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A TWO-DIMENSIONAL FEM ANALYSIS OF THE RESPONSE OF THE HUMAN 
HEAD TO IMPACT. THE IMPORTANCE OF BOUNDARY CONDITIONS 

A.H.W.M. Kuijpers, M.H.A. Claessens, A.A.H.J. Sauren * 

ABSTRACT 
The objective of the present study is to obtain a better understanding of the possible im- 
pfiance ufskU!l-brain interface conditions, a neck constraint and brain material properties 
for the response of the human head to transient loadings. To that end, a two-dimensional 
plane strain finite element model of a para-sagittal section of a human head has been de- 
veloped. First - for the purpose of validation - the loading conditions, realized in experi- 
ments reported in literature, were used as input to a completely linear elastic model having 
no neck restraint. This was done for both rigid coupling and no coupIing at the skull-brain 
interface. Next, simulations were performed with various versions of the model. These 
versions were obtained by using different combinations of the following features; linear 
elastic or visco-elastic brain material properties, different contact conditions at the skull- 
brain interface and incorporation of a neck restriction. The results of these simulations are 
discussed. 

1. INTRODUCTION 
In the past decade, various two-dimensional finite element models for investigating the 
response of the human head to dynamic loads have been presented [i, 2, 3, 4, 5, 6, 71. 
Both kinematic and dynamic boundary conditions are likely to have significant influence 
on the response of the models. The most important issues are boundary conditions at the 
skull-brain interface, at the foramen magnum and at the head-neck junction. 
The anatomy of the human head indicates that relative displacement between the cranial 
vault and its contents is possible. The brain is separated from the skull by meninges and 
cerebro-spinal fluid (CSF), thus allowing relative brain-skull motion. In a review of two- 
dimensional models, Sauren and Claessens [8] concluded that the effects of different in- 
terface boundary conditions have only been investigated in finite element idealizations of 
half cylinder physical models [9]. 
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To the authors’ knowledge, no human head model studies explicitly addressing the effects 
of various skull-brain interface conditions have been reported in the past decades. In two- 
dimensional head models, Willinger et al. [i] and Trosseille et al. [2] have incorporated 
the influence of the CSF and the possibility of relative displacement between the cranial 
vault and its contents by modelling a layer with a relatively low shear modulus between 
brain and skull, but it is not clear whether the possibly large deformations of this layer are 
consistent with the small deformation theory which, very probably, has been used. 
The representation of the foramen magnum in two-dimensional head models introduces 
additional boundary conditions. In previous studies it was modelled as a force-free ope- 
ning at the base of the skuii. ïñis was done by Ven0 et ai, [3Ip Lighthall er d [4] and 
Trosseille et al. [2] by a rigid coupling of the nodes on the brain surface except at the fo- 
ramen, and by Chu et al. [5] by defining two separate sets of nodes at the foramen; one set 
for the brain and one for the skull at the foramen magnum, and shared boundary nodes for 
the remainder of the skull-brain interface. 
A third, possibly important, model feature is the kinematic boundary condition at the head- 
neck junction. The influence on the head’s response of this boundary condition was inves- 
tigated by Ruan et al. [6] for a two-dimensional plane strain coronal head model. They 
used a free boundary condition, a single hinge, and a double support made up of a single 
hinge and a simple support. For the free boundary condition and the single hinge similar 
responses were obtained while the double support condition changed the response of the 
model dramatically. Khalil and Viano [7] concluded that the most reasonable boundary 
condition probably depends on the impact condition and obviously needs further investi- 
gation. 
In this article, a two dimensional head model is presented which has been used to investi- 
gate the importance of boundary conditions at three distinct locations; the skull-brain in- 
terface, the foramen magnum, and the head-neck junction. The model was first validated 
against the cadaver head injury experiments performed by Nahum et al. [lo]. Further, a 
number of impacts were simulated and the importance of the various boundary conditi- 
ons has been investigated by looking at the response changes for the different modelling 
assumptions. 

2. METHODS 
Model anatomy. A two dimensional finite element model of the human head was develo- 
ped with its geometry obtained from para-sagittal MRI-data [li]. The anthropometry of 
the head was scaled to represent 50th percentile male human head dimensions reported 
by Pheasant [12]. The chosen para-sagittal section was taken approximately 1 cm off the 
mid-sagittal plane. The used FE mesh having 228 elements is depicted in figure 1. For this 
two-dimensional FEM head model, five different configurations for the skull-brain inter- 
face were modelled. In the first model the brain surface and the inner surface of the closed 
skull are rigidly coupled. This case will be denoted shortly as coupled interface. The se- 
cond model is the same as the first, except at the foramen magnum where two distinct sets 
of boundary nodes for brain and skull were modelled to represent a force-free opening 
there. The third model has a closed skull (without foramen) and the brain is completely 
decoupled from it. This will be referred to as the free interface. The boundary conditions 
at the skull-brain interface are defined by means of free-slip contact conditions, allowing 
separation, while only compressive forces can be transmitted between brain and skull. The 
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Fig. 1: 2-dimensional finite element mesh (for details Fig. 2: Schematic detail of  
about foramen modelling see figure 2) foramen m o d s .  

fourth model is the same as the third except at the foramen magnum where again a force- 
free opening was modelled. A schematic detail of this foramen model is presented in fi- 
gure 2(a). In summary, the models 1 through 4 represent a coupled interface without and 
with foramen and a free interface without and with foramen, respectively. The fifth model 
also has a free interface with the brain and skull rigidly connected at the foramen magnum 
(figure 2(b)). 

Material. The skull was modelled as a layer with linear elastic material behaviour. The 
brain was modelled as one single entity containing the cerebrum, cerebellum and the me- 
ninges. Linear elastic as well as h e a r  visco-elastic material properties were assigned to 
the brain tissue. Both structures were assumed to be homogeneous and isotropic. The elas- 
tic brain and skull material properties were taken as an average from the data presented 
in literature, reviewed by Sauren and Claessens [8]. The Young’s modulus (E), Poisson’s 
ratio (v) and density (p) for the skull are 6.5.106 kPa, 0.20 and 2.07-103 kg/m3 respec- 
tively. For the elastic brain material was taken E=1.0.106 kPa, v=0.48 and p=1.04.103 
kg/m3. In case of the visco-elastic brain model, the deviatoric behaviour is described by: 
G(t) = Gm + (Go - G,)e-@,with Gm=169 Wa, 603338 kPa and f3 ranging from 50 
to l.104 sl. In this way, the short-term visco-elastic, and overall elastic material charac- 
terization of the brain are identical. The visco-elastic material properties were chosen to 
investigate the influence on the head’s response of a time-dependent constitutive model 
for the brain rather than to make an attempt to accurately describe its material behaviour. 

Finite element code. The finite element code MARC K5.2 was used for all calculations. 
The models are based on plane strain theory in combination with large displacements. For 
the skull, linear quadrilateral elements were used. The brain was modelled with triangular 
quadratic elements. For the coupled interface, non-coinciding nodes at the skull-brain in- 
terface were connected with nodal tyings. The dynamic analyses were carried out with the 
Newmark-p time integration scheme with a fixed timestep. Rayleigh damping with a=O.O 
and f3=1.5.10-3 was used for both brain and skull. These damping coefficients were cho- 
sen to match the computed intracranial pressures and the experimental results of Nahum et 
al. [lo]. In MARC, the contact conditions for the models with the free-slip skull-brain in- 



terface are imposed by means of solver constraints [13]. 

Validation. The models with coupled (model i),  and free interface (model 3), both without 
foramen were validated against the impact experiments performed by Nahum et al. [lo]. 
By imposing an acceleration on a skull boundary node (denoted with an arrow in figure 1) 
the impact was simulated. This acceleration, a sinusoidal pulse-shaped approximation of 
an acceleration history recorded in one of Nahum et al.’s experiments has a peak value of 
1800 m/s2 and a duration 3.75 ms. The coup and contre-coup pressures in the brain were 
calculated in the elements denoted with ‘1’ and ‘3’ respectively. 

dels, impact simulations were performed to investigate the influence of various local mo- 
delling assumptions on the global dynamic response of the head model. For that, an impact 
was simulated by impacting the head model with a box-shaped object given an initial ve- 
locity of 7.5 m/s, and its material properties E=1.106 kPa, v=0.3 and p=7.8.1@ kg/m3. 
Pressures for coup, contre-coup and foramen were calculated as an average of the pressu- 
res in the elements denoted in figure 1 with ‘2’, ‘4’ and ‘5’ respectively. 
The starting-point for all these simulations is the model with the free interface without 
foramen (model 3). The results of all simulations will ultimately be compared with the 
results obtained with model 3 so that model will be referred to as the base model. 
The influence of boundary conditions at the skull-brain interface can be investigated by 
comparing the model with the coupled interface (model 1) with the base model. In order 
to gain insight in the influence of the foramen on the head’s response, four models are 
compared: the model with force-free foramen with coupled interface and foramen (model 
2), the model with free interface and foramen (model 4), the model with free interface 
except at the foramen magnum (model 5), and the base model. 
To investigate the possible influence of boundary conditions brought about by the neck, 
a kinematic restraint was modelled with two rigid beams which connect the head model 
with a rigid node that lies approximately 150 mm under the head’s centre of gravity. This 
neck modelling was applied to the base model. Thus, the base model simulations with and 
without the neck could be compared. 
The effects of a time-dependent constitutive model for the brain on the head’s response 
were assessed by comparing base model simulations with elastic and visco-elastic brain 
properties. 
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3. RESULTS 
Results for validation. The results of the validation simulations for the models with the 
free and coupled interface are compared with the results Nahum et al. [lo] found in their 
cadaver experiments for both coup and contre-coup region in the head. both validation si- 
mulations the acceleration imposed on the skull boundary node yielded an acceleration 
history for the total skull comparable to the acceleration history recorded by Nahum et 
al.. The pressure histories for the two simulations and the data from the cadaver experi- 
ment are depicted in figure 3(a) and 3(b) for coup and contre-coup site, respectively. n e  
simulation with the free interface gave better predictions €or the pressure histories than the 
model with the coupled interface. The free interface and experimental coup pressure his- 
tories are in very good agreement and the magnitudes of the positive contre-coup pressu- 
res are of the same order. The negative contre-coup pressures recorded in the experiment 



... experiment 
o 2 5  s 7.5 10 12s 15 

time rmsl 
-% L 2 5  5 7.5 10 I25 15 

time [msl 
(a) Coup @) Contre-coup 

Fig. 3: Pressure histories for models and experiment from validation simulations. 

were not predicted by this model. The model with the coupled interface underestimates 
the coup pressures and overestimates the contre-coup pressures. The pressure estimates 
for this model are comparable to the predictions obtained with Chu et al.'s model [5].  

Results for interface and foramen magnum modelling. The pressure histories from the im- 
pact simulations with models 1-5 for coup, contre-coup and foramen sites are presented 
in figures 4(a), 4(b) and 4(c) respectively. The models with free interface predict higher 
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Fig. 4: Pressure histories for impact simulations with models 1-5. 

pressure levels than the models with rigid skull-brain interface, except for model 4. In all 
simulations, the brain lags behind the skull causing pressure increase in the coup region of 
the head. The restrictive action of the skull on the brain deformation for free interface mo- 
dels is less than for coupled interface models because tensile forces can not be transferred 
across the interface. As a consequence, the brain compression in the free interface mo- 
dels is higher causing higher pressure levels in the coup region. Modelling the foramen 
magnum has little effect on the coup pressures for coupled interface modelling, but the 
free interface models are noticeably affected by the type of foramen modelling. In model 
4 the presence of the force-free foramen decreases the predicted coup pressures compared 
to the model without foramen during the first two milliseconds, whereas modelling a free 
interface with rigid coupling of brain and skull at the foramen increases the coup pressure 
levels. The decrease of coup pressure for model 4 is caused by the fact that the brain can 
protrude into the foramen and is not forced to slide along the interface towards the coup 
region of the head. The brain is not only subjected to increasing pressure levels the coup 
side but also near the petrous ridge. This results in a more uniform spatial pressure dis- 
tribution and thus in lower peak values for coup pressure. Comparing the results for the 
base model (3) and model 5, the higher pressure levels for the latter can be explained by 
the fact that the coupling at foramen restrains the relative movement of the brain along the 
skull base interface towards the contre-coup site, resulting in higher coup pressures. 
From the contre-coup pressure histories in figure 4(b), an important difference between 



coupled and free interface modelling becomes clear. In the coupled interface models, ne- 
gative pressures are generated by tensile forces exerted by the skull on the lagging brain. 
In the free interface models these tensile forces are absent, hence, no negative pressures 
are generated in the brain recedes from the skull creating a gap at contre-coup site. The 
positive pressure predicted in all free interface models at the end of the simulations are 
caused by restore of contact following the gap closure. 
The negative pressures at the foramen for the coupled interface models (model 1 and 2) are 
caused by the same phenomenon as described for the contre-coup region: the skull exerts 
tensile forces on the lagging brain. For model 2 these tensile forces cannot be transferred 

edge nodes and higher negative pressures in the middle nodes of the foramen site. For the 
head models with a free interface the positive pressure levels are generated by a pressure 
wave that travels from the coup side after the impact. The negative pressures during the 
first 0.5 ms in model 5 are caused by tensile forces induced by the foramen ridge on the 
lagging brain. Consequently, the pressure history for model 5 is initially identical to the 
pressure history for coupled interface models and gradually changes to free interface mo- 
del behaviour. The presence of a force-free foramen in the free interface models decreases 
the predicted foramen pressure because compressive forces in the brain at the foramen 
cause the brain to bulge through the foramen magnum rather than to press the brain tissue 
against the skull. 

Results for head-neck junction modelling. The pressure graphs for the impact simulations 
with and without the neck restraint are presented in figure 5. The lines without markers 
represent the coup pressures, the circle marks indicate contre-coup pressures and the cross- 
marks are used for the foramen pressure histories. The head without neck restraint did not 
display rotation whereas the model with pressure histo- 
ries show that the coup pressure is significantly influen- 
ced by the neck constraint while the contre-coup and fo- 
ramen pressures are only marginally affected. This is il- 
lustrated in figure 6. For the simulation with the unres- 
trained base model, the movement of the head is predo- 
minantly rectilinear whereas the model with neck con- 
straint also exhibits rotational accelerations. The base 

the skull-brain interface in the coup region in contrast 
with the model with neck constraint where the location Fig- 5: PreSSure histories for 
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impact with and without 
neck restraint (see text). 

brain are visualized in figure 7 for the models without and with neck constraint respec- 
tively. Comparison of the distributions reveals higher maximum shear stress levels in the 
brain for the base model, originating from the translational movement of the brain relative 
to the skull. The combined rotational and translational movement of the brain in the model 
with neck constraint brings about lower maximum shear levels which are located towards 
the centre of the brain. 

Results for visco-elastic brain. The pressure histories resulting from the impacts simula- 
tions with different visco-elastic brain material properties are depicted in figures 8(a), 8(b) 
and 8(c) for coup, contre-coup and foramen region respectively. The elastic brain material 
for the base model can be thought of as a visco-elastic material with infinite time constant 
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Fig. 6: Pressure distributions (in P a )  for the base model without and with neck constraint 
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Fig. 8: Pressure histories for impacts with different matenal models for the brain. 

(@=O). The opposite case of visco-elastic material behaviour; a fast decay of the material 
stiffness, is described for the model with p = 1 - lo4 s-'. The model with @ = 50 describes 
the brain tissue behaviour in between these extremities. The decrease in material stiffness 
reveals itself in the pressure histories after about 2 ms. Before that, only small differen- 
ces exist between the pressure history predicted for the base model and the histories for 
the models with visco-elastic material behaviour. In figure 8(a), the pressure decline at the 
end of the simulation becomes stronger for the models with larger p. The material dam- 
ping, inherent to visco-eiastic constitutive models does reveal itself at the coup side of the 
head but not at cÒntre-coup side and at the foramen, where one would expect the pressure 
history for the elastic brain to mark out the maximum pressure levels for the visco-elastic 
brain. An explanation for this observation remains yet to be found. 



4. DISCUSSION 
Contact interface. The presented approach for modelling the interface between brain and 
skull with contact conditions yields favourable results compared to the ‘classical’ interface 
modelling (i.e. the coupled interface). The absence of negative pressures in the contre- 
coup region in the brain indicates a possible shortcoming in the applied interface conditi- 
ons. This lack is caused by the simplicity of the model for the interface between the cranial 
vault and its contents. The omission of the CSF in the presented model could explain the 
discrepancy between the pressure levels in the contre-coup region for the cadaveric tests 
of Nahum et al. [lo] and the validation simulation. Nahum et al. have measured subdural 
pressures in the CSF whereas in the simulations, the pressures in the brain were caieuiated. 
In the free interface model the brain lags behind the skull and recedes from the interface, 
creating a gap between skull and brain. In the real human head this gap can be filled with 
CSF flowing away from the coup site, the ventricles or spinal canal. Besides that, the gap 
could cause negative pressures in the fluid already present at the contre-coup site. The gap 
cannot be immediately filled up with CSF because its inertia prevents rapid flow to the 
contre-coup region. This phenomenon seems to prevail immediately after the impact cau- 
sing an increasing negative pressure and the decrease in negative subdural pressure later 
on can be explained as a result of the CSF flow towards the contre-coup side. Löfgren et 
al. [14] have shown that potential spaces exist within the spinal cavity and that the du- 
ral sheet around the spinal cord is probably a partially collapsed tube, while the venous 
vasculature in these areas is also easily compressed. Hence, the flow of CSF through the 
foramen will introduce an additional impedance in the system. Therefore, further impro- 
vement of the interface model could be accomplished by incorporating the CSE However, 
considerable problems may be expected when including the fluid-structure interaction of 
the CSF in the FEM model. 

Foramen magnum modelling. Influence of the foramen magnum on coup and contre-coup 
pressures is negligible for the coupled models. This was also found by Chu et al. [5]. The 
effect on the global head response of allowing relative displacement between skull and 
brain at the foramen will be marginal if the remainder of the skull-brain interface is cou- 
pled. Hence, this should not lead to the conclusion that modelling the foramen is not im- 
portant for the head’s response. Local foramen pressure peaks can indeed be influenced by 
the type of foramen modelling as can be seen by comparing the pressure histories for mo- 
del l and 2 in figure 4(c). The force-free foramen in the coupled model is not stress-frce. 
Furthermore, the pressure histories for the free interface models are substantially affected 
by incorporating the foramen in the FEM model. Which of the proposed foramen models 
is to be preferred for head injury research remains yet to be investigated. To that end, mor- 
phologic studies and in-vitro tests have to be performed to assess the boundary conditions 
existing at the foramen magnum. 

Neck constraint. The influence of a kinematic boundary condition to represent the neck 
was investigated by Ruan et al. [6] for lateral impacts with a single hinge support at the 
skull base. In the presented frontal impact simulations the head-neck constraint was mo- 
delled by two rigid beams moving the point of rotation towards the torso. The rotation 
predicted by the FEM model is rather small for frontal impact. In Nahum et al.’s experi- 
ments [IO], the cadaver heads displayed approximately the same behaviour although the 
impact conditions were somewhat different. Due to the neck constraint, rotational accele- 
rations are introduced which alter the pressure and maximum shear strain distributions In 
the head. The demonstrated response changes due to the neck constraint are considerable 



but like for the foramen modelling, usable experimental data for validating the modelling 
assumptions are not available. The lack of data for stress and shear distributions throug- 
hout the head is not likely to disappear since it is difficult to measure stress distributions 
in test specimens, which is essential for validating the neck model. 

Visco-elastic material modelling Compared to other model assumptions, the least impor- 
tant modelling assumption for the presented models seems to be the time-dependent devi- 
atoric material behaviour of brain. The used set of visco-elastic material properties were 
chosen rather arbitrarily, since the experimental material data presented in the literature 
lack consistency and completeness so that the quantification of model parameters from 
the data at hand is m!y pssib!e by Utilizing certah asrimptions. Therefore, the objec- 
tive of modelling visco-elastic brain material was not to match the model’s brain beha- 
viour to real brain behaviour, but merely as a parameter study to investigate the effect of 
time-dependent material behaviour on the global response of the head model. In that per- 
spective, the small differences in pressure histories indicate that the response of the brain 
material to the impact is dominated by short term (elastic) phenomena, but in default of 
more accurate brain material models, a profound study here, on the effects of different 
constitutive models for the brain on the head’s response does not seem sensible. 

General remarks The experimental data for intracranial pressures recorded by Nahum et 
al. are commonly used for validation of proposed FEM head (injury) models. For lack of 
-better experimentai data, vaiidation with these tests is justifiabie. But due to the shortage 
on test results it can be dangerous to rely only on the results of Nahum et al.’s tests. This 
is especially risky when utilizing the model for different impact directions and conditions 
than the model was validated with, because the response of the human head to impact is 
to a great extent non-linear. In that perspective, the need for proper non-linear material 
models for brain and skull becomes even more apparent. 

5. CONCLUSIONS 
o The presented head model with a free interface between skull and brain was vali- 

dated against the experimental test data measured by Nahum et al. [lo]. The resul- 
ting pressure histories for the free interface model were in better agreement with the 
experimental data than the results for the same model with a coupled interface. 
Simulations were performed with various versions of the validated model, obtai- 
ned by different combinations of interface conditions and foramen magnum models. 
The calculated pressure histories for these models indicate the importance of pro- 
per incorporation of these model features. For free interface models the calculated 
pressure levels are higher than for coupled interface models. Modelling a force-free 
foramen in the free interface models decreases the recorded pressures, whereas cou- 
pling at the foramen increases these pressures. A force-free foramen for the coupled 
interface models gave the opposite results. 
A kinematic restraint at the head neck junction can be an important modelling as- 
sumption, because it changes the deformation pattern within the brain. Peak pres- 
sures are no !onger concentrated at the interface in the coup region but have moved 
to the skull base. Similar results were obtained for the maximum shear stress distri- 
butions. 
Using different time-dependent deviatoric material behaviour €or the brain did not 
significantly change the head’s response to impact. This indicates that the pheno- 

e 

e 
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mena responsible for the pressure distribution in the brain predominantly depend 
on the short-term (elastic) material properties. 
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RECOMMENDATIONS 
The need for new test data for validation of the presented simulations is apparent 
since the impact simulations could not validated against existing experimental data. 
However, these data should not necessarily be obtained from cadaveric experiments. 
Preferable are experiments with physical idealizations of the head since they could 
prove to be more useful1 in parameteric studies. 
In default of proper material models for both skull and brain, the development of 
macroscopic constitutive models for these structures should be given considerable 
attention. 
With tine presented model; the inñuence on the head’s response of different combi- 
nations of the used and other modelling assumptions can be assessed. Ultimately, 
this could facilitate the development of a three dimensional head model. 
Numerical aspects of the head model, for instance the influence of mesh refinement 
in areas with steep stress and strain gradients, could be investigated. The knowlegde 
obtained from that research could also be used for developing a three dimensional 
head model. 
The substantial influence of foramen and neck constraint modelling on the head’s 
response indicates the possible importance of incorporating a detailed neck model 
in the head injury studies and it should therefore be considered. 
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