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Mechanical properties of the brain–skull interface
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Knowledge of the mechanical properties of the brain-skull interface is important for surgery simulation and injury biomechanics.
These properties are known only to a limited extent. In this study we conducted in situ indentation of the sheep brain, and proposed to
derive the macroscopic mechanical properties of the brain–skull interface from the results of these experiments. To the best of our
knowledge, this is the first ever analysis of this kind. When conducting in situ indentation of the brain, the reaction force on the indentor
was measured. After the indentation, a cylindrical sample of the brain tissue was extracted and subjected to uniaxial compression test.
A model of the brain indentation experiment was built in the Finite Element (FE) solver ABAQUSTM. In the model, the mechanical
properties of the brain tissue were assigned as obtained from the uniaxial compression test and the brain-skull interface was modeled as
linear springs. The interface stiffness (defined as sum of stiffnesses of the springs divided by the interface area) was varied to obtain
good agreement between the calculated and experimentally measured indentor force–displacement relationship. Such agreement was

found to occur for the brain-skull interface stiffness of 11.45 
2

1

mm
Nmm−

. This allowed identification of the overall mechanical properties of

the brain–skull interface.
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1. Introduction

Recent developments in robotics technology, es-
pecially the emergence of automatic surgical tools and
robots, accelerated the recent interest in brain tissue
biomechanics for surgical simulation, computer-inte-
grated and image-guided therapy, and as a supporting
tool for diagnosis and prognosis of brain disease [1], [2].
For instance, a biomechanical model has been used to
simulate the brain shift during neurosurgery for ap-
plication requiring real time interaction involving
large deformations, non-linear material properties and
non-linear boundary conditions (BC). Craniotomy is
an example of a surgical intervention during which

brain–shift (movement of the brain) occurs due to
known and unknown physical phenomena such as
gravity, dural opening, surgical procedure, position of
the patient during surgery, tissue behaviour and loss
of Cerebrospinal Fluid (CSF).

A number of studies have been done to investigate
the mechanical properties of brain tissue to model
brain deformation for surgical inventions [3]–[15].
However, testing an isolated brain tissue is not ade-
quate to develop a biomechanical model of human
brain. The model should incorporate a boundary con-
dition which is a realistic approximation of the nature
of the brain–skull interaction. In the literature there is
no consensus regarding the mechanical properties of
the brain–skull interface. This is due to the fact that

______________________________

* Corresponding author: Karol Miller, School of Mechanical and Chemical Engineering, University of Western Australia (M050)
35 Stirling Highway, Crawley, WA-6009 Australia. Tel: +6186488 8545, fax: +61864881024, e-mail: kmiller@mech.uwa.edu.au

Received: December 11th, 2012
Accepted for publication: February 5th, 2013



M.M.G. MAZUMDER et al.4

very little has been known about the mechanical be-
haviour of the brain–skull interface. A detailed repre-
sentation of the brain–skull interface is shown in Fig. 1
[16]. From the figure it can be seen that cranial me-
ninges consists of three layers which are dura mater,
arachnoid mater and pia mater.

The brain–skull interface models used in the literature
are “best guesses” and their relation to reality is unclear
[2]. Techniques used in the past to model the brain–skull
interface include tied, frictionless or frictional sliding
contact, with or without brain–skull separation [18]–
[23]. The most straightforward way to determine the me-
chanical properties of the brain–skull interface would be
to conduct experiments on interface samples. However,
the exact anatomical structure of this interface is still
a hotly debated topic, which is partly related to difficul-
ties in extracting the interface samples without damaging
tissues that form the interface [16]. Therefore, in this
study we conduct in situ indentation of the sheep brain,
and propose to derive the macroscopic mechanical prop-
erties of the brain–skull interface from the results of
these experiments. To the best of our knowledge, this is
the first ever analysis of this kind.

2. Materials and methods

When conducting in situ indentation of the brain,
the reaction force on the indentor was measured. After

the indentation, one cylindrical sample of brain tissue
was extracted and subjected to uniaxial compression
test to determine the subject-specific mechanical prop-
erties of the brain tissue. A model of the brain indenta-
tion experiment was built in ABAQUSTM/Standard
finite element solver [24]. In the model, the mechanical
properties of the brain tissue were assigned to match
those obtained from the uniaxial compression tests. The
properties of the brain–skull interface were calibrated
so that the calculated indentor reaction force and de-
formations within the brain matched those measured
experimentally. The deformation field within the brain
was verified by tracking the 3D motions of X-ray
opaque marker implanted within the brain. This al-
lowed identification of the overall mechanical proper-
ties of the brain–skull interface. The study scheme is
shown in Fig. 2.

Fig. 2. Study scheme

2.1. In situ brain indentation
experiment

Fresh sheep head from a 38 month old sheep was
obtained from a local abattoir and kept at constant
temperature 4 °C. The dissection started one hour
prior to the experiment. A vibrating saw was used to
make a 4 cm × 2 cm rectangular opening into the skull
above the left hemisphere of the brain. A small cube of
cortex close to its surface was removed using a scalpel.
Thereafter, four X-ray opaque reference markers (di-
ameter 1 mm) were placed at the four corners of the
craniotomy area on the surface of the brain and these
markers were then used to determine the location of
the indentor during the experiment. Immediately after
that five (5) X-ray opaque (spherical steel ball) mark-
ers (diameter 0.5 mm) were inserted using a stainless
steel cannula (diameter .6 mm) into the brain in close
proximity to the area of indentation. These markers
were tracked by two OEC 9800 series mobile C-arms
to determine the brain deformation. The whole system

Fig. 1. Cranial Meninges (modified from Haines et al. [16])
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consists of two image intensifiers and two sources.
The OEC 9800 series by OEC Medical Systems Inc. Has
a 12-inch tri-mode image intensifier with 1.6 lp/cm cen-
tral resolution. The two mobile C-arms were posi-
tioned so that the imaging planes were orthogonal to
each other and the images were captured at a rate of
2 frames per second and with a resolution of 1024 ×
1024 pixels. A CT scan of the whole head was taken
after specimen preparation which was later used for
generating the 3D model of the sheep brain.

The 5948 Micro Tester Testing System was util-
ized for the in situ indentation experiment because of
its versatility. For the experiment the horizontal con-
figuration of the 5948 Micro Tester was used. The
micromechanical system of Micro Tester 3948 con-
sisted of a universal displacement actuator platform
with a displacement control of 20 nm [25]. A special
rectangular Perspex tray was used to constrain the
sheep skull for tracking the markers implanted inside
the brain during the experiment. An L-shaped indentor
was used to indent the brain in situ in the craniotomy
area. Schematic diagrams for the experiment and the
L-shaped indentor are shown in Fig. 3.

The loading speed of the indentor was kept con-
stant at 12 mm/min. The distance to maximum com-
pression (the indentor displacement was measured
from start of the contact between the indentor and the
brain tissue until the indentor reached the maximum
point of compression) was 4.8 mm. The whole ex-

perimental set up is shown in Fig. 4. To ensure a no-
slip boundary condition, sand paper was attached on
the face of the L-shaped indentor. It should be noted
that prior to this experiment several trial experiments
were conducted. Same protocols and methods were
used to conduct these trials.

2.2. Determining subject specific
material properties
of the brain tissue

After the in situ brain indentation experiment the
whole brain was extracted by dissecting the head us-
ing a vibrating saw. Then one cylindrical tissue sam-
ple was collected from the surface of the brain using
a hollow stainless steel metal pipe (diameter 18 mm)
with sharp edge. Because sheep brains are very small
(five times smaller than the human brain), the cylin-
drical sample was collected from the other side of the
brain to the side where in situ indentation was per-
formed. The height of the sample was 12 mm ap-
proximately. The same Micro Tester 3948 was util-
ized vertically for the uniaxial compression test of
sheep brain tissue. Following Miller and Chinzei [8],
the constitutive properties of brain tissue were deter-
mined through semi-confined uniaxial compression of
a tissue sample (see Fig. 5). During the experiment

a) 

L Shaped 
Indentor

Removed Brain
Brain-Skull Interface

Skull

Brain

Indentation Direction

Nasal Cavity
     b) 

Fig. 3. (a) Schematic diagram of in situ sheep brain indentation and (b) L-shaped indentor

Fig. 4. Experimental set up for in situ brain indentation
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sand paper was glued to the surface of both the fixed
plate and moving plate to maintain a no slip bound-
ary condition. The loading speed was kept constant
at 4 mm/min.

The brain tissue constitutive behaviour was mod-
elled using an Ogden-type [26] Hyperelastic model as
proposed by Miller and Chinzei [27]

)3(2
3212 −++= ααα λλλ

α
μW (1)

where: W – strain energy potential, λi – principal
stretches, µ – relaxed shear modulus, α – material
coefficient. Constants μ and α of equation (1) were
varied to obtain a calculated moving plate reaction
force–time history close to the relationship measured
from the experiments.

2.3. Determining
the mechanical properties

of the brain–skull interface

The geometry of the sheep brain was obtained
through CT images. To distinguish the brain paren-
chyma from the skull and other tissues, the CT images
were segmented using 3D SLICER (www.slicer.org),
an open source software package for visualization and
image analysis developed by Artificial Intelligence
Laboratory of Massachusetts Institute of Technology
and our collaborators in Surgical Planning Laboratory
at Brigham and Women’s Hospital and Harvard
Medical School. As we found the sheep brain ventri-
cles to be very small (of the order of 1 mm), we did
not distinguish them in the segmentation. The mesh
was built using IA-FEMesh [28] and HyperMesh (FE
mesh generator by Altair of Troy, MI, USA). For FE
discretisation, we used fully integrated hexahedral

elements with hybrid formulation to prevent volumet-
ric locking due to incompressibility of the brain tissue.
Following Miller and Chinzei [27], the brain tissue
was modelled as a homogenous Ogden-type Hyper-
elastic material with the constitutive constants deter-
mined from confined compression experiment as
mentioned in Section 2.2.

The indentor and the skull were treated as rigid
since they are orders of magnitude stiffer than the
brain tissue. As mentioned in section 2.1 the position
of the indentor was determined by using the four ref-
erence markers placed on the four surface corners of
the brain. In order to model the interaction between
the indentor and brain tissue, a contact interface
model was introduced between the indentor (rigid
body) and brain tissue (deformable body). For the con-
tact between the front face of the indentor and the brain
tissue, surface to surface hard contact formulations with
augmented Lagrange constraint enforcement were ap-
plied [29]. A rough contact behaviour (no slip is al-
lowed once the points are in contact) was used to repre-
sent the no-slip boundary condition between the soft
tissue and indentor during the experiment.

Fig. 6. ABAQUSTM model for the in situ
brain indentation experiment (Brain: 25644 nodes
and 22766 hexahedral elements; skull: 5241 nodes

and 5208 rectangular shell elements;
indentor – 1733 nodes and 3249 rectangular shell elements)
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Fig. 5. Uniaxial compression test to determine material constants: (a) experiment set-up of the semi-confined uniaxial compression test,
(b) uniaxial compression of brain tissue in vitro using 5948 Micro Tester



Mechanical properties of the brain–skull interface 7

The loading was applied through prescribed mo-
tion of the reference point of the indentor mesh and
with the constant speed of 12 mm/min. The skull
nodes were rigidly constrained during the simulation.

We used the Full-Newton non-linear implicit dy-
namics solver available in ABAQUSTM FE code. The
brain-skull interface was represented using 5240 lin-
ear elastic springs (0.3 mm length) connecting the
nodes on the outer boundary of the brain model and
skull (see Fig. 6).

2.4. Determining the brain deformation

The brain deformation was determined from the
movement of the X-ray opaque markers. The indentor
as well as the X-ray opaque markers were seen in the
images captured by the mobile C-arms. To accurately
determine the 3D displacements of the markers from
the X-ray images, a correction of the geometrical dis-
tortion was performed by accounting for the radial and
the tangential distortions.

The calibration of the mobile C-arm was done us-
ing a pinhole camera model in the same way as in Ma
et al. [30]. The camera calibration method proposed
by Zhang [31], [32] was utilized to calculate the cam-
era parameters of the mobile C-arms. The camera
parameters including the distortion coefficients were
calculated using the camera calibration toolbox for
Matlab [33]. Movement of the markers was tracked
along the X-ray image sequences using codes imple-
mented in Matlab (The Math Works, Natick, MA,
USA). Firstly, the image boundaries were removed to
choose the region of interest for the movement of the
markers. A morphological gray scale filter was used
to detect the markers from the X-ray images. The
marker positions were highlighted in the image by
performing a Top-hat Transform [34]. The disk
shaped structuring element was used to locate the
markers in the image. Subsequently, a thresholding
was used to extract the marker location and the loca-
tion of the markers was estimated as their centroid.
Between two consecutive frames the tracking code
only looked at the nearest neighbour location of a
particular marker to track and update the position of
the marker. It should be noted that the indentor loca-
tion was determined using the four reference markers
(1 mm diameter) placed on the surface of the brain in
the area of the craniotomy as mentioned in Section
2.1. The location of the markers was available from
the CT and X-ray images. The indentor location was
estimated by performing registration of the two co-
ordinate systems.

3. Results

3.1. Uniaxial compression test
to determine the subject

specific mechanical property

Figure 7 shows the comparison between the mod-
elling and experimental results of force magnitude
during uniaxial compression of the cylindrical brain
tissue sample. For the analysed brain, Ogden type
Hyperelastic material constants were determined as
µ = 720 Pa and α = –4.7. For the determined subject
specific material properties, the model accurately pre-
dicted indentor force–time history during the experi-
ment.

0 20 40 60 80
0

0.2

0.4

0.6

0.8

1

Time (Seconds)

R
ea

ct
io

n 
Fo

rc
e 

(N
)

 

 

Experiment
Simulation

Fig. 7. Uniaxial compression of sheep brain tissue sample:
comparison of modelling and experimental results

of the indentor reaction force–time history

3.2. In situ indentation of sheep brain

Figure 8 shows the comparison between the cal-
culated and experimentally measured indentor force–
displacement relationship during the in situ brain
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Fig. 8. Indentation of sheep brain in situ: comparison of modelling
and experimental results
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indentation. By using the subject specific material
properties determined in the previous section and the
linear springs representing the brain–skull interface,
the model of in situ brain indentation accurately pre-
dicted indentor force–displacement relationship dur-
ing the experiment. For indentation up to 4.8 mm, the
error in force magnitude is less than 5%.

Figure 9 shows the trial experiment results from
in situ indentation of the brain. The results from these
trials were similar to the one we showed above.

Fig. 9. Indentation of sheep brain in situ: experimental result
for the reaction force–displacement relationship

during trial experiments
(each curve represents one experimental result)

3.3. Determination
of the deformation field

within the brain

In this section the comparison of the 3D displace-
ments of the markers between the experimentally
measured values and predicted modelling values are
listed in Table 1. As the markers were not located at

the vertices of the brain model mesh, the markers
movement was computed from the nodal displacement
using shape functions of the first order hexahedral
element [35].

The maximum, minimum and average value of dif-
ferences between experimentally measured displace-
ment and predicted marker’s displacement are listed
Table 2. The average difference of displacement mag-
nitude was 0.6 mm. The direction of marker move-
ment indicates that the model predicted the brain de-
formation accurately (see Table 1).

3.4. Mechanical properties
of the brain–skull interface

The brain–skull interface was represented using
5240 linear elastic springs (0.3 mm length) connecting
the nodes on the outer boundary of the brain model
(Fig. 6) and skull. The interface stiffness (defined as
sum of stiffnesses of the springs divided by the inter-
face area) was varied to obtain good agreement be-
tween the calculated (using the model summarized
in Fig. 5) and experimentally measured indentor
force–displacement relationship. Such agreement
was found to occur for the brain–skull interface stiff-

ness of 11.45 2

1

mm
Nmm−

 (Fig. 8).

4. Discussion

In this study, we presented the results of experi-
ments on sheep brain indentation in the area of the
brain-skull interface and derived information about the

Table 1. Estimated marker displacements from the experiment and modelling

Markers Marker-1 Marker-2 Marker-3
Displacement

in different
coordinates

Modelling X-ray
image Modelling X-ray

image Modelling X-ray
image

X (mm) –0.06 –0.17 0.23 0.46 0.12 0.21
Y (mm) 0.61 1.09 0.41 0.88 0.31 0.61
Z (mm) 1.52 0.82 1.40 1.75 1.25 1.53

Table 2. Differences in marker displacements between the experiment and modelling

Unit: mm Maximum Minimum Average
Displacement in the X direction (mm) 0.23 0.08 0.14
Displacement in the Y direction (mm) 0.47 0.29 0.41
Displacement in the Z direction (mm) 0.7 0.28 0.44
Magnitude (mm) 0.8 0.4 0.6
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interface’s mechanical properties by complementing
analysis of the results of these experiments with brain
modelling (using non-linear FE procedures).

Firstly, in situ indentation of sheep brain was con-
ducted and the reaction forces on the indentor were
measured. Subsequently, cylindrical sample of sheep
brain was extracted and uniaxial compression test was
conducted to determine the subject specific mechani-
cal properties. Additionally, to determine the defor-
mation field within the brain, two mobile C-arms were
used to capture the displacements of the X-ray opaque
markers planted within the brain. Calibration of the
X-ray image intensifiers was done to correct any dis-
tortion present in the images. The 3D coordinates of
the markers were triangulated from those images.
Finally, a nonlinear Finite Element Model of the in
situ indentation experiment was built in the FE solver
ABAQUSTM and the properties of the brain-skull in-
terface models were calibrated so that the calculated
indentor reaction forces matched those measured ex-
perimentally. The 3D displacements of the X-ray
opaque markers were obtained from the nodal dis-
placements predicted by the FE model.

It was found that the developed Finite Element
Model accurately predicts the force–displacement
relationship of the indentor and 3D displacements of
the implanted X-ray opaque markers that represent the
local deformation of the brain (see Table 1). By repre-
senting the brain–skull interface as linear springs, we
obtained good agreement between the calculated and
the experimentally measured force–displacement re-
lationship (see Fig. 8) and the brain–skull interface

stiffness was determined as 11.45 2

1

mm
Nmm−

. Although

it can be regarded as a simple approach, linear springs
have been previously used to represent the interface
between the brain and skull for investigating injury
biomechanics [36]–[38].

It is hypothesised that the minor differences be-
tween the experimental and modelling results ob-
served in this study could be attributed to inaccuracies
in determining the geometry of the brain. During the
in situ sheep brain indentation experiment, the ge-
ometry of the sheep brain was obtained through CT
images. After that segmentation was performed using
3D Slicer and at the end IA-FEMesh and Hypermesh
were used to generate the brain mesh. The errors re-
sulting from segmentation and mesh generation proc-
ess contributed towards the discrepancies between the
experimental and modelling results.

The results presented here are based on experi-
mental studies. Therefore, one may expect several
experiments to be conducted before establishing the

modelling of the brain-skull interface. However, this
is a first ever experiment of its kind. The preparation
and method to conduct the experiment were very
challenging as the equipments (CT and Mobile C
arms) used during the experiment were primarily
utilized for the patients in the hospital. Due to the
complex setup of the experiment, seven in situ sheep
brain indentation trial experiments were conducted
before conducting the final experiment using CT and
X-ray imaging. These trial experiments were con-
ducted to check the repeatability of the experiment for
in situ indentation (see Fig. 9).

Another limitation of our study is the number of
specimens used to determine the subject specific ma-
terial properties of the brain. We used only one cylin-
drical sample to determine the subject specific mate-
rial properties of the brain due to small size of the
sheep brain. Additionally, the model was verified by
comparing the predicted displacement of the markers
with those derived from the experiment. It should be
noted that implanting markers inside the brain by us-
ing a cannula and a wire was an extremely difficult
task. We tried to insert the markers in proximity area
of indentation but it was not possible to track their
position in real time. During the experiment two of the
markers were occluded by the 5948 Micro Tester due
to the complex setup of the equipments.

Despite some limitations, this study presents ex-
perimental results collected on in situ sheep brain
indentation to determine the mechanical properties of
the brain–skull interface with quantitative assessments
of the brain deformation. The results presented here
suggest that the brain–skull interface should be repre-
sented using linear springs of this stiffness rather than
using sliding contact with no separation. More ex-
perimental work is necessary to validate the model of
the brain–skull interface. One should be careful to
extrapolate these results to human brain. Similar ex-
perimental and computational investigation for the
human brain should be conducted.
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