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Certain studies ( 1 )  ( 2 )  have shown that skull deformation may have important 
impl ications for injury produces by blunt impact to the head . 

The purpose of this paper is to study the influence of skull bone characte
rization on brain injuries as well as on physical parameter criteria ( force ,  
H . I . C . ) .  

In  order to characteri ze the resistance of the skulls of subjects used in 
experiments , we have defined the Skull Bone Condi tion Factor , so-called 
"S . B . C . F .  Index" . 

For this analysis we have only integrated twenty-two free fall tests with a 
head impact localized in the parieto-temporal area ; that is to say , tests 
in conditions that are almost similar but at di fferent levels of violence . 

1 .  SKULL BONE CHARACTERIZATION 

S . B . C . F .  index ( 3 )  simultaneously takes into account the parameters 
characterizing the resistance of skulls as well as their anthropometry . 

This factor has been obtained by means of factorial component analysis ( 4 )  
( 5 )  • 

S . B . C . F .  = 
0 . 791 LTH-4 . 32 + -0 . 236 RLD-143 + 0 . 713 MIM-0 . 56 

1 . 307 0 . 080 6 1 . 307 6 . 48 6 1 . 307 0 . 13 6 

-0 . 078 HDW-3 . 79 -0 . 034 APD-180 -0 . 331 SPD-86 + + + 

1 . 307 0 . 49 6 1 . 307 7 . 18 6 
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where 

- LTH 
RLD 

- MIM 
- HDW 
- APD 
- SPD 

= 

= 

thickness of the edge, 
transversal diameters of the head , 
average skull cap mineralization , 
head mas s ,  
antero-posterior diameter o f  the head, 
height of the skull cap . 

I t  shou l d  however be noted that in defining this index only the parameters 
characteriz ing the quali ty and the quantity of bone ( mineral i zation ( MIM)  
and thickness ( LTH ) )  have an important weight . 

This means that only a subj ect having a head wi  th dimensions and mass 
varying considerably from the average w i l l  have a S . B .  C . F .  which w i l l  
classi fy i t in a way differently from what would have been the case i f  i t 
had been classified on the basis of bone quality alone . 

S . B . C . F .  takes into consideration skull thickness which is the average value 
of six thicknesses measured at di fferent points on the edge of the skull 
cap . The variations in thickness , however ( for example that of the inferior 
part of the parietal bones ) ,  can be considerable and the value thus obtained 
is not representati ve of the average thickness of the skull . The most 
representative parameter of bone qua l i ty seems to be the average thickness 
defined on the basis of the volume and of the surface area of the sku l l  cap . 
It is this which , in our analysi s ,  enables us to interpret resul ts best. 
This parameter now available for all subjects will be used in the future in 
calculating S . B . C . F .  

For each subj ect the S . B . C . F . ,  average thickness value and the principal 
head measurements are provided in Table 1 .  

2 .  METHODOLOGY - INSTRUMENTATION AND DATA PROCESSING 

2 . 1 .  DESCRIPTION OF STANDARD TEST 

The subject lies prone in a metal crad l e  ( see Figure 1 ) .  His head , with or 
without a hel met, protrudes beyond the cradl e ,  as does part of the upper 
thorax . The uni t is released and allowed to fall freely . The head is 
maintained by means of a suitable device in alignment with the trunk unti l  
impact . The surface against which the head strikes is , in most cases , flat , 
metallic and rigi d .  

Figure 1 

PRINCIPLE OF TESTS 

"iigure l : PRINCIPLE OF TESTS 
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Each test is accompanied by anthropometric measurements , as well as those of 
acceleration, of the percussion force , and of the pressurization of the 
encephalon according to the method previously described ( 6 ) . The different 
tests conditions are shown in Figure 2 .  

2 . 2 .  MEASUREMENTS RECORDED 

Three accelerometers are attached to light al loy plates screwed into the 
subject ' s  skul l .  Their position and orientation are defined with respect to 
the head anatomical coordinate system ( 7 ) . 

The position of the accelerometers in relation to this system ( 7 )  vary with 
each type of test . In the event of left parieto-temporal impact , there is an 
accelerometer on the frontal bone , one on the occiput and another on the 
right temp l e .  

The measurements o f  acceleration meet the requirements o f  the SAE J 211 b 
procedur e .  

2 . 3 .  MEASUREMENTS OF FORCES 

A dynamometric platform was p l aced beneath the shock-absorbing padding which 
made it possible to vary the deceleration experienced by the head . The small 
mass of the padding means that the forces measured were very c l ose actually 
experienced by the head . 

The forces detected by the dynamometric platform were fil tered under the 
conditions used for head accelerations ( class 1000 ) .  

3 .  FINDINGS 

3 . 1 .  KINEMATICS 

Generally speaking , the kinematics of the head and neck can be described in 
a simp li fied manner, in two phases , as follows : 

- a vertical descent of the head into the helmet or the shock absorbent 
material , with no notable head rotations at the time of the impact ; 

- the start of rebound of the head triggers a rotation of the head wi  th 
relation to the trunk ( Table 2 )  since the head tends to move upwards 
while the rest of the body continues to move downwards into the shock 
absorbent mattress . 

In this paper meant to precise the part played by the subject ' s  sku l l  bone 
characteri zation upon the cerebral injuries and the levels of physical 
parameters linked with them , we have excluded from this analysis the tests 
for which we observe a very important relative motion head versus trunk , by 
rotation ( tests n°  70 and 83 ) .  

This point will be resumed in chapter 8 ( DISCUSSION ) .  
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3 . 2 .  ANALYSIS OF HEAD ACCELERATIONS 

The general principle in processing acceleration measurements can be defined 
thus we calculate the head ' s angular acceleration and speed at each 
instant of impact by integrating a system of differential equations linking 
these variables to accelerations measured on the head ' s  periphery . Following 
this , we deduce the linear acceleration at the head ' s  center at each instant 
of impact , and the cri teria HIC , S I , � 3 ms , 'a' max . 

The calculating method is of the 3-3-3 type ( 8 ) , general ized by APR in order 
to process from 6 to 9 available channel s .  

4 .  INJURIES ANALYSIS IN PERIETO-TEMPORAL IMPACTS 

For each subject involved in this study , injury severities are expressed in 
terms of A IS ( 9 )  - See Table 2 .  Cerebral lesions are summarized in Table 3 .  

Table 3 

SUMMARY OF C E R E BRAL L E S I ON S  

VI P E R  1 P ll E R 1  C A L  ?: B RA J N  J N J U R J E S  1- VI 0 VI VI 

u 1- ...J W w 

< u w VI < - W C>  

a.. w ...J VI w ex ex <!) Z  
� ...., <X) 1- 0 ...J 1- ::::> .., < -

<X) u. < u w z: --,  .., Q) X 7-:  
=> o w w  0: :E: w z  Q) 1.. ex w  

.... VI U '">  ::::> w u - 1.. < "' ex :>:  

0 · - m  ...., 1- < 1.. 0 

.... z: > ::::> z: VI ex z: Q) Q) � w  

w 0 ex VI w - ... ... .s:: w :r  

a.. w z X < u ... X ,__ 
>- VI - ,__ ex .., "' 0 

1- z < O <Xl  0. 0 u. 
ex E 0. 0 
<X) 0. 

0 

T e m p o r o - 2 5 1 1 9  2 2 1 1 6  1 2 /8 7 1 7  1 0 / 5  2 1 2  5 1 1  5 / 2  3 / 1  
P a r i e t a l  

N o t e  F i r s t  f i g u r e  a 1 1  s u b j e c t s  
S e c o n d  f i g u r e  h e l m e t e d  s u b j e c t s ,  o r  e q u i v a l e n t  c a s e s  

4 . 1 .  QUALITY OF BRAIN RE-PRESSURIZATION 

In a certain proportion of cases , which varies according to cadaver 
selection criteria ,  the mere fact of performing injection into the vessels 
of the brain is not enough to allow interpretation of the experiments in all 
vascular regions. S ince this inadequacy can be l imited to an arterial vessel 
or to the brain as a whole , i t is in consequence indispensable to provide 
accurate details of the qual ity of inj ection undertaken and of its exact 
location . We use a code from 0 to 4 to describe the degree of success of 
injection , 0 representing a nil inj ection and 4 a very high qual ity 
injection into all brain territor i e s .  

1 3 9  



. In this analysis , the only tests that have been included are those in which 
the qual ity of injection was given a ranking 1 ( see Table 2 ) .  

4 . 2 .  SKULL FRACTURES 

Among the 20 subjects considered we have only observed 4 cases with a skul l  
fracture ( cases n °  76 , 145 , 272 and 275 ) . The fractures observed at autopsy 
are shown F igure 3 .  Among these 4 cases , 1 is associated with brain inj ury 
and 2 with a haemorrhage of the meninges . 

76 76 272 272 

275 275 145 

Figure 3 : SKULL FRACTURES IN SIDE IMPACTS ( Free Fall Tests ) 

It has to be emphasi zed that none of these injuries is related to the skull 
fracture . The only doubt remains for the diffuse haemorrhage of the meninges 
observed for case 76 . But equi valent injury wi thout skul l fracture ( cases 
207 and 250 in APR sampl e  as examp l e s )  was found . 

5 .  THE RELATIONSHIP BETWEEN FORCE , SKULL BONE CHARACTERIZATION AND 
BRAIN INJURY 

This analysis was performed on the bas is of forces measured in the vertical 
axis by a dynamometric platform . The film analysis of these tests enables us 
to state that the forces transmitted to the head are essentially vertical .  

5 . 1 .  EVALUATION OF THE IMPACTING MASS 

Assessment of this effective mass was undertaken by using the relationship 
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Me h'i F ( t ) . dt 

Vo 

i corresponding to the instant at which the speed of the head becomes nil .  
This relationship is thus calculated during the loading phase of impact ; Vo 
being the impact speed . 

5 . 1 . 1 .  Fall  of helmeted subjects 

On the F ( t )  curve , we can generally speaking observe two successive peaks . 
The first corresponds to the moment at which the helmet stops on the marbl e  
and then force decreases more or less according to the tests , this phase 
corresponding to the smoothing out of the p l ay between the head and the 
shock-absorbing material . After this , a second and greater peak of force is 
observed , this being engendered by head impact against the helmet ' s  
shock-absorbing material . 

Examination of some representative cases (Tabl e  4 )  shows that in our test 
condi tions of forehead and parieto-temporal impact to helmeted subject ' s  
heads , the average equivalent mass during the crushing phase of the 
shock-absorbing material can be taken to be that of the head mass alone . 

Table 4 

F A L L  OF H E L M E T E D  S U B J E C T S  

I M P A C T  T Y P E  H E A D  MASS  H E L M E T  MASS  C A L C U L A T E D  
T E S T N °  * ( k g ) ( k g ) E Q U I V A L E N T  

MASS  ( k g )  

7 4  L 3 . 6  0 . 9  4 . 3 9 * *  

7 3  L 3 . 6  0 . 9  3 . 0 6  

1 0 7 F 2 .  3 1 . 3 2 . 2 2 
1 1 0 F 4 .  1 1 .  3 4 . 0 1  

* L = L a t e r a l  i m p a c t  
F = F r o n t a l  i m p a c t  

For frontal impacts as for those that are lateral the resul ts obtained on 
certain of the cases analysed ( Tables 4 and 5 )  vary between 0 . 8  and 1 time 
the mass of the head alone of human subj ects . 
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** In this table we should note that the equivalent mass of test n°  74 for 
which we obtain a value that is sl ightly above that of the head mass 
alone ( lower than the head + neck target which is 5 . 2  kg) .  This result 
can be explained by the fact that the angle of the body as a whole in 
relation to the horizontal ( angl e .ie9  in F igure 1 )  is particularly high for 
this test at the moment of impact ( 44 ° )  whereas for the other l ateral 
impacts it varies between 25 and 3 5 ° . Also this case is not take into 
account in this analys i s .  

Table 5 

F A L L  O F  U N H E L M E T E D  S U B J E C T S  

I M P A C T  T Y P E  H E AD MASS  C A L C U L A T E D  
T E S T N °  * ( k g ) E Q U I V A L E N T  

MASS  ( k g ) 

2 5 9  L 3 . 9 6 3 . 3  

2 7 2  L 3 .  5 7 3 . 8  

2 7 4  L 4 .  1 1  4 .  1 

2 7 5  L 3 .  1 6 3 . 0 4 

1 4 3 F 3 .  7 2  3 .  6 1  

1 4 4 F 3 .  9 1  4 .  1 

* L = L a t e r a l  i mp a ct  
F = F r o n t a l  i m p a c t  

I n  conclusion , whatever the test condi tions , w e  can consider for our test 
patterns that the incl ination of the body at the moment of impact is not 
sufficiently important to influence in any significant way the effective 
mass ( taken to be that of the head mass alone ) taking part in the impac t .  
The head mass was unconnected with that of the rest o f  the body . 

From this lack of connexion , the prob lern of the absence of cadavers ' 
muscular tonicity arises as a factor increasing head versus trunk kinema
tic s .  

5 . 2 .  EVALUATION OF THE EQUIVALENT STIFFNESS 

The maximum values of force appl ied to the head are brought together in 
Table 2 .  
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We have shown in Figures 4 and 5 the relationship between the equivalent 
sti ffness and , · successively ,  the average thickness of the skull and the 
S .  B .  C .  F .  ( Skul l Bone Condi tion Factor ) . For . each of these parameters the 
position of the average population of cadavers has been established on the 
basi s  of a sample of 146 subjects and is indicated on each one of these 
figures .  

Let us now compare the behaviour of the head at impact with a simple system 
of a spring mass type having a certain degree of freedom and calculate i ts 
stiffness : 

- for each tes t ,  it will be K = 

MV2 

where F is the force measured by the dynamometric p latform , 
- M is the mass of the subject ' s  head , 
- V is the impact speed . 

The relating of E quivalent Stiffness calculated with the different parame
ters of skull bone resistance ( EPM , SBCF ) shows up the two classes of impact 
in our sample : 

- impacts without shock-absorption , 
- shock-absorbed impacts . 

5 . 2 . 1 .  Impacts without shock-absorption 

Concerning the tests with the direct impact of the skull onto a rigid or a 
slightly padded surfac e ,  or onto a material which is  loaded up to its l im i ts 
of deformation ( tests n°  76 , 145 , 259 , 273 ,  274 , 275 ) , we observe that the 
E quivalent Sti ffness increases as a function of the subj ect ' s skull bone 
resistance ( greater average thickness or S . B . C . F .  index ) . 

The special position of test n°  275 in Figure 5 is due to the fact that the 
calculation of the S . B . C . F .  parameter takes into consideration the head ' s  
anthropometric characteristics and that for this subject these tend to have 
low values ( see Table 1 ) .  

In these test conditions the taking into consideration of inter-individual 
skull bone resistance differences is of maj or importance at the stage of 
analysis and interpretation of the results using human subjects . 

5 . 2 . 2 .  Shock-absorbed impacts 

Concerning the impacts that are damped , the variation in average skull 
thickness p lays a small role for just so lang as the shock-absorbing 
material remains below its capacity to be deformed . Nevertheless , for damped 
impacts it is probable that the head ' s  anthropometric characteristics p lay a 
rol e  which during this brief anal ysis we have unfortunately not had the time 
to examine separately . For tests 85 , 86 and 87 , the subjects were equipped 
with the same type of protective helmet as for the impacts that were damp e d .  
Their impact speed on the other hand was higher ( h  = 3 m whereas for the 
other damped impacts it was 1 . 8  m ( h ( 2 . 5  m ) . 
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This change in observed thickness for these damped impacts can be attributed 
to a problem of visco-elasticity of the material used but above all to its 
being close to the saturation of its shock-absorbing capacity for this level 
of impact violence . 

These statements deserve deeper thought and improved analysis but they 
already make it possible to say that the forces transmitted to the head are 
wel l rel ated to the bone resistance of the sku l l  and to the head ' s  
anthropometry . Force is there fore acceptable for defining the skul l ' s  
tolerance to fracture on condi tion that the characteristics of the cranial 
structure are taken into consideration. 

The relating of the S . B . C . F .  parameter to the equivalent sti ffness of the 
striking system a l l ows us to make the same statements as those obtained 
using average thickness . 

By analogy , these characteristics of sti ffness , dimensions and masses have 
to be representati ve of the average population exposed to risk. Such head 
characteristics could be applied to a crash dummy ( 13 ) .  

6 .  RELATIONSHIP BETWEEN HIC, SKULL BONE CHARACTERIZATION AND BRAIN INJURIES 

IN SIDE IMPACTS 

The main resul ts of accelerometric measurements are brought together in 
Table 2 .  Only a few of the cases performed in the same test conditions are 
availab l e .  

We have nevertheless tried 
inter-individual scatter in 
tests carried out in the 
shock-absorbing material ) . 

to show up ( see F igure 6 )  
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Tests 273 , 274 and 275 are impacts of unhelmeted heads from a height of 1 . 20 
m onto a stiff surface . Tests 63 , 64 , 65 ( he l met A ) , 66 and 67 were 
performed with helmeted subjects ( helmet B )  from a height of 1 . 83 m .  

The examination of this figure shows clearly that the HIC value obtained in 
identical conditions increase as a function of the stiffness of the 
subject ' s  head . 

This resul t can be explained by the increase in sku l l  sti ffness when the 
SBCF i tself increase s .  

The defini tion o f  cerebral tolerance should take into consideration the 
skul l ' s  bone characterization for experimental subjects . That enables us to 
present Figures 7 and 8 with all the experimental cases ava i l able . 

On the basis of Figures 7 and 8 ,  it is possible to ident i fy two areas one 
corresponding to AIS = 0 and a second to AIS .> 0 .  

Whatever the SBCF value , we don ' t  observe in your sample any l e sion 
c l assi fied AIS # 3 for HIC value < 1223 . 

The vertical axis drawn in not sol id line ( see Figure 8 )  corresponds to the 
value SBCF = 0 .  This value symbolises the average index of sku l l  bone 
characterization ( SBCF ) of cadavers ; it has been calculated on the basis of 
a range of 146 subj ects . 

If we consider only the subjects of sku l l  bone characterization superior or 
equal to the average ( SBCF � 0 )  the first case of lesion ( test n° 274 ) 
associates an AIS 2 or 3 ( admissible value ) to an HIC equal to 1 508 . 

We thus see that tolerance expressed in terms of HIC , increases wi th SBCF 
until i t reaches the l evel of 1500 wi th the highest values for SBCF or 
average thickness . 

It  is to be stressed that the values ( SBCF ) are very probably weaker than 
those expected from the popul ation exposed to a risk . Therefore SBCF area 
superior or equal to the average , could prove to be fairly representative of 
the living population . 

7 .  STATISTICAL ANALYSIS OF DATA 

Bearing in mind the scatter of results due especially to the difficulty of 
the experiments , to inter-individual di fferences between the subjects use d ,  
and to the imprecision o f  kinematic data ( high margins of error ) ,  as w e l l  as 
to the non-linearity and the subjective influence in coding injuries using 
the AIS scale ; for all these reasons we cannot hope to obtain very detailed 
results so far as criteria are concerned . Because of this we are obliged to 
have recourse to a statistical processing of data . 
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7 . 1 .  A PREDICTIVE FUNCTION OF BRAIN INJURY RISK IN SIDE IMPACT 

We have performed a multiple l inear regression analysis as follows 

AIS = Kl . HIC + K2 . SBCF + C .  

This regress ion analysis concerned 1 5  subjects in free-fall experiments 
where the point of impact was situated in the parieto-temporal area and in 
which experiments considerable movement of the head relative to the trunk 
was observed . The multiple correlation coefficient and the value of the 
F ISCHER index obtained show that this function is statistically significant 
( r  = 0 . 84 - F = 14 . 77 ) . Figure 9 i llustrates the relationship between AIS 
observed in cadaver tests and that AIS value predicted by the use of the 
function .  In consequence ,  for our impact condi tions a predicti ve function 
based upon the use of a calculated HIC value or upon the center of gravity , 
and bearing in mind the cadaver ' s  skull bone characterization index , enables 
us to predict an AIS value wi  thin the limi ts of the HIC and SBCF values 
taken into account in the analysi s .  The function obtained is as fol l ows : 

AIS = ( 0 . 005 x HIC ) + ( -2 . 527 x SBCF ) - 3 . 859 . 

On the basis of this function we deduce that , for a subject having a sku l l  
bone resistance index ( SBCF ) representative o f  the average o f  the population 
of our cadaver subjects , a value of 1300 HIC predicts a value class ified 2 . 6  
on the AIS scale.  

8 .  DISCUSSION 

In this paper meant to precise the part played by the subjec t '  s skull bone 
characterization upon the head injuries risk ( fractures or/and cerebral 
injuries ) and the levels of physical parameters l inked with them , only the 
cases that correspond to a translation movements wi thout any head/trunk 
relative movemen t ,  by rotation , as been taken into account . 

The linear accelerations can ' t account for injury risk to which a head is 
exposed in lateral impac t .  

A s  a matter o f  fact relative motion head/trunk , by rotation , may provoke 
specific injuries at this kinematic ( brain stem injuries associated or not 
wi th haemorrhage of the meninges and wi th or wi thout osteo-l igamentary 
injuries of the cervical vertebral column) ( 11 ) .  This is the case of tests 
n° 70 and 83 for this sample of free fall tests ( 10 ) . 

Such is also the case of test n°  195 obtained in reconstitution of lateral 
impact car against car reported a few years ago ( 12 ) . 

In  the special case of the PEUGEOT 504/CITROEN LN lateral impact reconstruc
tion ( test n° 1 95 )  where the cadaver was unbel ted , it is the extensive 
rotation of the head (by partial ejection of the drivers struck vehic l e )  
without any significant head impact occuring ( HIC 100 ) ,  which was 
responsible as well as the two injuries to the brain stem ( AIS = 4 ) . 
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The analysis of the respective influences of the physical 
( head/trunk angle,  angul ar acceleration and angul ar veloci ties ) 
this type of lesionnal mechanical is under study . 

9 .  CONCLUSIONS 

parameters 
l inked to 

- In damped free fall head impact (helmeted head or head against a padded 
obstacl e )  skull fractures are rare in parieto-temporal impacts . 

- The subjects ' skull bone characterization ( mineralization , average 
thickness and SBCF ) enable us to delete within the sample some exceptional 
cases with very weak bone strength . 

- Skull characteristics determining the skull sti ffness have an important 
influence on the force or acceleration values ( HI C )  obtained with cadavers 
for no damped impacts . 

- For SBCF or average thickness values corresponding to the average values 
of the popul ation of cadavers ( N = 146) i t may be claimed that the 
probab i l i  ty of occurrence of injuries is very small ( nil in our sample ) 
when the HIC is inferior or equal to 1100 ; in addition it  was observed in 
the case of the cadavers used that , generally speaking , they represent 
only an under-estimate of the tol erance of l ive human beings exposed to 
accident risks ( 1 4 )  ( 15 ) . 

This suggests a much higher tolerance value for the population exposed to 
r isks . 

Such di fferences , i . e  between living and experimental subjects in terms of 
average sku l l  bone characteristics , has to be precised . This work is now 
proceeding. 

A multiple l inear regression analysis taking into account HIC and the 
skull bone resistance index of the subj ects ( SBCF ) was performed .  

The predictive function obtained is statistically significan t .  l t  shows , 
on the basis of the few availab l e  points , that a 1300 HIC value is a 
tol erable one ( that is to say a predicted AIS value of 2 . 6 )  for a subject 
having a skull bone resistance ( SBCF ) representative of the average for 
the 146 cadaver population used in the experiments . 

For the human head tolerance to impact ,  cadavers are good surrogates for 
l i  ving vehicle o-:::cupants on condi tion that the sku l l  bone resistance of 
cadavers is known and that the quality of the brain after the inquest upon 
the cause of death permi ts a good injection ; this is essential in the 
data analysis stage . 
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