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ABSTRACT 

Numerous head i mpact tests have been carried out by the Bi omechanics  depart­
ment of the H i ghway Safety Research I n s t i tu t e ,  Uni vers i ty of M i c h i gan , Ann 
Arbor,  duri ng the past few years . Th� pu rpose of th i s  work i s  to i nvesti gate 
the head mot i on du r i ng i mpact l oadi ng ( the un l oad ing phase i s  not consi dered)  
and  especia l l y  to  determi ne if  the head sl i ps on the i mpactor or rotates 
around i t .  Data from three di fferent types of tests have been anal ysed : Front , 
s i de and rear i mpacts on human heads . The data consi sts of l i near and angul ar  
accel erati ons and vel oci ti es for the head ( cons i dered a s  a r i g i d  body) . These 
four quanti t ies  a re some of the most common that have been suggested as pri ­
mary causes of i nj u ry .  By u s i ng experi mental data the pos i t i on of the i nstan­
taneous point  of rotat i on was determi ned as a functi on of t i me during  i mpact 
l oa d i ng . l t  was found that s l i p  occu rs between the i mpactor and the head with 
very few except i ons . lt  was a l so fou nd that the human skul l performs p l ane 
moti on  after front or rear  impac t .  Th i s  i s  probabl y due to the symmetry around 
the midsagi ttal pl ane .  In s i de i mpact on the human sku l l i t  was fou nd that the 
mot i on i s  three-dimens i onal . 

I NTRODUCTION 

Du r i ng the past few years numerous head i mpact tests on human cadavers have 
been carr i ed out  by the B i omechan i cs department of the H i ghway Safety Research 
I nstitute,  Un i vers i ty of Mi chi gan , Ann Arbo r .  The pu rpose of th i s  paper i s  to 
i nvesti gate the mot i on of the head duri ng i mpact l oad ing ( the unl oad i ng phase 
i s  not cons i dered here ) , and espec i a l l y  to determine  whether or not s l i p  
occu rs between the head and the i mpacto r .  Data from three d i fferent types of 
tests i s  anal ysed : Fron t ,  s i de and rear i mpacts on human head s .  The data 
cons i sts of l i near and angul a r  accel era t i on s  and vel oc i ti es for the head 
( cons i dered as a r ig i d  body) . The l i near and angu l ar accel erations  are some 
of the most common quanti t ies that have been suggested as primary causes of 
i njury .  

EXPERIMENTS 

A compl ete descr i pt i on of the testi ng procedure wh i ch g i ves the des i red data 
of head mot ion  due to i mpact i s  g i ven i n  [ 1 ] .  However , the tes t i ng procedure 
wi l l  be bri efl y outl i ned here . The head mot i on i s  determi ned by u s i ng n i ne 
accel erometers wh i ch g i ve a redundant system of n i ne equati ons . The sol ution  
for the six  components of accel erat i on is  obta i ned by u s i ng the method of 
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l ea�t squares . The data are then transformed to a l aboratory reference frame (i, J , K) ,  fi gure 1 .  Th i s  frame i s  a l so used for the determi nation of the 
d i s tance between the anatomical  center ( see def i n i t i on bel ow) and the i n ­
stantaneous poi nt of rotat i o n .  The Frenet-Serret frame i s  defi ned i n  f i gure 1 ,  
where S ( t )  i s  the d i stance travel l ed a l ong the curve as a functi o n  of  t i me t .  
K i s  the cu rvature at the po int  P ,  see [ 2 ] . The anatomi ca l frame i s  shown i n  
f i gure 2 . 

/ i r = dR A t•O K TANGENT: ds 

NORMAL: 
A l dT 

A N = �ds J 
A BINORMAL: A A A 
I B = T x N  

Figure 1 .  Laboratory reference frame ( I , J , K )  and Frenet-Serret frame ( T , N , B ) . 
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F i g u re 2 .  Anatomical  frame ( i , j , k ) . 
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The anatomi cal i -ax i s  i s  defi ned a l ong the i ntersect i on of the Frankfort and 
mi dsag i tta l pl anes ( see fi gure 2)  in  the posteri or-to-anteri or ( P-A )  d i rec­
t i o n .  The j -ax i s  i s  defi ned a l ong the l i ne j o i n i ng the two superior  edges of 
the audi tory meati , i n  the r i ght-to- l eft ( R-L ) d i rect i o n .  Th i s  j -ax i s ,  wh i ch 
l i es  i n  the Frankfort pl ane , i s  pe·rpend i cu l ar to the mi dsagi ttal p l ane  at  the 
anatomi cal center ,  wh i ch i s  taken as the ori g i n  of the anatomical  frame . �  
F i na l l y ,  the k-ax i s  i s  defi ned a s  the cross-product of the u n i t  vectors i and 
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j .  Thus , i t  wi l l  be l ocated i n  the midsagi ttal pl ane i n  the i nteri or-to­
superi or  ( I -S )  di recti on .  The anatomica l  center i s  l ocated i n  the middl e of 
the l i ne between the ears i n  the Frankfort p l ane . 

MATHEMAT I CAL MODEL 

I n  order to assess whether or not s l i p  between the head and the impactor 
occurs , the instantaneous poi nt  of rotat ion i s  determined .  Th i s  po i nt i s  
determi ned a s  the point wh ich at a certa i n  i nstant of t ime has  the mi n imum 
accel eration i n  the N-di recti on .  I ts l ocation i s  then compared wi th the l oca­
tion of the impact point  found from rad i ographs of the head , [ 1 ] .  If these 
two poi nts coinc i de , then the head does not s l i p  on the i mpactor . 

The vel oci ty of a po int  i n  space i s  
-

V = vT p ( 1 )  
The accel erat ion then becomes 

The 

The 

component in the N-di rection i s  
± 

+ 
+ J VpxAp l 2 A · N  = = KV ( 3 )  p 1 v  1 p 

vel oc i ty of a poi nt i n  the l aboratory reference system i s  
± ± + + 
V = V+wxr ( 4 )  p 

where V i s  the l i near vel oci ty of the anatomical center , fi gure 2 ,  � i s  the 
ang u l a r  vel oc i ty and t the vector from the anatomical center to an arbi trary 
po int .  The accel erat ion then becomes 

± + dV n + � + + �  
Ap = F = A+wx r+wxr ("5 ) + + . where A i s  the l i near accel eration of  the anatomical center ,  w i s  the angul ar  

accel eration and  f is  the der i vati ve of t with respect to  t ime .  The t ime of  
impact l oadi ng  is  a few mi l l i seconds wh ich is  the t ime+i nterval studied here . 
I n  th i s  t ime i nterval J tii l J °f l  i s  smal l as compared to J A I  and J d ii  J r J . Therefore 
the l a st  term in ( 5 )  can be negl ected . The cross-product in ( 3 )  i s  then ob­
ta i ned a s  

+ 
+ 

± + 
+ + + + + + + ± ..;. + + ..;. + + VpxAP 

= VxA+ ( V · r )w- ( A · r )w+ ( ( A ·w) - ( V ·w) ) r+ ( r · (wxw) ) r  ( 6 )  

The l ast term i n  ( 6 ) i s  very sma l l a s  compared to the other terms because � 
and fü are al most paral l el . Thus , . one obta i ns 
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+. + 
VpxAP = ( V  A -V A + ( A  w +A w -V w -V w ) r  + y Z Z y y y Z Z y Y Z Z X 

... 

+ ( V  w -A w ) r  + ( V  w -A w ) r  ) l + y X y X y Z X Z X Z 

+ ( V  A -V A + ( V  w -A w ) r  + ( A  w +A w -V w -V w ) r  + Z X X Z X y X y X X X Z Z X X Z Z y 

+ ( V  w -A w ) r  ) J+ (V  A -V A + ( V  w -A w ) r  + Z y Z y Z X y y X X Z X Z X 
A 

+ ( V  w -A  w ) r  + ( A  w +A w -V w -V w ) r  ) K  y Z y Z y X X y y X X y y Z 
The vel oci ty i s  

+. 
� A A 

V = ( V  -w r +w r ) I + ( V  +w r -w r ) J+ ( V  -w r +w r ) K  p X Z y y Z . y Z X X Z Z y X X y 
Now the accel eration  i n  the N-di rection can be written a s  

+
A · N  _ Ar2+Br+C - 2 p Dr +Er+F + + + 

( 7 )  

( 8 )  

( 9 )  

where r = l � I . M i n i mi zation  
fixed ang l es g i ves 

= I VpxAp l / I Vp l with respect to r for 

CD-AF ( CD-AF ) 2+ CE-BF r 1 , 2 = AE-BD± AE-BD AE-BD ( 1 0 )  

The accel eration i s  determi ned for the two roots �nd the root g i v i ng .  the 
l owest accel eration  i s  the d i stance between the anatomical  center and the 
i nstantaneous poi nt of rotation . The factors A , B , C , D , E and F are then deter­
mi ned for the three d i fferent cases front i mpact , s i de impact and rear i mpact . 
The express i ons  for the factors A , B , C , D , E and F wi l l  be shown onl y for the 
case of front i mpact . 

I n  the case of front i mpact the i nstantan�ous poi nt of+rotation i s  searched 
onl y in the mi dsagi ttal p l ane , i . e .  the components of r are approx i matel y 

rx = rcose ry = 0 rz = rs i ne ( 1 1 a , b , c )  

The ang l e  e i s  defi ned i n  fi gure 3 .  The subscri pts x ,  y and z denote compo­
nents i n  !he  l - ,  J- and K-di recti ons , re�p�cti vel y .  The change of the �o�pQ­
nents of r from the anatomical  frame ( i , j , k )  to the l aboratory frame ( I ,J , K) 
i s  negl ected s i nce the t ime i nterval for the l oadi ng phase i s  very short 
( onl y a few ms ) .  The reason for search i ng onl y i n  the mi dsag i ttal pl ane i s  
the symmetry of the head with respect to th i s  pl ane . 
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Figure 3 .  Front i mpact . ( i , j , k )  and ( I , J , K) co inc ide before impact . 

The an�tqmjcal frame (; ,j , k), figure 2, co i nc i des w ith the l aboratory reference 
frame U , J , �  before impact . The factors A , B , C , D , E  and F are obta i ned as  

A = ( ( Vxwy-Axwy ) cose+ ( Vzwy-Azwy ) s i n e ) 2+ 

( ( Aywy+Azwz-Vywy -Vzwz ) cose+ ( Vzwx -Azwx ) s i ne ) 2+ 

( ( Vxwz-Axwz )cose+ ( Axwx+Aywy -Vxwx -Vywy ) s i n e ) 2 ( 1 2a ) · 

B = 2 ( ( ( Aywy+Azwz-Vywy-Vzwz ) cose + ( Vzwx-Azwx ) s i n e )  

( VyAz-VzAy ) + ( ( Vxwy-Axwy ) cose+ ( Vzwy-Azwy ) s i n e )  

( V A -V A ) + ( ( V  w -A w ) cose+ ( A  w +A w -V w - V  w )  Z X X Z X Z X Z X X y y X X y y 

s i ne ) ( VXAY-VYAX ) )  

C = ( V  A -V A ) 2+ ( V  A -V A ) 2+ ( V  A -V A ) 2 
y Z Z Y Z X X Z X y y X 

D = wy
2+ (wzcose-wxs i ne ) 2 

E = 2 ( ( Vywz-Vzwy ) cose+ ( Vxwy�Vywx ) s i ne )  

F = V 2+V 2+V 2 
X y Z 

( 1 2b )  

( 1 2c )  

( 1 2d )  

( 1 2e )  

( 1 2f )  
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Here 
( 1 3a , b )  

. 
+ ( ) + ( ) ( 1 3c ,d )  w = . wx ,wy ,wz w = wx ,wy ,wz 

The component of VpXAp i n  the J-d i rect i on i n  equation ( 7 )  g i ves the val ue of  
r for  purel y two-dimens i onal moti on . Jhe sma l l est  poss ib l e val ue of th i s  
component of the accel eration  i n  the N-di rection i s  zero wh i ch  g i ves 

VXAZ-VZAX ( 1 4 )  

I n  the case o f  s i de impact the components of the vector r are 

rx = rsinys ino ry = rcosy rz = rs i nycoso ( 1 5a , b , c )  

The ang l es o and y are defi ned i n  f i gure 4 .  Now the factors A , B , C , D , E  and F 
i n  equation ( 1 0 )  can be obta i ned from equations ( 7 )  and ( 1 5 ) .  

A J 

F igure 4 .  S i de impact. ( i , j , k )  and ( I , J , K) co inc ide  before i mpact . 

I n  the case of rear impact the i nstantaneous poi nt  of rotat i on i s ,  as i n  the 
case of front impact , searched only i n  the mi dsagi ttal p l ane .  The components 
of the vector r then become 

rx = -rcose 
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The ang l e  8 i s  defi ned i n  f igure 5 .  The factors A , B , C , D , E  and F can now be 
determi ned from equations ( 7 )  and ( 1 6 ) .  

F i gure 5 .  Rear i mpact . ( i , j , k )  and ( I , J , K) co i nc i de before i mpac t .  

The angl e 8 ,  f igures 3 and 5 ,  and the angles a and y ,  figure 4 ,  are chosen so 
that a vector r, f igures 3 ,  4 ,  and 5 , from the anatom ica l  center passes through 
the po i nt of impact .  An al teration of ± 1 00 of the ang l es 8 ,  a and y from the 
chosen val ues varies the cal cu l ated d i stance r ( t )  onl y a few percent .  If the 
eval uated va lue  of the d i stance r agrees w i th the measured ( from rad i ograph s )  
d i stance from the anatom ical center t o  the poi n t  o f  i mpact and th i s  val ue al so 
does not vary i n  t ime , then the head does not sl i p  on the i mpactor . 

RESULTS 

Data from f i ve front i mpact tests , three s i de impact tests and four rear im­
pact tests a re anal ysed . The d i stance r i n  a front impact i s  shown i n  fi gure 6 
a s  a funct i on of time.  Here the measured ( from radi ograph ) d i stance between 
the po i nt  of i mpact and the anatomi cal center i s  1 20 mm . The data used i n  equa­
t ions ( 1 0 ) , ( 1 2 ) a nd ( 1 4 )  are shown i n  tabl e 1 .  Here 8=40° . The  eval uated d i s­
tance r as a function of t ime i s  shown i n  f i gure 7 for a s ide  i mpact tes t ,  and 
i n  f i gure 8 for a rear impact test .  The measured d i s tance between the po i n t  of 
i mpact and the anatomi cal center i s  for the s i de i mpact 60 mm and i t  i s  1 00 mm 
for the rear impact .  I n  s i de i mpact y=0° and a= 1 0° and i n  rear impact 8=40o . 

CONCLUSIONS 

As can be seen from f i gures 6 ,  7 and 8 sl i p  does occur in a l l  three types of 
tests . Sl i p  was questi onabl e onl y· i n  two cases out of twel we . 

F i gures 6 and 8 show that the equation  for three-d imensi onal motion and the 
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equation  for two-dimensi onal mot i on agree i n  front i mpact and i n  rear impact . 
I n  the case of s i de impact,  f igure 7 ,  there i s  d i sagreement between the equa­
tions for two- and three-dimensi onal moti o n .  I n  excepti onal cases of front 
and rear impact it was observed that the head mot ion  devi ated from two-dimen­
si onal mot i on . Th i s  was due to  l ack  of  symmetry w i th respect to  the  mid­
sagi ttal pl ane . 
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Tab l e  1 

Eval uated val ues i n  the l aboratory reference frame ( I , J , K )  from experimental 
data . The t ime step between each val ue i s  0 . 33 ms start i ng wi th the fi rst  at  
3 . 33 ms before the peak of  the impact force . 
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Figure 6 .  Cal cu l ated d i stance r ( t )  i n  a front impact test .  
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Fi gure 7 .  Cal cul ated d i s tance r ( t )  i n  a s i de impact tes t .  
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