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P r i m a te s t u d i e s  conducted in our l aboratory have p r o 

duced t h e  spectrum o f  d i f fu s e  head i n J u r i es f r o m  m i l d  c o n 

cuss i on , throug h  p r o l onged coma w i th d i f fu s e  a x o n a l  i n J ur y  

< DA ! ) ,  to b i l a t e r a l  acute subd u r a l  hematoma < ASDH > . The 

l o a d i n g  cond i t i on s  e m p l oyed i n  these e x p e r i m e n ts were 

r e s t r i cted t o  w e l l - d i st r i buted , a n g u l a r  acce l e r a t i o n s  w i t h  

the center o f  r o t a t i o n  i n  t h e  l ow cerv i c a l  s p i ne r e g i o n  f o r  

sag i t t a l  a n d  coron a l  p l ane m o t i o n s  < pure r o t a t i o n  was used 

in the h o r i zonta l p l an e  on l y > . A l though each o f  these 

pathophy s i o l o g i c a l  ent i t i es con s t i tutes a head i n J ur y ,  we 

have found that t h e i r  t o l erance l ev e l s  are d i st i n c t l y  d i f 

ferent . We bel i eve t h a t  t h e  v a r i a t i on i n  m a g n i tude and 
topograph i c  d i st r i bu t i on o f  the bra i n  t i ssue deform a t i on s  

asso c i ated w i th a s p ec i f i c  set o f  load i n g  cond i t i on s  w i l l  

h e l p  to ex p l a i n  these d i f ferences . 

At t h e  present t i m e ,  c r i te r i a  for head i n J u ry r e l a t e  the 
i n er t i a l  response o f  the head , as a resu l t  o f  i mpact or 

i m pu l s i ve l o ad i n g ,  to a t o l erance o r  thresho l d  f o r  bra i n  

i n J ury . Perhaps t h i s  r e l a t i on s h i p  can be def i ned i n  greater 
deta i l  i f  we understand the i ntermed i a te consequences of 

t h i s  com p l ex process ; spec i f i ca l l y ,  the v a r i a t i o n s  in the 

f i e l d  p a r a m eters of d i s p l acemen t ,  s tr a i n  or stress w i t h i n  
t h e  bra i n ,  a n d  the i r  r e l a t i on s h i p  t o  t h e  k i ne m a t i c s  of 

dynam i c  l o a d i ng . 

T h i s  report d i scusses the use of some s i m p l e  p h y s i c a l  

mod e l s  o f  t h e  sk u l l - br a i n  structure a s  a n  exper i menta l t o o l  

f o r  the measurement o f  t h e  deform a t i on s  e x p e r i enced b y  the 

surrogate bra i n  under i nert i a l  l oad i n g  cond i t i o n s . Deter 

m i n i ng t h i s  transfer f u n c t i o n  between t h e  gross descr i p t i on 
of the head l oa d i n g  cond i t i o n e  and the response of the 

structure is a n  i m portant step in t h e  d i r e c t i o n  o f  e l u c i 

d a t ing t h e  v a r i ou e  mech a n i s m s  of head i n J ury . The a n i ma l  

m o d e l  h a s  enab l ed u s  not o n l y  t o  study the pathoph y s i o l og y  

and m o r p h o l og y  o f  i n J u ry < w i th t h e  goa l o f  i m proved d i a g 

nos i s  and t h e r a p y ) ,  b u t  a l so t o  prov i d e  uee f u l  b i omech a n i c a l  
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d a t a  r e l a t i n g  t h e  k i n e m a t i c s  t o  t h e  spec i f i c  i n J ur y . 
However , i n  o r d e r  t o  i m p r o v e  u p o n  e x i s t i n g  h e a d  i n J u r y  

c r i t er i a ,  sca l i ng t h e s e  s u b h u m a n  p r i m at e  d a t a  t o  m a n  i s  

essen t i a l .  T h e  p h y s i c a l m o d e l  exp e r i me n t s  d i scussed i n  t h i s  

report shou l d  p r o v e  h e l p f u l  1 n  t h i s  r e g a r d . 

BACKGR O U N D  

Prev i o u s  i n v e s t i ga t o r s  h a v e  e m p l o y e d  a v a r i e t y o f  exper 

i m enta l t e ch n i q u e s  to m e a s u r e  t h e  r e s p o n se of t h e  i n - v i v o 

b ra i n ,  c a d a v e r  spec i me n s , or m o d e l  s y s t e m s  to d y n am i c  

l oa d i n g . H o l b o u r n  ( l J , i n  one o f  t h e  ea r l i est a pp l i ca t i on s  

o f  photoe l as t i c i t y t o  expe r i m e n ta l b i om e c h a n i c s ,  observed 

the s h e a r  s t ress d i st r i bu t i on i n  a wax - s k u l l ,  g e l a t i n - b r a i n  

s t r u c t u r e  s u b J e c t e d  t o  r o ta t i o n a l  acce l e ra t i on . H o l bourn 

r e l ated t h e  degree o f  s t r a i n  i nd i ca t e d  b y  t h e  m o d e l  t o  t h e  

a m o u n t  of s t r e t c h  o f  t h e  n e u r a l  a n d  v a s c l a r  f i be r s  i n  t h e  

r eg i o n ,  a n d  t h u s , t o  i n J u r y  s e v e r i t y .  P r u d e n z  a n d  S h e l d o n  

( 2 )  v i ewed t h e  m ot i on s  o f  t h e  cerebr a l  c o r t e x  i n  l i v i n g  m o n 

k e y s  t h r o u g h  a t r a n s p a r e n t  c a l v a r i u m  i n  response to a n g u l a r  

a c c e l e r a t l o n  o f  t h e  head . D i s p l ac e m e n t s  of a p p r o x i m a t e l y  1 
c e n t i meter were r e p o r t e d . Subsequen t l y ,  Hodg e o n , e t . a l . (3) , 
a n d  G u r d J i a n , e t . a l . ( 4 ) , u s i ng m o n k e y  c a d a v e r  head h em i 

sect i on s  a n d  g e l a t i n  m od e l s  s u b J ec te d  t o  o cc i p i ta l  i mpac t , 

reported s i g n i f i c a n t  st ra i ns i n  t h e  reg i on of t h e  f o r a m e n  

m a g n u m  assoc i at e d  w i th t h l s  l o a d i ng c o nd i t i on . 

More recen t l y  A l d m a n , T h o r n g r e n  a n d  L J u n g  ( 5 )  c o n d u cted 

a q ua l i ta t i ve s t u d y  t o  d e m o n s t r a t e  t h a t  bra i n  mot i o n  is a l 

t e r e d  w i t h  c h a n g es i n  s k u l l geom e t r y  a n d  t h e  n a t u r e  o f  t h e  

s k u l l - b r a i n  i n t e r f ace . T h e  s i mp l i f i ed p l a s t i c  s k u l l s  w e r e  

f i l l e d  w i t h a s i l i cone g e l  and m a r k e r s  w e r e  p l aced on p l an e s  

o f  i n t e r est w i t h i n  t h e  t r a n s p a r e n t  g e l  to o b s e r v e  r e l a t i v e  

d i sp l ac e m e n t s  when t h e  m o l d s  w e r e  s u b J e c t ed to rota t i on a l  

dece l er a t i on f r o m  c o n s t a n t  a ng u l a r  v e l oc i t y . 

A l t h o u g h  t h i s  l l ne of research h a s  not y e t  p l a ye d  a 

m a J or r o l e  i n  i m p ro v i n g u p o n  o u r  c u r r e n t  e x p r e s s i o n s  f o r  

h e a d  i n J ur y  t o l erance c r i ter i a ,  t h e  f i n d i n g s  of t h e s e  i nv e s 

t i g a t o r s  h a v e  c l ea r l y  i n f l ue nced o u r  c o n c e p t s  o f  h e a d  i n J u r y  

rn ec h a n i s ms e n d  h a v e  s i g n i f i ca n t l y  i m pa c t e d  upon t h e  d i rec 

t i o n  of research progr a m s . T h e  work p r e s e n t e d  i n  t h i s  

r e p o r t  i s  a cont i n ua t i o n  o f  t h ese p h y s i c a l  m o d e l  e x p e r i m e n t s  

w i t h  t h e  u l t i ma t e  g o a l  of d e v e l op i n g  m od e l s  wh i c h p r ov i d e 

reason a b l e  a p p r o x i rn a t i on s  o f  t h e  s t r u c t ur a l  response o f  t h e  

h e a d  to d y n a m i c  l o a d i n g . 

METHODS 

T h e  e x pe r i m e n t a l  system u s e d  to p r o v i d e  t h e  l o a d i n g  con 

d i  t i ons f o r  t h e  p h y s i ca l  mod e l e  i s  i d e n t i c a l  t o  t h a t  used i n  

o u r  p r i m a t e  s t u d i e s . T h i s  d e v i ce i s  d e p i cted i n  F i g u r e  1 
e n d  con s i s t s  o f  a c u s t o m - d e s i g n e d , 6 - i nc h  Be nd i x  H Y G E  < R >  

224 



TMRUBT 
CO�UMN 

c�ce��RATXON 

��TEA%NQ P X N  

•cce���AT%ON 
MKTeR%NQ P%N 

MVQ� CV�%NC�� 

F I G U RE 1 

actuator and l i nkage assem b l y  capa b l e  of de l i v e r i n g  a w e l l 

d i st r i buted i m pu l s i v e  l oa d  t o  the p r i mate h ea d . The l i near 

actuator i s  composed o f  a p i ston and thrust c o l u m n  w h i c h  

t r a v e l  w i th i n  the c y l i n d er w h i ch i s  d i v i ded i n t o  t h r e e  com 

partments by internal o r i f i ce p l ates . The d e s i g n  p er m i t s  
f i ne control o f  t h e  acce l er a t i o n  a n d  dece l e r a t i o n  p h a s e s  of 

the p i ston m o t i on by s h a p i n g  t h e  contours of t h e  meter ing 

p i n s  w h i ch are l ocated on the top and bottom faces of the 

p i ston . The r e l a t i v e  acce l erat i on and dece l erat ion a mp l i 

tude and duration a s  w e l l as waveshape can therefore be 
i ndependen t l y  contro l l e d . The l i near actuator i s  cou p l e d  to 
a l i nkage w h i ch converts t h e  p u r e l y  trans l a t i o n a l  m ot i on of 

the c o l umn i nt o  a rotat i o na l m o t i o n  of the f i xture w h i ch 

r i g i d l y  supports the p r i mate head or phys i c a l  mode l . R e l a 
t i v e l y  s i m p l e  mech a n i c a l  a l terat i ons p r i o r  t o  an exper i ment 
perm i t  us to i ndependent l y  vary the d i rect i on o f  rotation in 

three mutua l l y  perpen d i c u l a r axes , a l ong w i t h  the degree of 

angu l a r  excurs i on and the center o f  rotation . B y  careful 

control of these k i ne m a t i c  cond i t i ons i t  is poss i b l e  to 

produce t h e  range of bra i n  i n J ur i e s  previous l y  d i scussed . 

I t  i s  theref ore d e s i r a b l e  to study the response of model 

systems under i dent i c a l  cond i t i ons , ut i l i z i ng w e l l 

d i st r i buted a n g u l a r  acce l erat i on . 
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F i gu r e  2 shows the l i nkage p o r t i o n  of the l o a d i n g  
apparatus w i th a ph y s i c a l  m o d e l  fastened t o  t h e  s i d e  arm o f  

t h e  aasemb l y .  A l l  p h y a i c a l  m o d e l e  descr i bed her e i n  were 

s u b J ected t o  e i t her a n  a n g u l a r  acce l erat i on or a pure 

centro i d a l  rota t i o n  o f  65 degrees . The shape of the acce l 

erat i o n - dece l er a t i o n  t i me h i story is shown to be a n  a a y m 

metr i c  prof i l e w i t h a l a r ge l y  predom i nate , ha l f - s i ne d ec e l 
e ra t i on phase . The rad i u s  from the center o f  rota t i o n  < C R >  

t o  the center o f  m a s s  < C M )  i s  7 . 3  centi meters i n  a l l  cases 

o f  angu l a r  acce l erat i o n . The tangen t i a l  accelera t i o n - t i m e  

h i story measurements a r e  made w i t h a p i ezoe l ectr i c  acce l 

erometer/ charge a m p l i f  i e r /  d i g i ta l  record i n g  system 

< Endevco > .  The accel erometer is f a stened to t h e  l i nkage 

assemb l y  which undergoes r i g i d  body m o t i o n  i n  a p l ane . 

A ser i es of p hy s i c a l  m o d e l e  have been constructed w h i c h  

cons i s t  o f  e i ther s k u l l  s ec t i on or i d ea l i zed r i gh t  c i r c u l a r 

c y l i n d r i c a l  geomet r i e s . F i gure 3 demonstrates two such 

m o d e l  conf i gurat i o n s . In these cases t h e  s k u l l  i s  the a n 

ter i or por t i on o f  a baboon s ku l l  w h i c h  was separated from 
t h e  poster i or h a l f  by a coronal saw cut . The anter i or por 
t i on i s  shown potted i nt o  a n  a l u m i n u m  cy l i nder u s i ng Casto

l i te Resin < Bueh l e r , Ltd . > .  T h i s  cy l i nder i s  machi ned s o  as 

to adapt onto the k i nemat i c  l i nkag e . The edge of the s ku l l  

i s  recessed from the transparent cover p l ate form i n g  a 

space , 3 m m  d ee p ,  w h i c h  i s  u l t i ma t e l y  f i l l e d  w i th water . 

T h e  m a te r i a l  used a s  the surrogate bra i n  i s  S i l i cone G e l  

S y s t e m  < Dow Cor n i ng > w h i c h  i s  m i xed i n  a 50 - 50 rat i o  o f  cat 

a l y s t  to po l y mer . T h i s  m i x  has been shown to y i e l d  a m a t e 
r i a l  w h o s e  mod u l us o f  e l as t i c i ty i s  approx i m ate l y  e q u a l  to 

that o f  bra i n . The gel is opt i ca l l y transparent and can be 
cast i n  l a yers w h i c h  w i l l  adhere to themse l ve s . Conse 
q u en t l y ,  i t  i s  poss i b l e  to pour a l a y er o f  g e l  t o  a l e v e l  

w h i ch represents a p l a ne o f  i n terest and a l l ow t h e  g e l  t o  
e u r e  at t h a t  p o i n t . A b l ack enamel pa i n t  i s  then used to 

construct a n  orthogona l g r i d  o f  approx i ma t e l y  5 mm square 

spac i ng . The next l ayer of g e l  i s  then a pp l i ed and attaches 
t o  t h e  p a i n ted surface a s  we l l  a a  other bounda r i e s . Water 
serves to per m i t  the free surface to move re l a t i v e  t o  the 

transparent cover p l at e . 
I n  t h e  case of t h e  r i gh t  c i r c u l a r  c y l i n d r i c a l  geometry 

t h e  gel i s  poured d i rect l y  i n to the a l u m i num conta i ne r . I n  

both i nstances the g r i d  i s  located appro x i m a t e l y  2 c m  b e l ow 
t h e  edge of t h e  cy l i nder , and a l though the cy l i nder and 

s ku l l  are f i n i te in l ength , we feel that the edge e f fects 
can be neg l ected i n  these geomet r i e s .  

I n  t h e i r  present c o n f i g u r a t i o n  the m o d e l s  have a no - a l i p  
boundary cond i t i o n  o n  a l l  aurfaces w i t h the except i o n  o f  t h e  

transparent cover p l at e , as noted prev i ou s l y ,  and the m a t e 

r i a l  porper t i e s  o f  the g e l  are approx i m a te l y  l i near e l ast i c ,  

homogeneous and i sotro p i c .  The mater i a l  proper t i e s  o� t h e  

g e l  a t  a 50-50 m i x  vary somewhat f r o m  m o d e l  t o  model w h i c h 
i s  most probab l y  a f u n c t i o n  of the temperature and hum i d i ty 

d u r i ng the eure cyc l e . I n  order to norma l i ze for these v a r -
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i a t i o n s ,  mechan i c a l  i ndenta t i on o f  t h e  g e l  surface i s  
performed non -destruct i v e l y . The l oa d - d e f l e c t i o n  character 

i s t i c s  o f  t h e  g e l  are recorded from an i sometr i c  force 

transducer in ser i e s  w i t h  a c i r c u l a r - faced i ndentor < approx 
i m a te l y  1 . 5 m m  i n  d i a meter > and a m i crometer d r i v e . The 

mater i a l  modu l u s  is then est i mated based upon the s o l u t i o n  

f o r  l oca l i ndenta t i o n  o f  t h e  h a l f - space . S i m i l a r  stud i e s  on 

t h e  cor t i c a l  surface o f  the baboon bra i n  y i e l d  a v a l u e  o f  

appro x i m ate l y  1 p s i  for t h e  e l a s t i c  modu l u s ,  w h i c h  i s  a 

l i near funct i on of mean arter i a l  pressur e . 

Defor mat i on of t h e  g r i d  w i t h i n  the m o d e l  i s  photographed 
at 4000 frames per second u s i n g  a HYCAM < R >  camera < Re d l a k e  

Corporat i on ) . At t h e  present t i me , s e l ected frames from t h e  
h i g h  speed f i l m a r e  p r i n ted and d i g i t i ze d  o n  a b i t - pad u s i n g  
a H e w l ett - Packard 9836 computer . Subsequent a n a l ys i s ,  

i n c l u d i ng a n  a l gor i t h m  for compu t a t i on o f  the n on - l i near 

stra i n  tensor is a l so accom p l i shed w i th t h e  l a b  computer . 

Computer reconstr u c t i o n s  of the d i g i t i zed data are shown i n  

F i gures 4 and 5 .  The s e l ected frames are l a b e l ed where " t "  

i s  t i me i n  m i l l i second s . Large shear s t r a i n s  can be o b 

served i n  both t h e  c o r o n a l  p l a n e  h a l f - s ku l l  a s  w e l l as the 

c y l i n d r i c a l  model at t = 1 4 and 17 m i l l i seconds respec t i ve l y ,  
w h i c h  corresponds to t h e  temporal occurrence o f  peak tan 

g en t i a l  decelerat i o n . R i g i d  body m o t i ons of the sk u l l  or 
c y l i n d r i c a l  conta i ne r  were subtracted from the data d u r i n g  

t h e  d i g i t i za t i on proces s . 

T h i s  report presents the res u l t s  of f i ve d i f ferent p h y s 
i c a l  m o d e l e  w h i c h  i n c l ud e : t h e  a n t e r i o r  p o r t i o n  o f  the 

baboon s ku l l  w i th t h e  coronal cut made appro x i m ate l y  1 . 5  cm 

poste r i or t o  t h e  edge o f  the formamen magnu m ,  three r i g h t  

c i rc u l a r  cy l i n ders o f  d i f ferent g e l  d i ameters < 1 1 . 1 2 ,  7 . 94 ,  
and 6 . 35 c m > , and one r i g h t  c i rc u l ar c y l i nder < d i ameter = 
1 1 . 1 2 cm ) w i th a r i g i d  quadrant . T h i s  l a s t  model i s  a 

s i m p l e  appro x i mat i o n  o f  a sag i tta l s ec t i o n  through the head . 

RESULTS 

From h i s  ear l y  work H o l bourn ( 1 ]  concl uded that s i nce 
t h e  shear mod u l u s  of bra i n  t i ssue was ordere o f  m ag n i tude 

l ower than i ts b u l k  modu l u s , i t  wou l d  be s u b J ect to l arger 

deform a t i on s  when rota t i o n a l  acc e l e r a t i o n  was a p p l i e d  to the 

head . F i gure 6 is a compari son o f  t h e  peak deforma t i on s  

exper i e nced by a m o d e l  w h e n  s u b J ected to : a >  p u r e  tran s l a 

t i o n a l  acce lerat i o n , b )  angu l ar acce l er a t i o n , c )  pure rota
t i o n a l  accel erat i on . I n  the case of trans l a t i o n , the peak 

d e c e l er a t i o n  was compar a b l e  t o  the peak tange n t i a l  dece l er a 
t i o n  o f  t h e  center o f  mass of the model l oaded i n  angular 

d e c e l erat i on . L i ke w i s e ,  in rota t i on the peak rota t i o n a l  

d ec e l er a t i o n  w a s  matched t o  t h e  case o f  angu l ar dece l e r a t i o n  

a s  c l ose l y  a a  poss i b l e .  The acce lerat i o n - t i m e  h i stor i e s  are 

i n d i cated bel ow each f i gure . A l though the rota t i o n a l  acce l 

e ra t i on exper i me n t  i n d i cates somewhat l arger deformat ions 
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(•) (b) (<) 

F I GURE 6 

L L E 

E X P E R I M E N T  MODEL PEAK e e #r -

R AD I U S (  c m )  ROTATIONAL E 

D E C E L E R A T I O N  B 

( r a d / s e c  x 1 0" " ) 

A- 1 0 0  5 . 5 6 0  4 . 6 4  • 1 4 5  . 2 1 0 

A-200 5 . 5 6 0  9 . 0 1  . 3 0 4  . 4 40 

B - 5 0  3 . 9 7 0  2 . 0 0  . 0 4 3  . 0 7 0  

B - 1 0 0  3 . 9 7 0  4 .  1 4  . 0 7 7  • 1 2  7 

8 - 2 0 0  3 . 9 7 0  9 . 2 8 • 1 7 6  . 2 9 0  

C - 1 0 0  3 .  1 7 5  4 . 6 5 . 0 9 0  • 1 0 9  

c - 2 0 0  3 .  1 7 5  9 . 0 1  • 1 6 6  • 2 0 1  

C - 3 0 0  3 .  1 7 5  1 2 . 0 2  . 2 5 0  • 3 0 2  

T A B L E  I 
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than t h e  a n g u l a r  case , i t  i s  c l ea r  t h a t  the d i st r i b u t i o n i s  

v i rtua l l y  i d e n t i ca l . The trans l a t i on a l  case does n o t  d i ffer 
from the u n l oaded cond i t i o n a  w i th i n  the reao l u t i on o f  t h e  

measurement acheme ; i . e . , t h e  stra i n a  are appro x i ma t e l y  

z er o .  l t  i s  a l so c l ea r  a a  i n  t h e  prev i ous exam p l e  t h a t  

shear w a v e s  are generated a t  t h e  s ku l l - bra i n  i nterface i n  

t h e  case o f  rota t i o n a l  acce l er a t i on a n d  our examp l e  o f  
angu l a r  acce l er a t i on . When the m o d e l s  do not conta i n  the 

s o l i d  fourth quadrant there appears a r i g i d -body type r o t a 

t i on of the c e n t r a l  core w i t h i n  t h e  g e l . T h e  presence of 

the boundar i es i n  the fourth quadrant d i st u r b  t h i s  r i g i d 

body behav i o r  and we be l i eve t h a t  t h i s  geome t r i c  constra i n t  

p l a is a n  i mportant r o l e  i n  produc i n g  i n J ur y  to t h e  deeper 

structures w i t h i n  the bra i n . 

Shown i n  Tab l e  1 are the s u m m a r y  data o b t a i n e d  from 
three r i g h t  c i rc u l a r  c y l i n d r i c a l  mod e l s .  Exper i me n t s  are 

d e s i gnated as A ,  B ,  and C w i th a suff i x  w h i c h  i n d i ca t e s  the 

pressure i n  pounds per square i nch used to acce l er a t e  the 

mode l e . T h e  rot a t i o n a l  acce l erat i o n s  range from a p p r ox i 

m a t e l y  2 t o  1 2  x l 0
4 

radi ans per second squared . Lagrang i a n 
atra i n s  of t h e  per i ph e r a l  e l em e n t s  are computed f r o m  the 

s i n g l e  frames of high speed f i l m . The d a t a  are t h e n  nor 

rn a l i zed for v a r i a t i on s  i n  the modu l i  of the mater i a l . The 

data descr i be d  are p l otted in F i g u r e  7 .  As expecte d ,  the 

deformat i on s  and consequen t l y ,  the s tr a i ns , i ncreaae w i th 

i ncreas i ng mode l s  s i ze as w e l l  as i ncrea s i n g  l e v e l s  of 

rota t i o n a l  acce l erat i on . The l oad may be thought of a s  a 

torque exerted on the no - s l i p  p e r i phery of the m o d e l  w h i c h  
i s  t h e n  propo r t i ona l to the moment of i nert i a  and t h e  r o t a 

t i on a l  acc e l era t i on . l t  m a y  h a v e  been t h i s  l i ne of 
reason i ng w h i ch l ed H o l bourn to c o n c l ude t h a t  t h e  rotat i o n a l  

a cc e l e r a t i o n  w h i c h  produces some c r i t i c a l  l ev e l  o f  t i ssue 
deformat i o n  in a model can be s c a l e d  from data obta i ned i n  a 

prototype accor d i n g  t o  the re l a t i on : 

where Mp = 
Mm = 

8 = 

� (ZY' 
mass of the prototype 

mass of the model 
rotat i on a l  acce l er a t i o n  

S i nce the torque i s  propor t i on a l  to the moment of i nert i a  

then the r o ta t i o n a l  a cc e l erat i on i s  propor t i o n a l  t o  1 / r
2 

or to 1 / (ma s s )  2/3 • However , stra i n s  are generated 
w i t h i n  the t i ssue when the a k u l l  moves r e l a t i ve t o  the 

bra i n . l f  t h e  tange n t i a l  d i s p l acement of the s ku l l  i �  g i ven 
as 8 then for a constant r o t a t i o n a l  acce l e r a t i o n  8 w i t h  

d u r a t i o n  tD we can w r i  te , 

1 ·· 2[ ( r )] 8 2 8 t  R 1 - R 
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where R i s  t h e  b r a i n  rad i u s  and r = O  at t h e  sku l l - br a i n  
i n t erface . Each s u b J acent e l ement of bra i n  t i ss u e  w i l l  then 

d i sp l ace accor d i n g  to the r e l a t i o n , 

where V i s  the l oc a l  tangent i a l  v e l o c i t y  o f  br a i n . 

The shear str a i n  c a n  then be obtai ned and e va l uated at 

r = O  and t =� where i t  i s  a m a x i m u m , 

r=O, t=t 
D 

„ 

R 8 tD 
V 

The shear s t r a i n  can then s c a l e  provided the rotat ional 

acce l er a t i o n  goes a s  1 / (Rt0) . I :f  the p u l s e  d u r a t i o n  i s  

proport i o n a l  t o  R then Ei 1 / R2 or t o  1 / (mass)  213 
a s  H o l bourn suggeste d . T h i s  r e l a t i on s h i p  i s  true provi ded 

the shear wave is short compared to the bra i n  d i ameter . 

U s i n g  t h i s  sca l i n g  r e l a t i o n sh i p ,  F i gure 8 showa the 

rotat i o n a l  acce l erat i on s  of t h e  mode l s  s c a l e d  to the mass o f  

the baboon bra i n  < s i n ce t h i s  spec i e s  has b e e n  t h e  one used 

most extens i ve l y  i n  our p r i m a t e  stud i es ) . T h e  l i n e  shown 

has a s l ope o f  2 . 57 x l O  - 7  and a corre l a t i o n  coef f i c i e nt o:f 

. 996 . G i v e n  a l l  o:f the i d e a l i za t i o n s  assumed in these model 

stud i es ,  i t  is t h i s  type o f  r e l a t i on s h i p  w h i ch w i l l  e n a b l e  
us t o  compare thresh o l d s  :for spec i f i c  i n J ur i es a s  determ i ned 

by t h e  l oad i n g  cond i t i on s , a s s u m i n g  that t i ss u e  de:format i on 
i s  respo ns i b l e  for i n J ur y . I n  order to accom p l i s h  that goal 

add i t i o n a l  research i s  necessary and w i l l  be d i scussed in 
the summary . 

SUMMARY 

Dynam i c  mech a n i c a l  l oads a pp l i ed e i t he r  d i rect l y  or 

i nd i rect l y  to the head reau l t  in defor m a t i o n  of the i nt r a 
cra n i a l  contents . Associ ated w i t h  these d e f o r m a t i o n s  are 

stra i n s  a n d  stresses w h i c h  are generated w i t h i n  the neural 

and neurovas c u l a r  t i ssue . I f  these f i e l d  parameters o f  d i s 
p l acement , stra i n ,  or streea exceed eome c r i t i c a l  l e v e l  of 

t o l erance , then the d i screte neura l or vascu l ar t i ss u e  e l e 

ments w i l l  respond adverse l y  from a structur a l  o r  f u n c t i o n a l 
p o i n t  of v i ew . The com p l i cated geometry of the br a i n  and 

the cr a n i a l  vau l t ,  the cons t i t u t i v e  r e l a t i o n s  for the 

mater i a l e ,  end the k i nemat i c s  conco m i tant w i th t h e  l o a d i n g  

w i l l  p l a y  m a J or r o l e s  i n  determ i n i n g  t h e  response o f  the 

head to d i r ect i mpact or i m pu l s i v e l o ads . 
A system has been deve l oped w h i c h  enabl es one to study 

the deformations occur r i n g  in model s ku l l -bra i n  systems 

where the k i nemat i c s  o f  t h e  l oa d i n g  cond i t i on s  are i d e n t i c a l  

t o  t h o s e  w h i ch are demonstrated t o  produce a r a n g e  o f  spec i -
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f i c  b r a i n  i n J ur i e s  i n  a subhuman p r i mate model . The s i m p l e  
mode l s  preaented here auggeat t h a t  t h e  atra i n e  can b e  deter 

m i ned and the rot a t i o n a l  acc e l e ra t i on s  c a n  be sca l e d  a s  a 

f u nct i on of b r a i n  mass to y i e l d  a l i near r e l a t i on s h i p  

between the two . 

Mode l s  under deve l opment i n  our l a boratory a t  the 

present t i m e  possess the f o l l ow i ng features : 
a .  R ea l i s t i c  s ku l l  geomet r i e s  

b .  P u re - s l i p  boundary cond i t i o n s  
c .  I n ternal structu res i n c l u d i n g  

t h e  f a l x  a n d  tent o r i u m  

d .  A com p l i a n t  foramen magnum 
It is hoped that these features w i l l  prov i d e  a more r ea l 

i st i c  represe n t a t i o n  o f  the m a g n i t u d e  and topog r a p h i c  

d i st r i bu t i on o f  t h e  deform a t i o n s  assoc i ated w i th these 

l o a d i n g  cond i t i on s . 

Our g o a l  i s  t o  i mprove upon our current understand i n g  o f  

h e a d  i n J ur y  t o l erance c r i te r i a . Prudent use o f  a n i m a l  and 

mathem a t i c a l  mode l e , the development of mater i a l  const i t u 

t i ve p r o per t i es , the use o f  expe r i m e n t a l  stress o r  s tr a i n  

a n a l y s i s  o f  p h y s ica l < i nan i ma t e > mod e l e ,  a n d  t h e  study o f  
t h e  response o f  i so l ated neural a n d  vasc u l a r  t i ssue e l ements 

t o  mechan i ca l  trauma w i l l ,  in concert , h e l p  to shed l i g h t  on 

t h i s  d i f f i c u l t  p r ob l e m . 
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