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In various types of inj uries the head is a very vulnerable part of 
the human body ; in cases where the head is unprotected its in j ury 
frequency amounts to more then 8 0  percent ( RAMET and CESARI , 1 9 7 6 , 
STORT Z ,  1 9 76 ) . 

In practice we are a lmost always con fronted with dynamical in
fluences , i . e .  with short- time shock loads . 

The mechanical conditions leading to brain damage can be generally 
classified into two categories : 

1 .  Direct dynamical load of the head ( collision ) . 

2 .  Indirect dynami cal load of the head ( rotational motion ) . 

The first category may be roughly divided into two groups ac
cording to whether the duration of the loading is small or large 
compared to ' the time required for a disturbance to travel across 
the hea d ;  this time is called the characteristic time . It is of 
the order of lO Oµs . In the first cas e , wave propagation e ffects 
wi l l  be important , while in the latter , damage mos t  likely occur 
due to e f fects caused by the acce leration of the brain mas s ,  
similar a s  under category 2 .  

Up to now , animal and cadaver experiments have been carried out 
for the investigation of brain in j uries ( SELLIER and UNTERHARN
SCHE I DT ,  196 3 ,  STALNAKER et a l , 1 975 , STALNAKER et a l ,  1977 , 
NAHUM et al , 1 9 7 7 ) ; impact loadings are in the millisecond range . 
On the other hand , loadings in the microsecond range have been 
studied by use of physical and mathematical mode ls . 

FRANKENBERGER ( 19 6 8 )  and RAUCH ( 1 9 7 5 )  derived from physical 
mode ls that cavitation leads to brain injuries during short-time 
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shock loads . ENGIN and AKKAS ( 1 9 7 8 )  assert from mathematical 
models that short- t ime shock load is found t o  b e  less damagin g as 
far as brain injuries are concerne d .  

In this paper we try t o  investigate whe ther these statemen ts are 
physically we ll- founde d .  There fore , impact tests were conduc ted 
with two- and three-dimens ional mode ls and cadaver skulls in order 
to investigate the ef fect of the short-time shock load on the 
brain . 

At f i rs t ,  one has to c on s ider the connection between pseudo
cavitation and loading time and then the spatial extension of the 
press ure pulse caused by load in dependence on the sku ll geometry . 

It seemed neces sary to u s  t o  conduct tests with biological 
material in order to see its reaction to short-time shock loads , 
a s  so far , no experimenta l  results are known but conc lusions were 
drawn only from physical and mathematica l  mode l s . 

I n  order to investigate the e f  fect of short- time shock loads on 
the brain , reproducible impacts with a pneumatica l ly operated gun 
were conduc ted on two- and three-dimens iona l mode l s , a skull 
imitation and cadaver sku l l s . The impact velocity varied between 
1 4m/s and 3 0m/s , the impact duration was about S Oµs . A polyvinyl 
c loride ( PVC ) or s teel cylinder with a length of l Smm and a dia
meter of 4mm served a s  impact elemen t .  The mode ls and the skull 
were non-destructive ly loade d .  The mode l material showed s imi lar 
mechanical properties as the skull bon e .  

The mode l s  were f i l led with water o r  oil , both materials can be 
compared in regard to the sound ve locity with the brain mas s . 

The two-dimensional mode l s  ( 15mm broad cylindric she l l , 15mm broad 
sagitta l cut from the skull imitation ) were shadow-optica l ly in
vestigate d .  Fig . 1 shows the test set-up of the shadow-optical 
inves tigation . 

For the three-dimens ional mode ls ( 3  cylindric she l l s  with a dia
meter of 1 6 0mm and a thickness  of 4 ,  5 and 6mm) , the sku l l  
imitation ( i n  the impact area lOmm thick) and the human head , the 
pres sure distribution was determined at various distan ces from 
the anti-pole with pre ssure transducers of h igh time resolution . 

Fig . 2 shows the b lock diagram for the piezo-e lectrical investi
gation of the pres sure distribution .  Fig.  3 shows the impact 
p lace s of the head in the forehead area as well a s  the corre s
ponding insertion of the pre ssure transducer in the occiput ; the 
impact area was free of head rin d .  

A total of 1 0  skulls we re loaded with the pneumatically operated 
gun . Test sub j ect specifications and tes t  parameters can be seen 
in Table 1 .  
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Fig. 1 :  Test set-up of the shadow-optica l investigation 
(M: mode l ,  PG:  pneumatical gun , P T :  pressure trans

ducer for the triggering of the s ource of light , 
S L :  source of light - light period N lµs , CR:  con
cave ref lector , PI : plane of image , L :  lens , PF : p lane 
of film) 
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Fig. 2 :  B lock diagram for 
the pie zo- e lectrical in
vestigation of the pre s
sure distribution 
(M:  model ,  P G :  pneu-

matica l gun , PT : pressure 
transducer) 
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Fig. 3 :  Impact places of the head in the forehead area as well 
as the corresponding insertion of the pressure trans
ducer in the occiput 

Test No. Sex Age Cause of Time Between Average Skull Impact 

(Years) Death Death and Test Thickness Energy 
(Hours) (mm) (Nm) 

1 m 19 poisoninq 100 6 , 0  0 , 2 7  

2 m 2 3  poisoning 2 8  6 , 0  0 , 2 7  

3 f 19 poisoning 3 5  6 , 5  0 , 2 7 

4 m 6 0  poisoninq 6 0  6 , 0  0 , 2 7  

5 m 3 3  poisoning 33 7 , 0  0 , 1 4  

6 m 2 7  drowning 58 6 , 0  0 , 1 4  

7 f 4 1  heart failure 42 5 , 0  0 , 2 4  

8 f 4 3  heat't fai l11re 28 6 , 0  0 , 2 4  

9 m 4 3  pneumonia 2 3  6 , 0  0 , 2 7  

10 m 3 1  heart fa i lure 3 8  6 , 0  0 , 2 7  

Table 1 :  Test s ub j ec t  specif ications and test parameters 
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Fig . 4 shows in a shadow graph series the wave propagation pro
cess  in the cylindric shel l  versus time . The wave field r primari
ly stimulated by the impact is create d ,  focus ses  because of the 
geometry of the model and then diverges again . The second wave 
field arises due to the implosion o f  the cavitation bubbles . 

The next shadow graph series ( Fig . 5 )  shows the t ime course of 
the wave propagation process in the skull imitation . Here also 
occur the above mentioned e f fects , however , because of the dif
ferent geometry , there is weaker focussing.  

On the three-dimens ional rnodels pressure measurements were con
ducted.  At first the pre ss ure measurements were made at the anti
pole ; then , in same distanc e s  t o  the impact pole . The next Fig . 6 
shows the pressure time record for the 4rnrn thic k ,  water-filled 
cylindric shel l  measured at a dis tance of 2 8rnrn from the anti-pol� 

The duration of the period of the first positive and negative 
pre s sure pulse amounted to about 3 0µs ; the first  positive and 
negative pres sure pulse was caused by the impact o f  the shell , 
the following through the re flecti on of the primary wave . 

I n  order to receive a dependence of the pres sure distribution 
from the anti-pole , the positive and negative maxima ( 1 , 2 , 3 ,  
l '  , 2 ' , 3 ' )  were evaluated.  

The pres sure measurements in the brain o f  the loaded head were 
conducted in the sarne way as in the three-dimens ional mode ls . 
F i g .  7 shows the pressure time his tory measured a t  a distance of 
8rnrn from the anti-pole . The duration of the primary pressure wave 
( first positive and negative pressure maxima ) amounted about 7 0 µs. 

The duration of the elastical waves in the brain i s  generally 
longer than the one in water of the models . 

In order to receive a dependence of the pres s ure distribution 
from the anti-pole the positive and negative maxima ( 1 , 2 , 3 , 1 '  , 2 ' ,  
3 ' )  were evaluated. 

The dependence of the measured pre s sure in the f i l l in g  mass or 
brain from the distance to the anti-pole was recorded for the 
three-dimensional model s  (water - oil-fil ling ) and the head test� 

The pres sure variation with the distance to the anti-pole is  
s imilar with the water and o i l- f i lling for the three-dimen sional 
mode ls ( KALLIERI S ,  1 9 8 0 ) . The press ure amplitude decreases with 
increasing wall thickness of the cylindric she l l s  (Fig . 8 ) . 

Close t o  the side of the model which is turned away during the 
impact , pre ssure magni f ications were observed which can be ex
p lained by focuss ing and they are in agreemen t with the shadow
optical investigation s .  Positive and negative press ure maxima 
show about the same heigh t .  
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Fig. 4 :  Shadow-graph series . The wave 
propagation process in the 
cylindric she l l  versus time 

F ig. 5 :  Shadow-graph ser ie s .  The wave 
propagation process in the 
skull  imitation versus time 
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Fig. 6 :  Pre s sure-Time-History 
( 4mm thick spher ical she ll , 

upper record near to the impact pole ; 
lower record near to the an ti-pole ) 
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Fig. 7 :  Pres sure-Time-History 
( Cadaver head , 

upper record near to the impact pole , 
lower record near to the anti-pole)  
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The pressure dependence f rom the distance to the anti-pole in the 
brain is similar to the one in the mode l ; because of the thick
ness of the sku l l  and a theref ore stronger energy absorpt ion o f  
the skul l ,  the pressure amplitude s are sma l ler . Caused by the 
skull geometry , no pressure magnification s  were observed nearby 
the anti-pole (Fig.  9 ) . 

The pressure distribution f or the three-dimensiona l models ( cy
lindric she l l )  could be reconci led with the shadow-optical in
ves tigation of the cylindric she l l  for the water as we l l  as for 
the oil- fi llin g .  Focussing with positive and negative pre s sure 
maxima in the upper third of the she l l  interior ( anti-pole s id e )  
was ob served . The highes t  positive and negative pres sures were 
measured at the impact pole . 

In the experiments with the pneumatically operated gun (bullet 
4mm � )  occurs a small , loca lly limited force inf luence with a 
time duration of about 5 0µs . The mode ls as well  as the human 
head were non-destructively loaded . The impact velocities were 
higher than the one compared in literature ( two-dimen siona l  
mode l s :  2 0- 3 0m/s , three-dimens ional models : 1 5m/s , and human hea& 
1 4 - 2 0m/s ) ; the impact energy was because of the sma l l  mas s  of the 
bullet re latively low . In spite of it , re latively high pre ssures 
were meas ured at the ant i-pole , the impact pole and the inter
mediate l ine . 

At this type of load there is no essential movement of the head 
and there fore the condition s  can be compared to a fixe d  head 
which receives an impac t .  Because of the small  energy of the 
bullet there are no re lative movements between the sku l l  hone 
and its content ;  according to that inj uries at the impac t  pole 
or anti-pole can not be ex9lained by mechanisms which suppose 
such a relative movement .  Only the. e lastical wave and indeed its 
negative part can be cons idered to induce inj urie s .  I s  the 
negative pre s sure e ffect ive it results in cavitat ion which leads 
to t i s sue damage . 

The he ight o f  the negative pre ssure that leads to cavitat i on is 
dependent on the load duration ( HÄUSLER and HIRTT , 1 9 7 8 ) . The 
longer the load duration , the lower the negative pres sure lead
ing to cavitation ; ( an impact time in the mi llise cond range leads 
to cavitation at a negative pre ssure of 1 bar , at an impact t ime 
of S O On s  at an negative pre s sure o f  1 8  bar ) . 

In our loads , which were conducted in a time duration of S Oµs , 
negative pressures o f  about 15  bar can be expected for the o�
currence o f  cavitation . As s uch negative pressures occurred in 
the cylindric she l l  mode l s  one can expect that tissue damage s 
can be proved in the skulls loaded in the same way . 

The tissue inve s tigation showed tissue change s in three of the 
ten tests which can be unde rstood as traumatic and have to . be 
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attributed to thi s  patho-mechanism.  Micro inj uries in form of 
capillary ruptures and lacerations of the nerve f ibres occurred , 
caused by cavitati on bubbles . The cavitat ion bubb les are visible 
at a diameter of O , lmm and reach at negative pre s sure s of 2 0  to 
30 bar a maximum diameter of about lmm. The diameter of a capil
lary lays at O , O lmm , the interce l lu lar and in te raxonal dis tances 
are much lesser . Because of the cavitation in the capil lary and 
the interstitium s tructure laceration s  can be caused due to the 
sudden space displacement .  

Summary 

Impacts with a pneumatically operated gun were made on two- and 
three-dimensional mode l s ,  a skull imitation and cadaver sku l ls . 
The impact velocity lay between 1 4m/s to 3 0m/s . A po lyvinyl 
c loride ( PVC) or s te e l  cylinder with a length of 15mm and a dia
meter of 4mm served as impact e lement . The model material had 
s imi lar mechanical properties as the skull bone . The models  were 
fi l led with water or o i l .  The two-dimens ional mode l s  were shadow
opt ically investigated ; the three-dimens ional mode l s  and the 
human sku l l  by loca l load measurements in the f i lling mass of the 
mode l s  and in the human brain . 

According to the shadow-optical and piezo-e lectrical results one 
can reckon wi th a s imilar behavior as against the impact load be
tween the model tests and the human skull te sts . 

The negative part ( negative pres sure ) of the e lastical wave can 
be considered to be the in j ury originator . I f  the nega tive pres
sure is effective , cavitation take s p lace which leads to tissue 
damage s .  Dependent on the thickness of the wa l l  of the model or 
the skull n egative pressure occurred in the d imen s ion up to l ObaL 

The histological e xamination of the brains of the loaded skulls 
showed the following :  hemorrhages o f  the arachnoid membrane , 
b lood vessel lacerati on s  with hemorrhage s ,  lacerations of the 
arachnoid and pial membranes , the cortex as well  as the cerebrum 
white matter fibres . 
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