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Data regard i ng i mpact tol erance l evel s i n  head i nj ury research have to be 
ba sed on experi ments performed on cadavers or a n i ma l s  for obv i ou s  reasons .  
From the d i fferences i n  s ha pe and s i z e  between a n i ma l  bra i n s  and the human 
bra i n  fol l ows that no d i rect conc l u s ions  regard i ng tol erance l evel s for man 
can be made from a n i ma l  tests . The shape probl em i s  genera l l y  handl ed by 
c hoos i ng a test .<1..n i mtl_ (model ) whose bra i n  shape resembl es that of  a human 
( prototype ) as c 1 ose ly  as pos s i bl e .  In most  cases pr imates have been c hosen . 
The s i ze pro b l em has been handl ed by the use of sorne sca l i ng techn i que , the 
most natura l of wh i c h  wa s proposed by Ommaya et a l . ,  ( 1 967 ) .  The a s sumpt i ons 
made i n  the i r  paper are c i ted bel ow : 

l .  The bra i n  acts as an e l a s t i c  med i um .  
2 .  Bra i n  t i ssue i s  homogeneous and i sotrop ic  i n  nature . 
3 .  The den s i ty of  t h i s t i ssue i s  equal  i n  model and prototype . 
4 .  Model and prototype bra i n s are geometr i ca l l y  s i m i l a r ,  through one sca l e 

factor .  
5 .  I n j u ry i s  t he  resu l t  of  shear stra i n s cxceed i ng a certa i n  v a l u e .  
6 .  The s ku l l  i s  very st iff ,  such  that  deforma t i on s  o f  the s ku l l do not contr i -

bute hea v i l y  to the stra i n s  i n  the encl osed bra i n .  
7 .  St i ffness factors of the conta i ned bra i n s i n  model and prototype are equal . 
The t h i rd and seventh of these a s sumpt i ons  m i ght  be genera l i zed to the state­
ment that mater i a l  propert i es i n  the model and the prototype are equal . 
An i sotro p i e  effects , i f  any ,  cou l d  a l sc be i ncorporated i n  such  a statement .  
Th i s  i s  a very natura l a s sumpti on and i t  i s  l a �gely su pported by exper imental 
wnrk , e . g .  the comprehens i ve study at West V i rg i n i a  Un i vers i ty ,  ( 1 97 0 ) . 
Furthermore , the a s sumpt i o n  of  geometr ica l  s i mi l a r i ty cou l d  ea s i l y  be ex­
tended to. cover a l so i n homogenc i t i e s ,  so that the second a s sumpt ion  wou l d  
i n  fact cause n o  restr i ct ions  on  the cho ice  o f  pos s i b l e  model s i n  i tsel f .  
I n  the same manner one  cou l d  of  course  a l l ow s i g n i f i cant  s ku l l deformat i o n  
i f  geometr i c  s i m i l a r i ty a n d  mater i a l  equa l i ty were extended to hol d true 
about s ku l l  bone a s  we l l .  

W hen d i scuss i ng sca l i ng tec h n i ques i t  i s  not rea l l y  necessary to deta i l  the 
exact i nj ury cau s i ng mec han i sm ,  be i t  i ntracran i a l  stra i n s �  stresses , forces 
or p ressures wh i c h  are bel i ved to exceed the i r  respecti ve c r i t i ca l  va l ue s .  
The c r i t i c a l  val ue i s  a property o f  the mater i a l  a s  l ong  a s  rate effects can 
be negl ected . Usua l l y  rate effect s  on the strength of mater i a l s are fa i rl y  
u n i mportant i n  i n terva l s where t h e  rate can change by a t  mo st a factor of 
ten , cf .  Löwen h i el m  ( 1 97 4 ) . Here , therefore , it i s  a s sumed that the appropri ­
ate c r i t i c a l  va l ue i s  s imply and sol e l y  a property of the mater i a l  and a s  
s uc h  then a l ready a s sumed equal  i n  model a nd  prototype .  T he  fi fth as sumpt i on 
therefore does not i mpose any res t r i ct i on s  on the cho i ce  of model . The fi rst 
a s s umpt ion ,  sta t i n g  el a s t i c  beha v i our  of the i nvol ved rna ter i a l s  ( thereby 
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exc l ud ing  for i n stance t ime dependent behav i o ur ) , can however not be support­
ed by experimental data . The v i scoel a s t i c  nature of bra i n  matter i s  c l ear ly 
s hown by e . g .  Sc huck and Advan i ,  ( 1 97 2 )  and Lj ung , ( 1 975 ) . Let u s  exempl i fy 
the probl ems wh ich  ar i se i f  v i scos i ty i s  i ncorporated a s  a s i gn i f i cant  mater i a l  
parameter i n  the study .  Say that we wi sh  to compare geometr i ca l l y  s im i l a r  
systems exposed to act ions  w h i c h  i n  some sense are s i mi l a r .  Then the para­
meters descr i b i ng the geometry ( the pos i t i on s  of whi te matter ,  grey matter , 
s ku l l bone ,  etc ) can be expressed by means  of one s i ng l e quant i ty ,  R ,  of 
d imens i on l engt h ,  typ ica l  (and d i fferent )  for each d i fferent system , and a 
set of d imens i on l e s s  quanti t i es that are i dent i ca l ly the same for a l l systems 
regarded . Th i s means  that a l l  d i stances of a system sca l e  l i near ly  wi th  R and 
that they need not appear i n  the conti nued reason i n g . 
S im i l ar ly ,  the act i on of the forces that provoke mot i on of the systems shou l d  
be expres s i b l e  by means  of one s i ng l e quan t i ty ,  say an  accel era t i on a ( t ) . 
S i nce equa l i ty of mater i a l  beha v i ou r  was a ssumed , on ly  one c ha racter i st i c  
set of mater i a l  constants i s  needed . Let u s  denote the c haracter i s t i c  propa­
gat ion  vel o c i ty of equi vo l umi na l  waves by c , the character i st i c  rat i o  bet­
ween the propagat ion  vel o c i t i es of equ i vo l u� i na l  and i rrotat i ona l  waves by 
k a nd the character i st i c  k i nema t i c  v i scos i ty by v .  Then , a s sumi ng  that  
we wi sh  to  study the shear stra i n  in  the bra i n  a t  a g i ven po i nt a s  a func ­
t i on of t ime ,  t ,  we may surmi se that the express i on 

y = y [t ; R ; cT ' k ,  v ;  a ( t ) ] 
can be used for a l l  systems regarded . S i nce  c , k and v are i dent i ca l  for a l l 
systems , they a re shown expl i c i tl y  on ly  for t�e spec i a l  purpose to i nvesti ­
gate the rel a t i ve s i gn i f i cance of e l a st i c i ty and v i scos i ty .  

Accordi ng to the Bucki ngham P i  Theorem ( cf .  Ba ker et a l . ,  1 97 3 )  the shear 
s tra i n  y can be wr i tten as a funct i o n  of a compl ete set of i ndependent 
d imen s i on l ess group s ,  formed from the var i ab les  and parameters on wh i c h  y 
depend s .  Thus we can wri te (c t v 

; _
Ra ) 

y = f __I._
R cTR cT

2 

or  (·vt _v ·, _R3a) y = g - ; 
R2 cTR v2 

l t  i s  i mmed i ately c l ear , from the a ppearance of the mi ddl e a rgument v/cTR 
i n  t he two express i ons for the shear stra i n ,  that a cons i stent scal i ng aw , 
expres s i b l e  by means  of one sca l i ng factor onl y ,  cannot be found . However , 
a t  the two a sympto t i c  end s ,  zero v i scos i ty and zero r i g i d i ty ,  we obta i n  

Y = f {_crt 
. \ R 

and 

Y = g (vt 

R2 
respec t i vel y .  

0 �) c 2 
T 

·, R3 a) 
; 00 

v2 
Thus i n  both ca ses a s imp l e  scal i ng  l aw ex i st s .  I n  the f i rst  
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case t ime,  t ,  s ca l es l i nearly wi th  R ,  prov i ded that  Ra/c12 i s  a fi xed f u n c t i on 
of c1t;R for a l l  systems regarded . I n  the second c c : e  ".: ime sca l es l i near � y  
·,·1 i th R: , prov i ded that R 3 a/';2 i s  a f i xed func t 1 on o-�- ,_. -� : R = .  i t  shou l d be r1 o t ed 
t ha �  t�e  requ i rements that Ra/cT 2 s hou l d  be a f i xed fu n c t i o n  of c1t/R i �  the 
F i rst case and that R 3 a /vz shou l d  be a f i xed func t i on of · Jt/Rz i n  the second 
eise a r e thems e l ves impl i ca t i on s  of the sca l i ng l aws for t ime and d i stances . 

1 t  i s  now natura l to a ssume that the f i rst  sca l i n g  l a�1 men t i oned i s  approx­
i mate ly appl i cab l e when v/RcT i s  sma l l  and the second l aw when v/Rcr i s  l a rge . 
The mean i ng  of " sma l l "  and " arge" for a certa i n  requ i red accuracy ria s to 
be extracted from the character of the funct ion  y .  S i nce y i s  a functi onal 
of the provok i ng function a ( t )  i t  i s  natural that the resu l t  of such an 
i nves t i ga t i on w i l l  y i e l d d i fferent res u l t s  for d i fferent types of funct i on s  
a ( t ) . Furermore ,  s i nce for each g i ven c l a s s  of  s imi l a r  systems v and 
cT are f ixed ,  i t  i s  a l so pos s i bl e to rel ate the resul t to the magn i tude 
o t R .  

l t  i s  immed i ate ly  obv ious  ho1·1 the scal i ng l aw shou l d  be mod i f i ed i f  a typi ca l  
vel o c i ty v ( t )  had been chosen i n s tead o f  the accel erat ion  a ( t )  to dEscr i be 
the outer act i on on the system . Then , i n  the fi rst case v/c shou l d  be a 
fi xed func t i on of cTt/R  for a l l systems regarded and , i n  th� second case , 
Rv/v shoul d be a f i xed function of vt/R2 • 

I n  the present i nvesti gat i on three d i fferent k i nds  of act ion s  on an i dea l ­
i zed skul l - bra i n  mode l  wi l l  be d i scus sed . They g i ve r i se to : 
l .  Transi ent mot i o n  fol l ow i ng  a s hort dura t i on i mpact , 
2 .  trans i ent  mot i on fol l ow i ng  a l ang  dura t i on i mpact and 
3 .  per iod i c  mot ion  i n  s teady state .  

The d i scu s s i on w i l l  be ba sed on numer i ca l  ca l cu l a t i on s  for a s impl e model of 
the s ku l l - bra i n  system devel oped by Lj u n g ,  ( 1 97 5 ) . Ca l cu l a t i on s  wi l l  be made 
for three d i fferent sku l l s i ze s ,  approx i ma t i n g those of man ,  c h i mpanzee and 
squi rrel monkey . 

Ca l cu l at ions  

The  model u sed cons i st s  of a r i g i d ,  i nf i n i te ly  l ong cyl i ndr i c a l  shel l of  i nner 
rad i u s  R. · The shel l i s  f i l l ed w i t h  a v i s coel a s t i c  mater i a l  of dens i ty A ,  wh ich  
i s  descri bed by a f i rst  order Kel v i n-Vo i g t  model . The two parameters of t h i s  
model are t h e  k i nema t i c  v i scos i ty ,  v ,  a n d  the shear modu l u s ,  G .  l f  the shel l 
i s  exposed to a sudden change i n  angu l a r  vel oc i ty ,  so that i t  starts to rotate 
w i th a constant ve l oc i ty v0 a round i ts a x i s  the tangen t i a l  d i spl acement compo­
nen t ,  u 1 , of the v i scoel ast i c mater i a l  a t  rad i u s  r wi l l  be ( c f .  Lj ung , 1 97 5 )  

s i n  
y . 2 y . 4 1 2 , 
R2 CT - F 

y .  4 1 
- R4 

( 1 ) 
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where c = � i s  the propagation vel oc i ty for equ i vo l umi na l  waves , p = r/R 
is  the �el at i ve  rad i u s ,  J ( z )  denotes a Bessel  funct ion  of the fi rst k i nd and 
yi are the zeros of  J 1 ( z ) � The d i spl acement rel at i ve  to the rotat ing  she l l i s  

( 2 )  
and the shear i n  the v i scoel a s t i c  mater i a l  a t  the i n ner s urface of the s hel l 
i s  (au) ( a u 0\ 

ar r=R = ar / r=R ( 3 )  
The s i tuation  where the cyl i nder starts to rotate w i t h  a constant angu l a r  
vel o c i ty i s  representative  o f  what happens after a s hort duration i mpact \. i . e .  where the impact durat ion  i s  much shorter than the natura l per i od of 
the system . F i g .  1 shows in d imen s i on l ess  form the s hear at the i nner surface 
of t he shel l a s  a funct ion  of  t ime for some d i fferent shel l rad i i .  

0: 
" 

- 1� 
i-

F i g .  1 .  Mathemat ica l  s imu l a ­
t ions  of the response to a 
s hort dura t i on i mpac t .  The 
shear at the i nner surface 
of  the she 1 1  i s shown as  a 
funct ion  of  t i me for man , 
c h impanzee and squi rrel monkey . 
The axes are sca l ed accord i ng 
to the e l a stodynamic  s ca l i ng 
l aw .  

Throughout the ca l cu l at i ons  three va l ues o f  the shel l rad i u s  have been used : 
R = 0 . 1 0  m ,  R = 0 . 07 m and R = 0 . 04 m .  These va l ues are typ ica l  for the sku l l 
s i ze  of  man ,  a b i g  ape ( e . g .  a c h i mpanzee)  and a sma l l er monkey ( e . g .  a 
squ i rrel monkey) respect i vel y .  The va l ues v = 0 . 009  m2/ sec and er  = l . 3  m/sec 
are taken from a prev i ou s  exper imental i nvest igat i on ( Lj ung , 1 91 5 ) . 

Let u s  now turn  our  attent i on to i mpact durat ions  wh i ch are l ong i n  compa r i ­
son to t he natura l  peri od o f  the system . I n  t h i s  case one has to l oo k  for the 
response to a sudden l y  appl i ed constant rota t i onal  accel eration  of the shel l .  
I f  th i s  accel erat ion at  radi us r = R i s  a we obta i n  the shear at r = R from 
the rel at ion  ° 

(�)r=R 

a0 l (  au0) = v0 � ar r=R dt ( 4 )  

Th i s  s hear i s  shown i n  d i men s i on l ess  form i n  Fi gure 2 a s  a funct i o n  o f  t i me 
for some d i fferent shel l rad i i .  
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F i na l l y ,  we w i s h  to study the steady state res pon se to a peri od i c  mo t i o n o f  
the sku l l obey i ng the rel at ion  

u ( 1 , t )  = 1 A 1  . s i n  wt . 

0: " 3 

1 ! 

( 5 )  

F i g .  2 .  Mathemat i ca l  s i mu l a ­
t i on s  of t h e  response to a n  
idea l i zed l ang durat i o n  i mpa : t .  
The shear at  the i �ner s urface 
of the skul l i s sho�·u·· c. s  a 
funct i o n  of t ime for man , 
c h impanzee and squi rrel mon kev . 
The axes !re scal ed a c c o rd i n a  
to the e l a stodynami c  sca l i ng­
l aw .  

I f  t he  res u l t  i s  to be  expressed by the shear a t  t he i nner surface of the 
she1 1 

(��)r=R = I A i . j B (w ) l . s i n (wt+<P (w ) ) ,  ( 6 )  

the s imp1 est way t o  obta i n  the resu l t i ng ampl i tude j B (w ) I a n d  phase <P ( w )  i s  
v i a  the impul s i ve transfer funct ion  o f  the system , i . e .  the Lapl ace transform 
of the system response to a u n i t  impu l se .  Th i s i s  found to be 

CO 

H ( s )  = 2 . l: Y ·  Y · -

Now 

and 

2 1 1 2 i = l  s + R2 vs + R2 CT 

I B (w) I = . I H ( jw ) I 

\j> ( w )  . Im H jw)  
= arg H ( Jw) = a rctan Re H Jw 

( 7 ) 

(8 )  

( 9 )  

where j = !=T. These two quant i t i es are shown i n  F i g .  3 a s  a funct i o n  of 
d imen s i o n l ess  frequancy for some d i fferent va l ues of the shel l rad i u s  R .  
For the benef i t  o f  those who wi sh  to  i n terpret the d i a gram a s  a Bode p l o t .  
1 0garithmic axes have . b2en used . 
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F i g  3 .  Mathemat ica l  s imu ­
l at i o n s  of the response to 
s i nuso ida l  exc i tat ion  i n  
s teady state.  The s hear at  
t he  i nner surface of  the 
s ku l l i s  shown as a func­
t i on  of  grequency for man , 
c h i mpanzee and squ i rrel 
mon key . The axes are scal ed 
a ccord i ng to the e l a sto­
dynam i c  sca l i ng l aw .  

6 
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Di scu s s i on 

I n  a l l cases stud i ed the d imen s i on l ess  quan t i ty v/Rc < 0 . 1 8 ,  i . e .  i t  i s  
sma l l  compared to 2/y1 � o . 52 .  Consequent l y ,  the d i m�n s i on l es s  forms used 
i n  F i g s .  1 -3 perta i n  to a system wh i c h  i s  essent i a l l y  e l ast i c  i n  nature.  
These d i men s i on l ess forms a l so agree with the scal i n g  procedure proposed 
by Ommaya et a l . ,  ( 1 967 ) ,  lt i s  however eas i l y  seen from the f i gures that 
the l eg i t i macy of  t h i s procedure i s  not ent i re l y  obv i ou s ,  s i nce d i fferent 
val ues of the shel l rad i u s  R y i e l d  d i fferent resu l ts .  The extent to wh ich  
the stud i ed v i scoel ast i c  cases  approx i mate the  pure e last ic  case  (v/ Rc r =O )  
and  the  pure v i scous  case (v/ Rc =oo) can be  found from F i g s .  4 and  5 .  T�e 
ro l e  of  the rad i u s  R ( the absol Jte s i ze of the stud i ed system) i s  cl earl y 
demonstrated . Obv i ou s l y .  the b i gger the system we study , the l ess pronounced 
w i l l  the i nfl uence of  the v i s co s i ty be on  the system performance .  Conversel y ,  
a very sma l l  v i scoel a s t i c  system wi l l  behave a l most  ent i rely a s  a pure l y  
v i scous o n e .  The cases stud i ed are however tru l y  v i s coel a s t i c  i n  the sense 
that they do not  c l ose ly  resembl e any one of  the two l i m i t i n g  ca ses . Thus 
the sol ut i on i n  the case of  the squ i rrel mon key does not resemb l e the v i s­
codynami c  so l ut i on at a l l and the ampl i tude d i fferences between the so l u­
t i o n  i n  the case of man and the el astodynam i c  case are pronounced . I n  the 
l atter cases , however , one mi ght argue that the essence of the sol ut ions  i s  
the same . 

I f  we fi rst turn our attent ion  towards the responses  to peri od ic  exc i tat ion  
depi cted i n  F i g .  3 ,  we can  i mmed i ately conc l ude that  scal i ng attempts 
regard i ng the ampl i tudes i n  such experi ments may wel l l ead to q u i te unsat i s ­
factory resu l ts .  At the fundamental resonance peak the d i fference i n  ampl i tude 
i s  more t hat 25 % when the s ku l l rad i u s  i s  c hanged from that of man to that 
of c h impanzee .  When the same compari son i s  made  between man and squ � rrel . mon key the d i fference i s  more than 7 5  % .  Even though the agreement i s  q u 1 te 
good between the pos i t i on s  of  the resonance peaks , i t  wi l l  obv ious ly  be . 
dangerous to draw any q uant i tati ve conc l u s i o n s  from model experi ments of th 1 s  
k i n d .  As a consequenc e ,  i nferences regard i n g  tol erance l evel s wi l l  be equa l l y  
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hard to get . On the other hand , i t  wou l d  c l ea r l y  be po s s i b l e  to determ i n e  the 
l ocat i on of  the ma i n  resonances frcm model ex�er i ments . 
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Fi g . 4 .  The i nfl uence of the 
system s i ze a s  expres sed by the 
rad i u s  R on the degree of v i s ­
cous behav i o u r .  The axes are 
sca l ed accord i n g  to the v i s­
codynam i c  scal i n g l aw .  The 
system i s  s ubj ected to a short 
dura t i on i mpact .  

Fi g .  5 .  The i nfl uence o f  
the system s i z e  o n  the 
degree of el a s t i c  beha v i ­
our . The a xes are sca l ed 
accord i ng to the e l asto­
dynam i c  scal i ng l aw .  The 
system i s  subjected to a 
short dura t i on i mpac t .  

I n  F i g s .  l and 2 the responses t o  tra n s i ent exc i tat i on  a r e  shown . I t  i s  
i mmed i atel y  c l ear  from the f i gures that the scal i n g  l aw c hosen l eads to 
good agreement a s  far as s ca l ed t i mes are i nvol ved . Th i s  i s  of course i n  d i rect 
agreement w i t h  the aforementi oned fact that resonance  frequenc i e s  determi ned 
i n  model experi ments a re good est imates of the true ones . The assumed el asto­
dynam i c  scal e l aws w i l l  a l so y i e l d  good esti mates ( w i th i n  5 %) of the ampl i ­
tudes , i f  t he shel l rad i u s  R i s  restri cted to t he range 0 . 07 - 0 . 1 0  m .  I n  
the case o f  l ong  durat i on i mpacts one m i ght even extend t h i s range on · the 
bas i s  of  the fo l l ow i ng l i ne s  of  reaso n i n g .  The maximum ampl i tude i s  reached 
dur i ng  the f i rst  overshoot of the response .  The durat i on  of th i s overshoot 
i s  ( i n t h i s s l i ghtl y mod i f i ed case )  so l el y  determi ned by the 1 owest natura l 
frequency of  the system , and i s  consequent ly  much shorter than the l oad 
pul se dura t i o n .  Now , most injury mechan i  sm model s ta ke i nto account the fact 
that b i o l og ica l  t i ssue  can w i thstand stresses of muc h  h i gher ampl i tude i f  t h e  
durat ion of  the pu l se i s  short than i f  it i s  l ang , see e . g .  Löwenh i e l m ,  
( 1 974 ) . When d i scu ss i ng l ong dura t i on i mpacts ( F i g .  2 )  i t  wou 1 d  therefore 
be defen s i bl e  to l ook more at the f i nal l y  settl ed ampl i tude l evel than at 



the max imum amp l i tude dur ing  the overshoot peri od due to the fact that the 
overshoot i s  fa i rl y  modes t .  It i s  true that the sett l i n g t i me of the response 
i ncreases as the shel l rad i u s  decreases , but at  the same t i me the overshoot 
i s  decreased . It wou l d  t hen be reasonabl y safe to a s sume that sca l i ng cou l d  
be used a t  l ong  durat ion  i mpacts even from sma l l  mon keys to man , a t  l east 
when to l erance l evel s are sought.  

At s hort durat ion  i mpact , a s  suggested by a study of F i g .  1 ,  the maxi mum 
ampl i tude,  on the other han d ,  sho u l d  be dec i s i ve ,  s i nce the response 1 s  
dom i nated by the f i rst overshoot . I f  sca l i ng i s  attempted from squ i rrel monkey 
to man u nder these c i rcumstances one coul d expect the resu l t i ng tol erance 
l evel s to be approx i mate l y  20 % too h i g h .  Such a pos s i b i l i ty ha s been men­
t i oned i n  a d i s sertat ion  by Löwenh i e l m  ( 1 977 ) . It woul d  be pos s i bl e ,  a l though 
somewhat dub i o u s , to extend the feas i b l e  sca l i ng range by the fo l l ow i ng k i nd 
of reason i n g .  I t  was shown prev i o u s l y  that i n  the el astodynami c  case t i me 
sca l es l i near ly  w i t h  R i f  the provo k i ng funct ion  ( i n  th i s case the accel era­
t i o n )  fu l fi l s  certa i n  req u i rements ( Ra/c 2 shou l d  be a fi xed funct ion  of 
cTt/RJ . 

_ I n  the v i scodynami c  case t i me scll es l i nearly w i t h  R2 prov ided that 
R�a/v 1 s  a f i xed func t i on of  vt/R2 • Th i s means  that the amp l i tude of the 
provok i ng  acce l erat ion  i n  the f i rst case sca l es l i near ly  w i t h  l / R  and i n  
the second case w i t h  l /R 3 • I n  the v i scoel a s t i c  case a t  hand one cou l d  then 
i ��� i ne a sca l i ng l aw of the fo l l ow ing  form : T ime sca l es l i near ly  wi th 
R , whl�� n i s  a n umber i n  the range 0-� , provi ded i !Rat  ( Ra/c 2 ) n . 
( R3a/v2 ) i s  a f i xed funct i on of  ( crt/R)  . (vt/R2)  • I n  theTel astodynam i c  
case n = 1 ,  wh i l e  i n  the v i scodynam i c  case n = 0 .  One shou l d  b e  aware of 
the fac t  that t h i s sca l i ng l aw c hanges the sca l i ng of the t i me parameter from 
the so far u sed e l a stodynami c  one ,  wh i c h  was shown to y i e l d good approx ima­
t i o n s .  I n  the case of  the  presentl y d i scus sed s ku l l -bra i n  mode l  one  shou l d  
c hoose n """"0 . 8  t o  obta i n  acceptable scal i ng resu l ts  i n  the range 0 . 04 m < R < 
< 0 . 1 0  m .  

Concl ud i ng remarks  

The appropr i ateness of the  s i mp l e  sca l i n g  l aws for e l a stodynamic  systems has 
been i n vesti gated for two d i fferent s i zes of the mode l  s ku l l .  It was found 
that the app l i ca b i l i ty of t hese l aws i s  dependent not on ly  on the rat i o  
between the prototype and model s ku l l s i ze ( expressed by R) , but a l so on 
t he absol ute s i ze s . Thu s  the same sca l i n g  l aw wou l d be far l es s  successful 
in t he range ,  say , R < 0 , 01 m than i n  the range of present i nterest ,  R < 0 , 04 m 
even i f  the rat i o  between prototype and model s ku l l s i ze had been the same . 
For very sma l l rad i i ,  say R < 0 , 01 m ,  the sca l i ng l aws for v i scodynami c  systems 
wou l d  be the su i tabl e ones . 

Some uncerta i nty s ti l l  preva i l s  regard i ng the l eg i t imacy of u s i ng the scal i n g  
l aws for e l a stodynami c  systems i n  the range con s i dered s i nce the va l ue of  the 
c r i t i ca l  parameter v/RcT depends not o n l y  on  R but a l so on  the mater i a l  
parameters v and c T . At experimental determ i nat ion  of v ( Ljung , 1 97 5 )  i t  was 
found that a rathet l arge scatter was preva l en t .  Th i s may , however , refl ect 
not on ly  the fac t  that var iat ions  i n  b i o l og i ca l  matter are norma l l y  substant­
i a l , but a l so that the system response i s  rather i n sen s i t i �e to vari at ions  of 
v. T h i s  a pparent i n sen s i t i v i ty wa s a l so demonstrated i n  the paper referred 
to , and impl i es i nd i rect ly  that the scal i ng l aws for e l a stodynami c  systems 
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shou l d  be appropr iate .  

Di fferences i n  shape a l so p l ay a ro l e ,  a probl em wh ich  however has to  be 
con s i dered i n  a l ess general manner than the scope of t h i s paper a l l ows for .  
The s i g n i f i cance of  the s ku l l  shape i s  c l ose ly  connected to the ki nd of i n ­
j u ry produced,  and shoul d be con s i dered separately i n  the l i ght o f  the 
proposed i nj u ry mechan i sm .  

To sum u p ,  i t  has been s hown that the s impl e s ca l i ng l aws val i d  for e l a sto­
dynam i c  probl ems shou l d  be expected to g i ve a fa i r  accuracy at attempts to 
transl ate res u l t s  from ch impanzee to man , and , i f  a certa i n  degree of cau­
t i on is  exerc i zed , even at scal i ng from squ i rrel mon key to man .  The  scal i ng 
l aws are more adaptabl e to experi ments wh i ch rather d i rect ly  s i mu l ate head 
i mpacts i n  prac t i c e ,  t han  to i nd i rect experi ments such as per i o d i c  exc i ta­
t ions  of  bra i n  mot i o n .  

Ref erences 

Baker , W . E . , Westi n e ,  P . S .  and Dodg e ,  F . T .  ( 1 973 )  S im i l a r i ty methods i n  
engi neeri ng dynam i c s :  Theory and pract ice  of  sca l e mode l i ng ,  Hayden Book 
Co . ,  I nc . ,  Rochel l e  Park ,  N . J .  

Lj ung , C .  ( 1 97 5 )  A model for bra i n  deformat ion  due . to rota t i on of  the sku l l .  
J .  B i omechan i c s ,  Vol . 8 .  

Löwen h i e l m ,  C . G . P .  ( 1 974 )  Dynami c properti es o f  the parasag i ttal br idg i n g  
vei n s .  Z .  Rec htsmed i z i n  74.  

Löwen h i e l m ,  C . G . P .  ( 1 977 ) Tol erance l evel s for br idg i n g  v e i n  d i sruption  
cal cula ted with  a mathemat ica l  model . Report from the D i v i s i on  of Forens i c  
Med i c i ne ,  Un i vers i ty o f  Lund , Lund , Sweden . 

Ommaya , A . K . , Yarnel l ,  P . , H i rsch , A . E .  and Harr i s ,  E . H .  ( 1 967 )  Scal i ng of 
experimental data on cerebral concu s s i on i n  sub-human primates to conc u s s i on 
tresho l d  for man . 

Shuc k ,  L . Z .  ahd Advan i ,  S . H .  ( 1 97 2 )  Rheo l og ica l  response of  human bra i n  
t i ssue .  ASME �aper 72-WA/BHF-2 presented a t  ASME W i n ter Annua l  Meeti n g ,  1 972 . 

West V i rg i n i a  Un i vers i ty ( 1 970 ) Determ i nat ion  of the phys i ca l  propert i es of 
t i s sues of  the human hea d .  Report from the B i omechan i c s  Laborato r i e s ,  
Department of  Theoreti ca l  a n d  Appl i ed Mechan i c s ,  Col l ege of  Engi neeri ng 
West V i rg i n i a  Un i vers i ty ,  Morgantown , West V i rg i n i a .  

,.. „ ...,. 
r . . 
- ... , 


