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Cerebra! injury mechan.isrrs in translation configuration with and without 
iß1>act find different origins in the literature . In order to better 
understand these mechanisrrs , a cerebral rootion analysis throuqh the 
"intemal �" study of the brain is proposed . 
For the test , a bovin brain is placed in a closed water-filled plastic 
box fixed on a metallic support . 'nlis support is connected to a spring 
and the slidinq f rictionless rootion is carried out in the spring axis 
direction . 
The irrpJ.lse force is given to the support ar to the box to sinulate 
confiqurations with or withalt i.Jrpact respectively. The inp.lt force , as 
"Well as the support , box and brain acceleration with time are recorded . A 
siqnal processing system gives the mechanical in;>edance . 
For a rigid mass-spring system the thearetical in;>edance is 
z = iwn + k/iw. In our test when the brain , box and support sb:Jw 
displacements similar to those of a rigid mass then the three in;>edances 
recorded can be superirrp:>Sed to the theoretical roodel . 
The first test series included a translation i.Jrp.llse test withalt irrpact . 
The three i.Jli>edance curves recorded are close to the thearetical curve up 
to 200 Hz .  Above 200 Hz the 0..0 external ini>edances , i . e  box and support , 
drop and can be superi.n"°6ed to a new mass-spring system where the mass 
value is the precedent total mass less the brain mass . Above this 
critical frequency the intemal in;>edance , i . e  the brain, raises but this 
has no physical signif icance as there is only a little energy in the 
acceleration signal above 200 Hz .  
A second test series dealt with the translation i.rrp.üse with in'pact . In 
spite of a force i.rrp.üse twenty times lower than the previous one due to 
the elasticity of the box , the internal � re<Xlrded is very close 
to t.oose measured in the configuration withalt inpact . 'nlis means that 
the brain rroves like the box and the support and that it is stationary at 
higher frequency. 
Mainly three conclusions can be drawn up at this stage of the study: 
- the method seams to be accurate enouqh to predict the cerebral sk:ull 
relative displacement .  
- the brain does not seem to f ollow the box roovement above 200 Hz and 
that despite a specific weight very close to the water one . 

- to the exclusion cf contact phenanena , oo significant differences at 
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the cerebral rotion level should be observed in configurations with or 
without in;lact . 

INTRODUCTIOO 

CX1r' investigations aimed at better knowing the mechanisms of cerebral 
injuries in case of a rectilinear blow with or without irrpact and in case 
of a sudclen rot;:ation of the head . They allowed draw:i.ng up the htunan 
tolerance limits to blows . The developnent of anthroparorphic m::xiels used 
to assess the saf ety characterics of a vehicle in case of accident is an 
application of such studies . 
Epidemiology , experiments on animals , and to a less extend experiments on 
cadavers gave us :nf onnation data relating to the injury types observed 
in different blow configurations . Even when the kinematic values 'WIBre 
known , these studl.es did oot always allow defininq the internal 
mechanisms that led to the injury , nar the values of the involved 
physical parameters . Different types of approach are given in the 
bibliography . 
Physical m::xiels are often used to display the gel rotions in a box 
subject to an in;>a.ct . 'l1uls it was s}'x)wn that a sudden rotation of the 
head led to shearing stresses in the cerebral mass and at the skull/brain 
interface level . 
'1'he mathematical m::xiels of "viscoelastic solid" type are descriptive but 
they do oot allow obtaining numerical values of the brain stress as the 
skull/brain limit conditions are not "'811 known. 
The mathematical m::xiels of fluid ar viscous fluid type in a cylinder or a 
sphere well show the intracerebral shearing nntions in case of head 
rotation as "'811 as the slx>ck wave propagation in case of translation 
with impact . The maximal values of angular micro-defonnations proposed 
range fran 0 . 02 to 0 . 05 and the brain-related theoretical m::xiels lead to 
head angular acceleratia'l values of �t 3 . 5  . 103 rd/s3 • 
The mathematical m::xiels of mass-spring type , based on the frequency 
analysis of blows to cadavers ar livinq subject appropriately consider 
the cat'l>lexity of the skull-brain system but can lead to various 
interpretations . With this technique , the difficulty lies in knowing 
f irst \olhat masses in relative rotion are to be considered and then the 
physical nature of the cerebral mass in retention in the cerebrospinal 
fluid. 
If all the cerebral injuries due to the sudden head rotation are 
unaninn.lsly attriruted to the differential intracerebral and cranio­
cerebral ( 1 )  , ( 2 )  acceleration , according to the authors , tlx>6e 
connected with the translatian with iq>act are due to the maximal 
negative values of the pressure wave ant>litude ( 3 ) , to the sin'(:>le 
ca\l)ression of the cerebral mau involved by the displacement of the 
cranial bones ( 4 )  , or to the sudden displacement of the cerebral mass in 
the skullcase ( 5 )  . 
In this paper, sane basic answers to such questions are given with a 
study of the possible inertial rotions of the cerebral mass in retentian 
in a fluid. 
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�CAL IHPEDANCE OF mE HF.AD 

As a first step, no physical or mathematical rrodel has been used in our 
approach which aimed at studyi.ng the problem in all its catplexity . The 
principle used was based on the black box identif ication through the 
study of the inpllse response . In the studied case ,  the test carried out 
on a human cadaver or live hunan consisted in measuri.ng the punctual 
impedance of the head. The difficulties met relate to the interpretation 
of the mass-spring irodels obtained fran these transfer functions . 
The frontal impedance curves of the head given in the bibliography show 
an antiresonance and a resonance rangi.ng bet"'8en 600 Hz and 1 000 Hz ,  
with a behavior in mass at low and high frequencief? . The associated 
mechanical irodel is a set of tw::> masses ( 0 . 4  kg and around 4 kg ) ,  ( 6 ) , 
( 7 )  , ( 8 )  , linked bet"'8en themsel ves by a �i.ng spring connection 
( 6 . 103 N/m, 160 Ns/m ) . 
In his mxlel interpretation, STAI.NAKER considers that the frontal bone 
vibrates and is placed in resonance with the other parts of the head 
leading to the cerebral mass ccrr;:>ression . On the contrary, VIA?«) ( 9 )  
thinks that it is the cerebral mass which vibrates with respect to the 
other parts of the head . 
For our part we consider that the theoretical curve of this dooble mass 
m:xiel closely corresponds to the exper:iJnent impedance cw:ve ,  but it does 
not take into account the anti-resonance and the resonance systematically 
observed between 100 and 200 Hz and which question the principle of the 
double mass irodel .  
To further our understaOO.ing of this point , the impedance measurement was 
run on three hunan cadavers am an one live htJnan subject ( fig . 1 ) . 
During the e�:iJnent , blows were delivered to the frontal bone using a 
stricker and an acceleraneter . 'Ihe test dem:>nstrated an anti-resonance 
and a resonance at 100-200 Hz with a varying dartping factor depending an 
whether the subject was live or dead .  
These results led us to introduce a new irodel including a mass m1 in 
series with two "mass-spri.ng-d.ani>er" system; placed in parallel (m2 ,  k.2 , 
c2 and m3 ,  k3 , c3 ) ;  see figure 2 .  
At first , the dan;;>ing factor was disregarded , thus the head impedance 
equation yields : 

wk2m2 
z = j (wnl + --­

k.2-wam2 
+ 

with the followinq approximate mass distrib.Jtion: 

m1 = 10% , m2 = 35% , m3 = about 55% 

and a stiffness k3 about three times higher than the k2 stiffness . 
The approximate determination of the dan'c>ing f actors sets the order of 
magnitude of values c2 and c3 to 100 and 800 Ns/m respectively . These two 
parameters will be rrore accurately determined further by plotti.ng the 
impedance function according to Nyquist . 
One of the possible interpretation is that the frontal bone of mass m1 
vibrates with respect to tw:> separate masses : cerebral mass m2 and mass 
of the other parts of the head m3 .  If this interpretation can be 
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validated, this rrodel will allow calculati.nq the skull/brain response to 
a blow and their relative m.::>tian. 'l'he recording of the head �ce 
cool.d then constitute a test for systern failure detection if used before 
and after a traunatic i.n;>act . Interesti.nq research possibilities on the 
cerebral injury criteria could be offered thralgh the analysis of 
parameters k2 and c2 . 
In order to check whether this interpretation of the rrodel is plausible , 
the different possibilities of gravity m.::>tion of the cerebral mass will 
be studied in the following section . 

ME'IH)D 

The JTethod used to determine the inertial m.::>tion of the cerebral mass of 
density 1 .  04 in retention in a fluid of density 1 .  00 is based on the 
car;>arison of a closed water-filled box containing a brain with a rigid 
systern of identical mass . 
The tests consisted in placing a bovin brain into a closed flexible 
plastic box filled with water and finnly attached on a highly rigid 
support fixed to a spring . Displacements were carried out without 
friction in the horizontal plane and in the spring axis (fig . 3 ) . 
An i.JTp.üse was given to the box or to the support to respectively 
sirrulate a translation with or without iq>act . The striker force and the 
support , box or brain acceleration were sinultena.isly recorded at a 
saq:>ling frequency equal to 10 k Hz .  
For a rigid body of mass M C0IU1ected to a spring of stiffness K ,  
displacement x of the mass was given by the Duhamel integral accord.ing to 
the natural frequency of systern Wn aIXl i.rr(:>act force F ( t )  given in the 
following equation: 

x = ( cos  wnt J: F ( t )  sin wntdt + sin wnt J: F ( t )  cos wntdt ) / (1'H'l. ) 

As this calculation does not take into acca.mt the darrl>i.nq f actors our 
theory-experiment �ison will be reduced to the first vi.bration . 
The mechanical irli>edance of the systern is expressed by z = i'Ä'l + K/iw. In 
our experiment , when the brain-box-support m.::>tion is similar to that of a 
rigid body , the three displacements calculated and the three in;:>edances 
recorded can be superirrp:'6ed to the theoretical rrodel . Thus ,  any 
deviatian with respect to displacement or theoretical i.Ir(:>edance showed a 
deformation of the systern or a relative m.::>tion of its ccrr;x:inents . 
In this study three test series were nm :  a first one on the support only 
in order to check the validity of the JTethod used . The two others 
illustrated the sudden translation configuration with and without irrpact 
as the i.JTp.üse was first given to the support , and then to the box itself .  

RESULTS AND DISCUSSI� 

'l'he acceleration curves abserved with tiJTe present diracs of 1 nE width 
and 60 to 80 g of aßl)litude \olhen the acceleraneter is fixed on the 
support and vi.bratians of +/- 5 g when the acceleraneter is placed in 
the brain . At first they show that the behavior of the support-box-water­
brain systern is not similar to that of a rigid m:xiel . It is interesting 
to note that the brain acceleration curve does not signif icantly change 
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\llhether the force is applied to the rigid support ( F au . = 180 N)  or to 
the box ( F a a x . = 10 N) . 

When catt:>aI"in9 the displacernent obtained �h a double integratian of 
the accelerations recorded to the calculation result given by the Duhamel 
integral a good superin;x::>sition , up to 10 l1'S in the case of the support 
testinq only (fig . 4 A) , slxluld be ooted . Since the box-brain system is 
fixed on the support , the displacernent calculated fran the support 
acceleration is superiJ11;>osed to the m::xiel only for the 5 f irst 
milliseconds . The brain experimental displacement does oot correspond at 
all to the �el displacement and starts 4 l1'S later (fig . 4b) .  
The signal frequency analysis was carried out by �ing irr(:>edances Zs , 
Zb and Zc calculated fran the accelerations measured on the support , the 
box and in the brain. Figure 5a shows a perfect superirrp:>sition of the 
experimental and theoretical l.nt>edance curves be°"8en 40 and 2 500 Hz 
when the �et is delivered only to the support , which validates the 
method and our experiment . 
When the irrpllse was delivered to the support oolding the box-water-brain 
set , irr(:>edances Zs , Zb and Zc derronstrated a behavior in mass ( about 1 . 5  
kg ) up to around 200 Hz .  
Above this limit , l.Jtt>edance Zs drops and is superirrp:)sed to the m::xiel of 
mass 0 . 67 kg . This led us to suspect a failure of the box-support 
connection , but as l.nt>edance Zb has identical feature , this assurrption 
was dismissed . In fact , as the mass of the box and the few quantity of 
water surrounding the brain is low, the mass "loss" above 200 Hz 
corresponds to the brain mass ( O .  8 kg) , which means that the brain is 
stationary at high frequencies ( see figure 5b) . 
During the in;>act at the box level , similar irr(:>edance graphs are observed, 
despite a 20 times lower in'c>act force . The first tests of sudden head 
rotation without irrpact stx:M that for variable angular accelerations , 
the peak of the cerebral tangential acceleration never exceeds 5 to 10 g .  
This set of results seems to sl'x:M that the brain in retention in a fluid 
canIX>t be accelerated by inertia above 10 g or above 200 Hz .  This 
pherx:menon should be tln.lroughly studied and related to the problenm of 
vibration �litudes , of fluid viscosity, of relative values of 
fluid/brain specific masses , and in particular of intrinsic deformations 
of the cerebral matter . 
This last point is of great significance as regards the phencmena studied . 
As the mechanical properties of the cerebral matter chanqe with frequency 
( 9 ) , the intracerebral acceleration measurements can be altered . 
Nevertheless , the external measurernents are oot affected by such 
a behavior and they sl'x:M very well that the cerebral mass is stationary. 
such a pherxmeoon is also observed f or the frontal iJr;>ed.ance recorded in 
vivo, where the behavior in mass above 200 Hz is the same as that below 
100 Hz ,  less about 1 . 5  kg ,  which approximately represents the mass of a 
human brain . 

SR)CK WAVE REFLEX.'TICN 

nie detennination of inf onnation data relating to the shock wave 
ref lection in mechanical iq>edance seemed to be required as the curves 
obtained were very similar to the hydraulic iJr;>ed.ance curves given in the 
bibliography an blood flowa ( 10) . Indeed, if for an infinitely rigid 
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system the impedance curve recorded is perfectly sirooth, the curve 
obtained fran an accelerometer fastened on a flexible box filled with a 
fluid or on a skullcase shows regular vibrations around an average values 
( figure 6 ) .  
To our knowledge , this finding has never been mentioned in bibliography , 
but if we have to be conservative as regards the interpretation of such a 
phenanenon , the first results obtained are very encouraging . 
The tests carried out are those mentionned hereabove ( physical m::xiel of 
box-spring type , 3 cadavers , 1 living human subject ) .  The results are 
obtained through an accurate study of the different impedance curves . 
Vibrations occur above about 100 Hz . They often are in the form of 3 
decreasing waves followed by a new han::>thetic series to the first one . 
The frequency interval of srnall waves ranges fran 30 to 35 Hz , which 
means that intervals bet""9en waves of larger amplitude equal about 100 Hz . 
This phenomenon is obvious f or the impedances recorded on the flexible 
box, in the brain or on a living subject , but it is hardly determined on 
a cadaver and is nearly not observed on a living subject when the blow is 
delivered in the occipital area . 
This behavior can be explained as the ef fects of the shock wave and 
those of its reflected wave are successively cum..llated and equated to 
zero to give regular frequency interval waves of the hydraulic impedance : 
these waves correspond to def onnations or displacements when acceleration 
is measured on a flexible wall . 
The fact that this phenanenon is not observed on a cadaver or on a living 
subject when the blow is delivered in the occipital area could therefore 
be explained by a rrodif ication of the brain-skull interface on the 
cadaver ( a  detachment is observed) and by the thickness of the skullcase 
which is twice thicker in the occipital area than in the frontal or 
parietal areas . 
When considering waves of the 35 Hz "period" and an intracranial 
propagation distance of 0 . 15 m,  the reflected wave propagation velocity 
is about 7m/s . The waves occuring at 90-100 Hz intervals yield a 
propagation velocity of the order of 20rn/s . 
We rnay consider that these are the velocities of the shear and 
cc:mpression vave propagation , which , fran the transverse and longitudinal 
elasticity calculation , are respectively 3 and 30 m/s . 
This approach will further give us very usefull data on the mechanical 
properties of the cerebral matter in vivo . Investigations aiming at 
connecting the wave amplitude to the injury parameter of a blow could be 
contemplated . 

CONCLUSICN 

This study gives the basic ans""9rs relating to the influence of the 
cerebral rnass on the modal parameters of the f irst natural frequency of 
the hl..UT\an head at 100-200 Hz . 
This question is essential to interprete the rnass-spring m::xiels designed 
fran the . irrrpulse response of the head , and then to analyse the injuries 
using the same modal parameters as lesion indicators . 
The results obtained fran in vivo and in vitro heads , in addition to the 
test results for a simple physical m::xiel showed that the brain follows 
the "box" rrotion up to a frequency of about 200 Hz ,  and that above this 
frequency , it is stationary . 
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This study should be furthered by analyzing the exact causes of such a 
phenanenon in order to determine whether it is due to a m:xlif ication of 
the mechanical properties of the cerebral mass or to the difference , 
indeed not significant , between the volume masses of the brain and the 
cephalorachidian fluid . 
To end wi.th , the basic data of a measurement technique for the brain 
mechanical properties based on the recording of the hydraulic impedance 
of the head are given . In the future , this measurement could be 
considered as a injury pararneter occuring in the cerebral injuries . 

REFERENCFS 

( 1 )  s . s .  MARGULIES , LE THIBAUT ( 1989 ) .  An analytical rrodel of traumatic 
diffuse brain injury - Journal of Bianechanical Eng .  Vll l ,  241-249 . 
( 2 )  L . Y .  CHENG ,  SRIFAI ( 1990 ) .  Finite element analysis of diffuse axonal 
injury - SAE paper 900547 - pp . 141-154 . 
( 3 )  A . E .  ENGIN ( 1969 ) .  The axisymetric response of a fluid filled 
spherical shell to a local radial impulse . A rrodel for head injury. 
Journal of Bianechanical V2 , 325-341 . 
( 4 )  R . L .  STALNAKER ( 1985 ) .  Application of the new mean strain criterion . 
IRCOBI Conf . 1985 - pp . 191-211 
( 5 ) D .  VIANO ( 1988 ) . Bianechanics of head injury . Stapp car Crash Conf . 
n ' 32 - pp .  1-20 . 
( 6 )  V . R .  HOOOSOO , E . S  GURDJICAN ( 1967 ) .  The response characteristics of 
the head with emphasis on mechanical impedance technique - lle Stapp car 
Crash Conf . 1967 - pp . 79-83 . 
( 7 )  R .  L .  STALNAKER , J .  L F.AGEL ( 1971 ) . Dri ving point impedance 
characteristics of the head . Journal of bianec . V4 , pp . 127-139 . 
CCNCLUSION 
correlation with head injury in the subhuman primate - IRCOBI Conf . 1987 , 
pp . 223-239 . 
( 9 )  L . Z .  SHUCK , S . H .  ADVANI ( 1972 ) .  Rheological response of humain brain 
tissue in shear . Journal of basic Eng .  Dec .  197 2 ,  pp . 905-911 . 
( 10 )  G . L .  PAP.AGIDRGIOU, N . B .  JONES ( 1989 ) .  Hydraulic input impedance 
measurements in physical rrodels of the arterial wall . J Bianemac . Eng .  
Vol . 11 , pp . 471-47 7 .  

- 213 -


