before tes t  condi ti ons and pro tecti on leve l s  are estab l i shed . 

6 .  Studi es  of  rea l  acci dents and the as soci ated i nj uries  wi th s i mul ati ons of 
the same acci dents usi ng i ns trumented dummi es  can contri bute greatly to 
the so l uti on of the problems outl i ne d .  The fi ndi ngs then need to be 
i nterpreted i n  the context of  the s ugges ted d i s tri buti ons of personal 
and acci dent vari ables . V a l uab l e  s tudi es  an these l i nes  have been made 
by Lowne and Wa l l  (1976 ) and a re i n  progress  in the eo-operati ve programme 
on bi omechan i cs at  present bei ng conducted i n  Europe . 
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