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I NTRODUCTION 

The use o f  restraint  systems such as  safety bel ts ·duri ng a traff i c  
accident , prevents the body , and s o  the head , from h i tt i ng the car structure . 
Therefore , i t  fa i rl y  reduces the r i s k  of death or seri ous i nj ury .  ( GARRET 1962 , 
SYSTERMANS 1974 ) . But , by be l ti ng up the thorax , i t  emphas i zes the movements 
of the head rel at i ve to th i s  l atte r .  But , i t ' s  wel l known that head and neck 
i nj ur i e s  can occur wi thout any head i mpact . The protection of  the head neck 
l i n k  i sn ' t  only l i mi ted to the preventi on of head i mpact f but con s i sts i n  
l esseni ng  the stre s s  appl i ed to the neck and i n  reduci ng  the accel erat i on 
l evel undergone by the head . lt  seems rather d i fficu l t ,  i n  a near future to 
deve l op a speci f ic  head restrai nt system (except the headrest whose eff i c i ency 
i s  l i mi ted to rearward i mpacts s i tuations )  because of its  constra i n i ng aspect . 
Then , other sol utions have to be faced : for i nstance , f it  the performances 
of the restra int  systems tö the dynamic  behaviour of the head-neck system 
and try to reduce the r i s k  of i nj ury by sel ecting  better adapted postures or 
by mak i n g  use of the energy a bsorbi ng funct i on of  muscul ar systems . W i th a 
v i ew to such sol utions , i t ' s i mportant to know prec i sely the dynamic  behav i our 
of the head neck system when s ubmi tted to a strong decel erati on . 

The a im  of  th i s  work was to make a study of th i s  dynami c  behaviour  and , 
mai n l y ,  the probl em o f  the muscul ar  i nfl uence . The muscul a r  sti ffness  i s  a 
parameter defi n i ng the dynam i c s  as  wel l as  mass ( or i nerti a )  and widely 
vary i ng from a passenger a s l ee p  to the dri ver who ant i c i pates the shock and 
contracts h i s  muscl e s .  Musc l e s  are known for thei r  abi l i ty to absorb a part 
of the body k i net ic  energy duri ng an i mpact . Thi s  has been po inted out by 
ARMSTRONG ( 1968 ) for the l ower l i mbs . Con s i de r i n g  the power of the neck 
mu scul ature , its effect o n  the head neck system dynam i c  behaviour  i s  not to 
be negl ected . That ' s  why a tri a l  has been made to estimate the effects of 
thi s muscu lar  st i ffness through an experi ment anal ys i ng the dynami c s  of the 
head and neck for three d i st i nct physi ol og i cal muscl e states : hypoton i c ,  
norma l , hyperton i c .  

To ease the ana l ys i s  of the resul ts , a schemati c  repre sentation o f  the 
head-neck system has been used . Thus i t  wi l l  be pos s i b l e  to make a further use 
of these resu l ts to design an anthropomorph i c  dummy neck . 
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Th i s  research , i n  its  fi rst stage , ha s been l im i ted to the study of 
frontal impact s i tuati on s .  But , non frontal i mpacts , wel l known to produce 
serious trauma , are not to be forgotten and wi l l  be stud i ed i n  a further ste p .  

METHODS 

���j���� 
The animal  chosen for the tests i s  a cynomorph monkey : the baboon 

( Pap io  papi o ) . On the whol e ,  7 adu l t  baboons ( 6  mal es ,  1 fema l e )  whose wei g ht 
ranged from 10 to 24 kg , were used for the tests 1 nc l ud ing the prel imi nary 
one s .  

The baboon ' s  s hape i s  rather near the man ' s  though the s houl ders are 
c l o ser and the thorax much narrowe r .  Thi s  l atter i s  conti nued upward by a 
strong neckJwhi ch suggests a powerful l  cervi cal muscul atur.e . The head s hows 
an important deve l opment of the fac i a l  part and ma i nl y  the maxi l l ar i e s . As 
a consequence , the head center of gravity i s  sh i fted forward ( fi g  1 ) .  

z 

z 

X 

E.isLJ. : Location o f  the head center of gravity ( 1 )  of the baboon ( l eft)  
and man ( ri ght)  with respect to the head-neck h i nge po i nt ( 4 )  

The cerv i ca l  spi ne i s  composed o f  7 vertebrae w i th much devel opped transverse 
and spi nous processes . These vertebrae are moved by groups of mus c l e s  rather 
s im i l ar to the human one s ,  but much more powerful l ,  con s i dering the i r  cross 
sectional  area ( fi g . 2 ) . 

Decel erator 
- - - - - - - - - --

I t  i s  composed o f  three chief  e l ements : ( fi g  3 )  
. a r i g i d  steel s l ed s upport i n g  the seat and the animal , and whose own 

we i ght i s  420 kg . 
. a catapu l t  ab l e to propel l the s l ed up to 80 km/h . The energy neces sary 

for the l aunch i ng i s  f i rst l oaded i n  a f l ywheel , then transmi tted to the s l ed 
by means  o f  a cl utch and a drum around wh i c h  the pul l i ng cab l e  i s  wound . 
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MAN BABOON 

--9....1_ Cross secti on of the neck at C6 l evel of the baboon ( right )  and 
man ( l eft) . The respecti ve areas are 120 cm2 and 1 1 2  cm2 . 

BREASTPLATE 

Fig 3 Experimental set up for the tests 
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. a stop p i ng system made of steel bul bs  whi ch force through pol yure­
thane cyl i nders . The shape of the decel e rati on wave , determi ned by the 
l ong i tudinal  section of the cyl i nders and the bul bs  d i amete r ,  i s ,  here , a 
ha l f  s i ne wa ve . Its  ampl i tude and duration i n  function of the l aunch i ng speed 
are g i ven i n  tab l e  1 .  

Speed of l aunch i ng 
( km/h )  

1 2  
18 
30 
3 5  
40 

Animal retent i on 

Max s l ed dece l eration 
( G )  

1 2  
1 5  
20 
2 2 , 5  
2 2 , 5  

Tabl e 1 ( see text) 

Durati on of dece l eration 
(ms ) 
48 
50  
67 
72 
80 

Its  aim i s  to fit t i g ht ly  the animal  ' s  body to the s l ed i n  order to 
ena b l e  on ly  the head and neck movements . So , the thorax i� restrai ned by a 
r i g i d  po lye ster brea stpl ate mou l ded on the an imal  ' s  body . Other mou l ded parts 
f i x  the pel v i s  and the l ower l imbs . Moreove r ,  to control the i n i ti a l  pos i t i o n  
of the head , an el ectro-mechan i cal  device hol d s  the head duri ng the s l ed run 
and rel eases it a few m i l l i seconds before the beg i nn i ng of the shoc k .  

Ki nemati c  data col l ection  - - - - - - - - -- - - -- -- - - - - - --- -

Pre l i mi nary tests had shown that the movements only occurrea i n  the 
sag i ttal p l ane . The tests whi ch d i dn ' t  fit  with th i s  cond i ti on have been 
e l i m i nated . So , the k i nemati c data of the head movements have been measured 
i n  two poi nts of the sag i ttal p l ane of the head , mouth and vertex , with two 
compl ementary techn iques . 

. Acce l erometry : Acce l erati on has  been mea�ured with ENDEVCO p i ezo­
res i s t i ve acce l erometers ( type 2264/ 150 - Range : - 150  G ; sens i t i v i ty : 
2 , 5  mV/G ; frequency range : DC to 800 Hz ) . I n  each po int , two acce l erometers 
set on a tri hedral  p l ate gave the X and the Z components of the acce l e ration 
i n  the sagi ttal p l ane . The p l ates were fi xed to the head at the vertex po int 
by a meta l l i c supporting  p l ate screwed on the frontal bone , and , at the mouth 
poi n t ,  by a moul ded mouthpi ece . 

. H i gh speed c i nematography : Each mea suring point wa s mate r i a l i zed by 
a target stuck on the l ateral face of the tri hedral pl ate .  The d i s p l acements 
of the targets were recorded wi th a H I TACHI h i g h  speed camera ( type 16 HM) at 
2000 frames per secon d .  T i me was di sp l ayed on a chronoscope pl aced i ns i de the 
camera f i e l d  ( f i g  4 ) . The shooti ng d i stance was great enough to negl ect the 
para l l ax errors . 

The fi l ms and acce l e ration curves were then ana lysed and the col l ected 
data punched on cards for further computer proce s s i ng ( I BM 1 1 30 ) . 
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Fig i : Pi cture analys i s  references used for di spl acement data col l ection . 

�����l�r_!QQ!�i�� 
- Hypertoni ci ty was obtai ned just before the shock by el ectric stimul a­

t ion of the neck musc l e s .  El ectr i c  i mpul ses of  20 vol ts h i g h , 7 ms wi dth were 
del i vered at a frequency of 70 Hz through two need l e  el ectrodes i nserted at 
the C4-C5 l evel . Th i s  stimul ation detenni ned a max imum tetan i c  contracti on . 

- For Hypoton i c i ty ,  the anima l s  were anestheti sed by EPONTOL , a 5 % 
propani d i de sol ution , provi d i ng a brief but deep narco s i s  just  after the 
i njecti on . 

@�Q��!ri�-��r���!�r� -�����r���Qt 
The di stances were measured by X ray . After the experi mental seri e s , 

one anima l  has been sacri fied and the mass , the center of ma s s  l ocation and 
the mass moment of i nert i a  have been mea sured on each separate body sequent 
( head ,  neck ,  trunk , l imbs ) . These l a st data wi l l  be u sed l ater to model i z e  
the head neck system. 

RESULTS 

On the whol e ,  95 tests have been conducted with d i fferent condi ti on s  
o f  l aunch ing  speed and muscu l ar toni ci ty .  T h e  general characteri stics  o f  the 
resul ts wi l l  be brought out through the ana l y s i s  of  three representati ve tests . 

Qi��l�����Q! �Q�l��i� 
- Descr i pt i on of the trajectories  

The analys i s  of the f i l m  p i ctures ena b l e  to p l ot the rel ati ve trajec­
tories  of the vertex and mouth targets i n  the sag i ttal p l ane with respect 
to the thorax fi gured by the shou l de r  target { fi g  5 ) . For each movement , a 
f lex ion phase fol l owed by an exten s i on one can be seen . The c hange of d i rection 
i s  sometimes marked by an i mpact of the l ower maxi l l ary on the breast p l ate . 
For the vertex trajectory , the fl ex ion and extens i on cu rves co inc i de fa i rl y  
wel l .  On the contrary , for the mouth trajectory , the cu rves are d i fferent and 
del imit  a l oop whose area i s  much greater for the hypo curves . 
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Fig 5 Rel ati ve trajectories  of vertex and mouth targets with respect to the 
s houl der one for three tests at a 30 km/ h  speed 

- Reconstruction of the head and neck movements 
In order to quanti fy the i n fl uence of the muscul a r  state i t  has been 

necessary to represent the movements i n  a s impl e way . In thi s a i m ,  the head­
neck system has been fi gured by a system wi th two axes of rotati on .  T h i s  
system i s  the p l a i nest one enabl i n g  to account for the trans l ati onal movement 
descri bed by many authors ( MART I NEZ , 1966 ; T I SSERAND , 1967 ; CLARKE , 1971  ; 
MERTZ , 1971  ; CLEMENS , 1971  ; among others)  , and respecti ng the -fund·amenta l 
rotational  movement ( fi g  6 ) . The head and neck are represented by two ri g i d  
l i nks  h i nged together and w i th the thorax . The h i n ge po ints  have been l ocated 
at C7 l evel for 01 and Cl l evel for 02 ,  accord i n g  to the resul ts of an X ray 
study of normal head movements and to the di stri but i on o f  the i nstantaneous 
center of  rotati on ( VERRI EST et Al , 1975 ) . The pos i ti on of  the l i nks  with 
respect to the thorax i s  measured by two angl e s  91 and 92 . 

The curves of 9 1 ,  92 and 9 = 92 - 91  � thi s l atter representi ng the head 
movements rel at i ve to neck -- versus time , for three tests are shown on fi g 7 .  
T hese tests , at 30 km/ h  speed, correspond to the three muscul ar state s . 

For 91 , pos i tion  of  the neck rel ati ve to the thorax , the maxi mum val ue 
i s  reached for the hypo state ; the m in imum one corre s ponds to the hyper state . 
However i t  i s  to be noted that the start i ng pos i t i on i s  more fl exed for the 

norma l state . The i ncrease s l ope of 91 , that i s  the angul ar  vel ocity ,  i s  
nearl y twi ce steepe r for the hypo state than for the normal one . In  other 
words , in thi s l ast case , the fl ex ion movement of  the neck seems to be res­
trai ned by the muscul ature acti on . 

As for 9 = 92 - 91 , the head movement rel ati ve to the neck begi ns  with 
an extension  and goes on with  a fl exi on . For the hyper state , at the begi nn ing , 
the head i s  i n  ful l  extens ion so that there can ' t  be any extra extens i on . Only 
a s l i ght fl exion can be seen , whi ch reveal s the effi c i ent l ock ing  o f  the head 
to the necK. 
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l t  i s  to be remarked that no hyperfl ex ion of the head on the neck ever 
occurs , even when there i s  no i mpact aga i nst  the breastpl ate . 

The head movement rel ati ve to the thorax 82 , out com i n g  from 8 and 8 1 ,  
beg i ns by a trans l at ion except for the hyper s tate . Then an extens i on of the 
head happen s , fol l owed by a fl ex ion phase . Thi s  l atter often ends by the maxi l ­
l a ry i mpact agai ns t  the breastpl ate , mai n l y  for the hypo state and much rarely 
for the normal and the hyper .  There a l so , the steeper s l ope , that i s  maxi mum 
vel oc i ty ,  i s  mea sured for the hypo s tate . Though the start i ng pos i t i on varies 
w i th the state , it can be s a i d  that the whol e head angul ar d i sp l acement i s  
shorter for the normal state , i n termedi ate for the hyper and greater for the 
hypo . In th i s l ast case , the head a l ways ends i ts course by h i tt i n g  the 
breastpl ate . 

Accel erati on 
- - - - - - - - - - - -

As for the l i near accel erati on components , the muscul ar  state has an 
effect on the s hape of these components , whi ch can ' t  be eas i l y measured . The 
resul tant nearl y keeps the same max i mum va l ue ,  except when s peed i s  l ow ( 12 or 
15 km/h ) �  On the contrary ,  for the head angul ar  accel eration ( fi g  8) 'there i s  
a marked decrease of the max i mum val ue when the neck musc les  are contracted . 
Th i s  decrease can reach 50 % .  

8 
i 1000 rad /s/s ) 

4 

3 

2 

- 1 

- 2 

- 3 

� Hyper 
'"" Hypo 
·-· Normal 

F ig 8 : Curves of 82 , head angu l ar accel erat i o n ,  for tnree tests conducted at 
30 km/ h .  

D ISCUSSION 

The resul ts obtai ned thanks to the schemati c  representati on with two a xes 
of rota tion are not wi thout any error and the t rajectories of  02 have j ust to 
be observed to see that they are sometimes  qu i te d i fferent from a c i rc l e  arc ; 
however ,  the chosen type of representat ion does n 1 t  seem questi onabl e .  Actual l y  
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the errors po i nted out ma i n l y  con s i st i n  a var iat ion  of the l ength 01 02 .  I f  
such vari ations  re sul ted e i ther from a l engthen i ng or a bendi ng o f  the cervi ca l  
spi ne , they woul d threaten i ts i ntegr ity .  But , no spi nal  i nj uries  have ever been 
recorded among the subjects ; t h i s  hypothes i s  must therefore be el i m i nated . I n  
fact,  most  errors seem , o n  one s i de ,  to come from the rel at i ve mob i l i ty o f  t he 
thorax wh i ch can move i n s i de i ts breas tpl ate , creat i n g  a movement of the bas i s  
of the cerv i ca l  s p i ne , that ' s  to say 01 ,and , on the other s i de , from the v i bra­
t i ons of the mouth target wh i ch make the cal cul a t i on of the trajectory and , 
thereby , the pos i tion of 02 , wrong . Th i s  l ast  probl em has been sol ved for ano­
ther experiment ( see B IARD et Al , 1975 )  whereas the measure of the movements 
of 01 rel a t i ve to the s l e d ,  has not yet been succeeded . 

So the val ues of 91 , 92 and 9 are rough l y  estimated , but , t h i s  i s  not to 
be mi nded as i t  i s  here , a comparati ve study .  I n  s p i te of these restr i ct i on s  
the fol l ow ing  remarkab l e  events  can be poi nted out . 

- the head movements  i n  the sagi ttal pl ane w i th respect to the thorax 
con s i st  i n  a tran s l at i on fo.l l owed by a rotat i on . 

- among the tested s i tuation s , the normal an imal  seems to be the most  
abl e to  compensate the effects of the decel eration 

' 
. 

- the e l ectr i c  st imu l at ion of the neck musc l es , as  i t  has been done on 
the hyper an imal , mai nl y  changes the head behaviour  but much l e s s  the neck one . 

- i n  the observed movements , the head hyperfl exion w i th res pect to the 
neck never appears , even when there i s  no impact on the breastpl ate . 

- on the contrary ,  the movements al ways beg i n  with  a head exten s i on , 
wh i c h  i s  nearl y a l ways maximum except for the hyper tests . 

Except the decomposi t i on i nto tran s l at ion and rotat i on , the resu l ts a re 
qui te d i fferent from those obtai ned by other authors as  wel l w ith vol unteers 
as  w ith  cadavers or an imal  s ( ME RTZ and PATR ICK ,  1971  ; CLARKE and Al , 1972 ; 
EWING and THOMAS , 1973 ; HENDLER et Al , 1974 ) . These d i fferences seem to be i n  
re l at i on w i th the exper i mental cond i ti on s  of the present tests and a l so w ith  
the muscul ar act i on . Three factors appea r to  have a determ i n i ng i nf l uence 

- the use of a ri g i d  breastpl ate as restrai nt system 
- the part i cul ar characteri s t i c s  of the expe rimental subject 
- the way of bri n g i n g  the muscl es  i nto acti on 

Use of a r i g i d  re stra i nt system 

I n  oppos i t i on to webbi ng  type restrai nt systems wh ich  can absorb a part 
of the k i netic  energy , the r i g i d  breastpl ate a l most  i ns tantaneou s l y  transm i t s  
the s l ed dece l erat ion i n  i ts who l e  to the thora x .  Resu l t i ng from th i s ,  the 
accel eration sustai ned by the head i s  much h igher  and soone r .  I f  the present 
resul ts are compared with  those obtai ned by CLARKE wi th a strap harness , an 
i ncrease of nearly 50 % of the max i mum val ue of the head accel era t i on can be 
seen i n  the case of a ri g i d  restra i n t .  

Another consequence o f  the use of a ri g i d  breastpl ate i s  the l i m i tat ion 
of the f lex ion of the head wh i c h  can 1 t  reach the stern um . 

Experimental subject 

The geometr i c  characteri s t i cs of the baboon 1 s  head and , ma i n l y , the 
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center of gra v i ty l ocat i on , can expl a i n  the exi stence of the head exten s i on 
wh i ch never appears i n  the tests conducted w i th human bei ng s .  I n  fact , the 
head i nert i a  force and the res i sti ve force resul tant act ing  respect i ve l y  at the 
head center of gra v i ty and at the head-neck h i nge , apply a torque to the head , 
whose ampl i tude and d i rect i on depend on the pos i t i on of the head center of 
grav i ty with  respect to the occ i p i tal condyl e .  So , con s i deri ng the pos i t i on of 
the center of grav ity of the baboon ' s  head and the man ' s  one , for forces of 
same ampl i tude and d i re ct i on ,  the torque can be d i fferent : fl exion torque for 
man and extens i on one for the baboon . ( f i g  9 ) . T h i s  torque can be d i fferent 
a l so for the baboon wether the i n i t i al pos i t i on i s  fl exed or extended . Thi s  
probl em has been exami nated i n  deta i l  e l sewhere ( see B IARD et Al , 1975 ) . 

On the other hand , g i ven the l i ght mow i n g  masses and the s hort body l i nks 
of the baboo n ,  the movements are fas ter  than for man . For the baboon , the 
head accel erat i on pea k occurs about 40 ms after the shock beg i nn i ng whereas i t  
appears much l ater for man ( vo l unteer or cadaver ) . 

Fig � : Torque ( C )  appl i ed to the head , resul t i ng from the acti on of the head 
i nerti a  force ( -m ) and of the res i sti ve force resu l tant ( R) . Upper part : 
extens i on torque for baboon and fl exion one for man ( few mi l l i seconds after 
the s tart of the s hock ; l ower part : fl exi on torque for both ( about 40 m s  
after the start ) . 
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. Muscu 1 ar acti on 

When there i s  no mu scu1 ar contracti on ,  the res i stance opposed to the 
mot i o n  by the l i gaments and mus c l e s  i s  weak unt i l  the maxi mum neck f lex ion i s  
reached .  Al most a l l  the head k i neti c energy i s  d i s s i pated by the neck components 
wh i c h  act as thrusts . That ' s  what happen s duri ng  hypo tests , where the decel e­
ration peak  i s  very h igh  and  l ate . 

On the contrary , when muscl es are contracted , the restra i n i ng of the 
head occurs as soon as  the movement starts , and t h i s  produces a much l ower and 
l anger dece l erat i on . In the case of hyper tests , on ly  the neck musc l e s  wh i ch 
are ma i n l y  respon s i b l e  for the head beari ng , are st imul ated . The head i s  near ly  
l ocked on the neck but the restra i n i n g  of  the neck i s  much l es s  effecti ve . 

For the normal tests , there i s  not such a l oc k i ng as  for hyper tests . 
Neverthe l e s s , there i s  al most never any i mpact of t he head aga i n s t  the breast­
p l a s te ,  except for h i gh spe�d tests ( 40 km/h ) .  In other words , head and neck 
are re strai ned in a very effi c i ent way . Th i s  l eads to adm i t  that the baboon i s  
abl e to deve l op a strong and coord i n ated muscu l ar acti on wh1ch i s  suff i c i ent 
to 1 im i t  the head and neck movements under a s trong decel erat ion . Because of 
th i s  contraction , and w ith  re spect to a rel axed state , the max i mum angu l a r  head 
accel erati on can be reduced by 40 % .  Th i s  spontaneous vol untary act i v i ty -
g i ven the speed of the movements , i t  can ' t  be a refl ex one - i s  l i ke l y  concer­
n i ng a g reat number of muscl es  apart from neck ones , ma i n1 y  the back and shoul ­
der ones , because i t  appears much more effecti ve than the s i mp l e  el ectri c  
st imul at ion of neck muscl es . Th i s  i s  rel evant to a prepar i ng of. tbe . a n i mal  
wh i c h  ant ic i pates the beg i n n i ng of  the s hoc k .  

CONCLUS ION 

The present experiment has s hown the ma i n  characteri st ics  of the dynami c 
res ponse of a baboon ' s  head-neck system submi tted to a frontal decel erat i on 
( -Gx) . 

G i ven the part i cul ar  phys i ca l  propert i e s  of t he baboon t h i s  beha v i ou r  i s  
cl ose to man ' s  one . The trans l at ional  and rotat ional  movements of the head , 
w ith  res pect to the thorax have been found . 

The part of the muscu l ar act i on i n  the dynami c  behaviour of the head-neck 
system has been poi �ted out . T h i s  act i on can reduce the maxi mum head angul ar 
accel erati on by about 40 % .  

The use of a s i mp l e  repre sentat i on w i t h  tw6 axes o f  rotati on enab l e s  to 
descr i be rather wel l  the movements of the head-neck system thanks to s i x  angu­
l a r  var i a b l e s  ( angu l ar d i sp l acement ,  vel oc i ty and accel eration for each of both 
axes ) .  

The mode l i zation started owi ng to th i s  two axes system shou l d  enabl e the 
expre s s i on of muscul ar i nfl uence i n  tenns of s t i ffness and vi scos i ty vari a t i on . 
Then a contri but i on to the improvement of anthropomorp h i c  dummies  can be 
expected . 
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