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Mos t  inve s t i gators of b rain inj ury mechanisms 
agree that rotational motion o f  the skull i s  the maj o r  
agent i n  produc ing hemorrhages and les ions at the s uper
f i c i al parts o f  the brain ( See e . g .  Ommaya and Hirsch , 
1 9 7 1 ) . I t  mus t  then be e s s ential to know the character 
and magni tude of the re s u l ting distortion of the b rain . 
Determ ination of th i s  dis tortion requi re s  knowledge o f  
the rheo logi c a l  parame ters contro l l ing the inte rnal motions 
in the b rain . For this purpose a two-parameter mode l has 
been deve lope d ,  enabl i ng comparatively s impl e  experimental 
inve s t i gations and an exact solution of the equations of 
motion . 

DESCRIPTION OF THE MODEL 

The mode l cons i s ts of an infinitely long , rigid 
cyl indrical she l l ,  fi l l e d  with a Vo igt materi a l . At purely 
rotational motion no di l atation occurs so that the two 
mate r i a l  parame ters w i l l  be the k i nemati c  viscos i ty and the 
shear modu l us . The choice of a cylindrical geometry is made 
in o rder to faci l i tate an analytical solution of the mot ion . 
Furthe rmore , the solutions obtained from this geometry , are 
con s i dered to re flect rath e r  wel l what happens in the 
vicinity of the s agi ttal p l ane . It also enab l e s  an experi
me ntal s e t- up wh ich i s  not too complicate d .  A Voigt material 
was chosen because it i s  the s impl e s t  two-parame ter mate rial 
exh i b i t i ng the property of returning to its original , unde
formed s tate after unloading . 

The solution of the d i f fe rential equations aris ing 
f rom the mathematical formul ation of the mode l has been 
previously accomp l ished ( L j ung 1 9 7 2 ) . To make s imulations 
of i nte rnal mo tions of the brain pos s ib l e , the two mate rial 
pa rame t e rs appearing in th i s  solution have to be determined 
experime ntal ly . 

THE EXPERIMENTAL PROCEDURE 

The expe rimental determination of the mate rial 
parame ters is performed on brain matter from human corpse s .  
No attention has so f ar been pai d to the d i f f e rence between 
l iving and dead t i s s ue . The brain matter is inserted i nto 
a cyl inder of radius 3 0  mm , whi ch can be s ub j ected to a 
s u dden rotation by means o f  a pneumatic pi s ton . See figure 1 .  
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When the p i s ton is activated , i ts s t roke i s  
trans fe rred to the cy l inder by me ans o f  a steel wire . 
The re s u l t ing rotational acce leration o f  course depends 
on the p i s ton response to the app l ied air pre s s ure . Th i s  
response i s  shown in f i gure 2 .  The e f fective s t roke length 
can be varied by changing the length of the w i re . The 
pulse duration and amp l i tude can thus be chosen w i th i n  
apparent l imitations . 

The brain matter i s  marked w i th pins ins e rted 
a long a diameter on one of the two s ur faces in orde r to 
faci l i tate ana l y s i s  of the motion . The course of events 
is reco rded by means of a h igh speed came ra . Normal speed 
s e tt i ngs wi l l  rate from 3 0 0 0  to 5 0 0 0  pi ctures pe r s econd . 

MEASUREMENTS RESULTING F ROM EXPERIMENTS 

The h i gh speed f i lm p i ctures obtained in expe ri
ments show the deformation state of the brain at typ i c a l l y  
2 0 0  time va l ues . C f  f i gure 3 whe re T = 4 msecs . The i nter
val between two consecutive pictures i s  genera l l y  not con
s tant , but only on rare occas ions does th i s  change in f i lm 
speed have any e f fect during the re l atively short p i cture 
sequences s tudi e d .  The pos i tion of each pin to be analyzed 
is then me as ured by means of a pro j ecting micros cope with 
digital read-out . 

One d i f fe rence between the experimental set- up 
and the mathematical mode l i s  that i n  the experiments the 
cy l inder is of finite length , terminated at f ree surface s , 
whereas in the mathematical model a p lane prob l em i s  ana
lyzed i . e .  no axial d i s p l acements are a l lowed . The va l i di ty 
o f  app l i c ating the p l ane deformation hypothes is on the 
expe riments can be checked by calculating the radi a l  d i s 
p l acements o f  each p i n  a s  a func tion o f  t ime . Si nce , for 
a f ree s ur face , an axial displ acement interacts w i th a 
radi a l  d i s p l acement much more d i rectly than with the 
tangential displacement , a check of the i n f l uence on the 
tangential d i s p l acements from the inevitab l e  axial d i s 
p l acements can be made b y  comparing the magnitude o f  the 
radi a l  d i s p l acements (wh i ch should be z e ro in the ideal 
cas e )  w i th the magn i tude of the tangential displ acements . 
Excepting some expe rimental fai l ures , the maxima l rad i a l  
displacement h a s  been l e s s  than 4%  o f  the maximal tangen
t i a l  displacement .  Obvious ly then , for the purposes o f  
th i s  analys i s , the mot ion o f  the f ree surface o f  t h e  brain 
matter can be regarded to be nearly the same as for the 
plane case . 



NUMERICAL ANALYS I S  OF EXPERIMENTAL DATA 

The next task i s  to choo s e  the k i nema t i c  v i s cosity 
and the shear modulus so as to make an optimal fit o f  the 
mathematical model to the experimental dat a .  Thi s  is done 
numerically us ing the least squares method . A loss funct ion 
is formed by squaring the difference between measured data 
and s imulated data acqui red from the mathematical mode l , 
and then s umming over a l l  data points . Thi s los s function , 
wh ich is a function of k i nematic v i s cos i ty and shear modulus 
only , is minimi zed using the Fle tcher-Powe ll algori thm . 
( See F letcher and Powe l l , 1 9 6 3 ) . 

DI SCUSS ION OF THE RESULTS 

At th i s  s tage , only one experiment has been 
completely analyzed . The results of the meas urements are 
shown i n  figs . 4 - 8  together with s imulations obtained from 
the mathematical mode l .  The va lues for the k i nematic vis cos i ty 
and shear modulus were chosen optimally according to the 
method described earlier . The k i nematic vi scosity was found 
to be 0 . 2 7  m2 /sec , whereas the shear modulus was 1 9 0 0N/m2 . 
I t  should be underlined , howeve r ,  that these results have 
been ob tained from one experiment , only . 

From f i g .  4 the maximal peripheral ve loc i ty can 
be found to be approximately 4 m/s ec . Thi s  ve locity is not 
very h i gh compared to what could be expec ted when a car 
occupant h i ts the winds c reen at a frontal collis ion . Measure
ments of the maximal shear , averaged over the outer 1 0 %  o f  
the radi us , give a value of about 4 5  degrees . Thus the b rain 
movements wh i ch could be expected i n  head impact s i tuations 
are indeed s ub s tantial . Obvious ly the <langer of inj ury in 
the corresponding regions of a human brain in s i t u  will be 
high . This matter w i l l  be more thoroughly discussed i n  a 
forth-coming pape r .  

A compari son o f  measured and s imulated data in 
figs . 5 - 8  give at hand a rathe r good agreement , expe c i a l ly 
during the f i r s t  part o f  the motion , where s t resses and 
s trains are highes t .  As calculated from the loss function 
value , the devi ation between measured and s imul ated d i s 
placements , averaged over time and radius , i s  0 . 6  mm .  

More experiments ( covering as wide a range i n  
acceleration amp l i tude and duration a s  pos s i b l e )  o f  course 
have to be per formed to te s t  the capab i l i ty of the model 
to reflect the physical re ality .  If the material model can 
thus be proven satis factory , more complex geometrical 
confi gurations should be analy zed . The idea would o f  
cours e be to f i t  the form o f  the b r a i n  case bette r ,  i n  
order t o  s t udy the b rain motion even a t  other pos i tions 
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than the neighbourhood of the supe rior sagi tta l s i nus , 
where a l ready the present model should be fairly s a t i s 
factory . 

REFERENCES 

Fl etche r ,  R .  and Powe l l , M . J . D .  ( 1 9 6 3 )  
A rapi dly conve rgent descent method of minimization . 
Comp . J . vol 6 .  

L j u.ng ,  C .  ( 1 9 7 2 )  
Solutions of boundary value prob lems useful as mode l s  of 
brain mo tion at impact . 
Report from Divis ion of Sol i d  Mechanics , Lund Inst i tute of 
Techno l ogy . 

Ommaya , A . K .  and Hirsch , A . E .  ( 1 9 7 1 )  
Tole rances for ce reb ra l concus s ion from head impact and 
wh i p l ash in primates . 
J . Biomechanics , vo l 4 ,  nr 1 .  



1 0  

8 

6 

4 

2 

P iston 
speed 
( m/s )  

Bearing 
bracket 

P ins 
---

F ig. 1 

., r 

C l inder 

w i re 

Pneumatic piston 

7 kg /cm2 
-----

20 40 60 80 Inches 
of strake ( mm )  

Fig .  2 

3 0 7 



• 
• 
• 

• • • • • • • • • 
• 
• 

• 

t = 0 t = T 
--=-- � 

• •
• • 

• • 
•• • 

• • • • 
• 

t = 3T  t = 4 T  

F ig .  3 

mm Boundary displacement 
of cy l i nder 

50 

40 

30 

20  

1 0  

F ig. 4 
T 2T 
T = 3 . 5  msec 

3T 

--

• • • • 
• 

• . . • • • • 

t = 2 T  

• • 
• 

• 
• 
• 
• 
• 
• 

• 
• 

t = 5 T 

4T  ST t ime 



mm Relative d isplacement 
of brain for R = 1 4 .  2 mm 

6 

5 

3 

2 

T 2T 3T 
Fig. 5 T = 3. 5 msec 

mm Relative d isplacement 
of brain for R = 1 8. 3  mm 

6 

5 

3 

2 

T 2T 3T 

F i g .  6 T = 3. 5 msec 

----- Measured 

4 T  

4T 

S imulated 

ST t ime 

Measured 
Simu lated 

ST t ime 

3 0 9 



mm Relalative displacement 

6 

s 

3 

2 

of  brain for R = 22 mm 

F ig. 7 

,,,,,.-, 
.,,,„ .... 

/" / I ' I I I I f 

T 2T 
T = 3.S msec 

3T 

mm Relative displacement 
of brain for R = 2S .  8 mm 

6 

5 

4 

3 

2 

T 2T 3T 
F ig. 8 T = 3 .S  msec 

----- Measured 

....... 

4T 

4T 

Simulated 

.... , \ \ \ \ \ \ \ \ \ 
ST time 

----- Measured 
Simu lated 

ST t ime 




