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Abstract

The human head is a highly complex structure, with a combination of hard and soft tissues and a variety of materials and
interactions. Many researchers have used computational approaches to model the head, and several human finite element
head models can be found in the literature. However, most of them are not geometrically accurate — for instance, the brain
is simplified to a smooth spherical volume, which poses some concerns regarding boundary conditions and geometrical
accuracy. Therefore, an advanced head model of a 28-year-old, designated as aHEAD 28 yo (aHEAD: advanced Head
models for safety Enhancement And medical Development), has been developed. The model consists entirely of hexahedral
elements for 3D structures of the head such as the cerebellum, skull and cerebrum, with detailed geometry of the gyri and
sulci. Additionally, it is one of the first human head approaches published in the literature that includes cerebrospinal fluid
simulated by Smoothed Particle Hydrodynamics (SPH) and a detailed model of pressurized bridging veins. To support the
model’s credibility, this study is focused on physical material testing. A novel comprehensive experimental-computational
approach is presented, which involves the brain tissue’s response to induced vibrations. The experiment successfully aimed to
validate the material models used in the numerical analysis. Additionally, the authors present a kinematical model validation
based on the Hardy experimental cadaver test. The developed model, along with its verification, aims to establish a further
benchmark in finite element head modelling and can potentially provide new insights into injury mechanisms.

Keywords Finite element head model - Numerical model - Material modelling - Induced vibrations - Head injury - Injury
criteria - Brain - Numerical simulation - Head kinematics

1 Introduction

Traumatic brain injury (TBI) represents a significant por-
tion of the global injury burden [1]. Annually, around 27
million TBI cases are reported worldwide [2]. Head trauma
may occur in a great variety of activities, from sports to road
accidents. The outcome of head impacts in some of these
activities can be very severe, resulting in long-term injuries
and permanent disability or death in the most extreme cases.
Therefore, TBI burdens healthcare systems and economies
through lost productivity and high healthcare costs [3].
TBI is caused primarily by falls and road injuries [4].
Over time, the increase in TBI incidence may continue
given increased population density, population ageing, and
expanded use of motor vehicles, motorcycles, and bicycles

Extended author information available on the last page of the article

[2]. In addition to the mobility patterns, the number of indi-
viduals involved in sports is rapidly increasing, supported by
the health benefits, and starting at very young ages. There-
fore, it is believed that TBI will continue to be a significant
burden in the future.

Finite element (FE) models of the human head have been
developed to study head injury mechanisms, to reconstruct
trauma events or simulate potential ones, from forensic cases
[5] and crash tests [6] to head impacts in motorsports [7,
8], contact sports [9] and military [10]. After validation,
such a model is a valuable tool for predicting head injury
on a virtual test basis and optimizing headgear [11], vehicle
structures [12] or surfaces typically involved in head impacts
[13, 14].

In the literature, there are several head models utiliz-
ing the finite element method (FEM), some of which have
been updated over the years by including more structures,
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improving geometrical accuracy and FE mesh, using ade-
quate non-linear constitutive models and FE formulation,
or simply verifying the model robustness and validation
by increasing the number of simulated case studies and
benchmarking [15]. Examples can be found in the fol-
lowing manuscripts published by Dixit [16], Fernandes
[17], Giudice [18]; Madhukar [19] and Wang et al. [20].
Although several models can be found in the literature,
most are not geometrically accurate. For instance, the
brain is a smooth spherical volume in most models. There
were recent concerns regarding boundary conditions
and geometrical accuracy. Still, the primary approach
involves employing linear tetrahedral FEs, which tend
to be a numerical burden since most human tissues are
incompressible, resulting in numerical locking problems.
Second-order tetrahedral elements are a solution, but at the
cost of higher computational time and possible negative
volume errors [21].

Most advanced FE head models already have dual-matter
brains e.g., published by Zhao [22], Zhou [23], or Wilhelm
et al. [24]. A few have recently considered modelling sulci
and gyri cerebral structures [25-27]. The studies concluded
that these structures are relevant to the overall behaviour of
the brain, especially for the prediction of intracranial rela-
tive displacement and injuries such as cerebral contusions.
Moreover, Weickenmeier et al. [26] considered white and
grey matters and gyri and sulci structures.

The relative motion between the skull and brain may
cause cerebral contusion or bridging vein failure leading to
subdural haematoma. Cerebrospinal fluid (CSF) is essential
to represent brain-skull relative displacement and intracra-
nial pressure. Recently, some research groups have focused
on fluid-structure interaction [28-30]. The CSF is usually
modelled as a solid volume with a low shear modulus and a
high Poisson’s ratio to make it easily deformable and incom-
pressible. Jin et al. [28] modelled skull-CSF-brain interac-
tion based on the arbitrary Lagrangian—Eulerian (ALE) and
overlapping mesh methods. It was found that the skull-brain
relative displacement and brain injury prediction may benefit
from implementing the ALE method. More recently, other
researchers have adopted the ALE formulation to model CSF
[30]. Another approach recently implemented to improve the
simulation of intracranial fluid—solid interactions is based on
using the smoothed-particle hydrodynamics (SPH) method
to model the CSF with particles — e.g. presented by Toma
[31] and Ptak et al. [24].

FE head modelling is currently used to understand several
aspects of head trauma. If properly validated, these models
can predict the occurrence of injuries and optimize safety
gear. Nevertheless, they must be developed taking into
account essential factors such as age, sex and anthropom-
etry to represent as broad a population group as possible if
aiming to be general studies [32, 33].
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This study presents an advanced FE head model of a
young adult male. A particular FE meshing strategy was
adopted, making it possible to model complex geometrical
structures such as the brain with high geometrical accuracy
using a good quality FE mesh employing first-order hexa-
hedral elements.

Additionally, white and grey matter detailed segmentation
and experimental tests on porcine brain matter were carried
out to validate the constitutive strategy adopted for this brain
model. As highlighted in [34], to provide mechanical proper-
ties for such models, there is a need to characterize mixed
grey/white matter samples. Likewise, the meshless SPH
method was employed to model the fluid—structure interac-
tion between the CSF and the other intracranial components,
filling the subarachnoid space with particles. The cerebral
vasculature, from high-calibre vessels such as the superior
sagittal sinus (SSS) and transverse sinus to the thinner bridg-
ing veins (BVs), including the veins of Labbé and Trolard
(or inferior and superior anastomotic veins, respectively),
was also modelled. The latter ones have been so far often
omitted, even in FE head models with detailed vasculature
systems and high levels of accuracy [35, 36]. After finaliz-
ing the modelling stage, the model was employed to simu-
late one of the benchmark tests, the relative displacement
between brain and skull, from Hardy experiments [37, 38].
As aresult, an advanced 28-year-old model, named aHEAD
28yo, was developed, which advances the state-of-the-art in
predicting the effects of brain trauma.

2 Materials and methods
2.1 Experimental phase

In the first phase of the experiment, brain samples were
tested using a shaking machine (specimen shaker) that
had been developed in-house. Fresh porcine brains were
obtained from a commercial slaughterhouse, and their use
did not require consent from any ethical or regulatory bod-
ies. The experiment was carried out in stable conditions to
minimize the influence of external factors on the experiment.
The shaking machine was created to minimize the influence
of gravity on the measurements — hence it was built horizon-
tally. The inductor — MTS Systems Model 2100E11 — was
connected to the base frame and rail, producing vibrations.
The test bench for vibration examination was designed as
a guide rail and carriage with an attached sample holder.
Vibrations were generated by the inductor attached to the
frame. Inductor output vibrations were transferred by a rod
to the test bench and sample holder Fig. 1.

The imposing signal was an audio file sent to a QSC
RMX?2450 amplifier that was directly connected to the
shaker. For imposing signal generation, a Python script was
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Fig.1 Stages undertaken in the physical material experiments: a
Preparation of the work stand b Cutting brain into samples ¢ Number-
ing the samples d Weighing each brain sample e Preparing the sam-

written, which created a.wav file with variable frequency
and sinusoidal amplitude. The script allowed the instrument
to impose a sine sweep test of constant acceleration, which
was used to find the resonance frequency of the system (see
the Python script in our repository https://doi.org/10.5281/
zenodo.7503989). The generated waveform was created
according to the following formula:

Logarithmic frequency change with respect to time:

fo=f-p

_ é)é M
ﬁ_<&

Imposed amplitude proportional to velocity (inducer con-
trolled by voltage):

a
v=2.ﬂ.f ()

where: where f is frequency, t is time, f is starting fre-
quency, f; is the frequency at the end of the test, 7" is the time
of the test, v is the velocity and a is the requested accelera-
tion. The test stand is presented in Fig. 2.

ples f In situ shaking machine experiment g Experimental measure-
ments h Measuring sample’s volume

All experiments were completed within 12h from the
animal’s death, and the brain tissue was refrigerated
(4 °C) during the time preceding the tests. Shortly before
the experiments, the tissue was cut into small samples,
approximately 20 X 30 mm, and allowed to reach room
temperature. It was important to identify from which part
of the brain the sample was extracted. During the experi-
ment, samples were taken from four parts of the brain:
the medulla, cerebellum, cerebral hemisphere and brain
nuclei. Each sample of the brain was put on a scale to
measure its mass. After this stage, it was important to per-
form the experiment as quickly as possible to prevent the
sample drying. After mechanical testing, the volume of the
sample was measured. A summary of all tested samples
is displayed in the repository files ‘Experiment sample:
https://doi.org/10.5281/zenodo.7503989as well as in the
appendix Table 3.

A single high-speed Phantom camera setup at 1,000 fps
was used with a 45° mirror, allowing the authors to record
two perpendicular sides of a specimen in one picture. This
invention was applied successfully, and it is recommended
by the authors. Due to the vibration movement of the exci-
tation, a high-speed camera was used to record several
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Fig.2 Designed specimen
shaker for the material tests

frames of the test bench with specimens in half of the cycle
— between the two extreme positions.

Results that were collected from the experiment are the
relative-to-base displacements of the characteristic points
on the specimen (Fig. 3). Point 1 is in the right-upper cor-
ner, point 2 in the middle of the sample and point 3 in the
left-upper corner. The sample video footage of the test is
presented here: https://youtu.be/Ox2klvF1_1c.

2.2 FEM model validation phase

The second phase of this research was the numerical mate-
rial model validation based on the sample behaviour with
induced vibration. Hence, we recreated the samples using
computer-aided design (CAD) software and conducted the

Fig.3 A sample on the shaker
with marked tracking points and
a reference base point
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simulations with LS-DYNA software [39]. The simulation
was conducted to mimic the real support and mounting of
the brain specimen, so the nodes on the bottom surface
were fixed in all degrees of freedom besides Y translation
(Fig. 4—eft). For these nodes, the extension in the Y direc-
tion was given by the displacement amplitude, which was
obtained from the physical experiment (Fig. 4-right). The
amplitude was equal to the amplitude of the base point,
which was tracked during the experiment via the high-speed
camera tracking software, TEMA. The highlighted sets of
nodes correspond to the tracked points in Fig. 3 The dis-
placement plotted in \* MERGEFORMAT Fig. 4 is a node
averaged value for each point.

The most suitable material model used for the experi-
ment — among the many tested by the researchers — turned
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out to be the material model presented in Total Human
Model for Safety (THUMS) [40], the parameters of which
are shown in Table 1. The validation procedure was
based on the displacement response to the induced vibra-
tions. All the tested material configurations, i.e. used in
THUMS, GHBMC (Global Human Body Models Consor-
tium) as well as Mooney-Rivlin and Ogden are available

Displacement [mm]

in the online repository (https://doi.org/10.5281/zenodo.
7503989).

The material model employed enabled the authors to
obtain a good correlation in terms of the displacement peak
values, i.e. the amplitude and wave period overlapping
— especially after 80 ms the physical specimen was stabilized
(Fig. 5). We could observe that the amplitude of the points
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Fig.4 Boundary conditions and tracked nodes on the discrete brain sample (left), the amplitude of the base applied as the boundary condition

along the Y axis (right)

Table 1 THUMS material
model parameters in LS-DYNA

Material Model

Parameters

for white matter [41] THUMS (Maxwell model)

p= 1000kg/m3 K =2160MPa G, = 6150Pa g = 0.065s~! G, = 12500Pa

-

o
n

Displacement [mm]
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Fig.5 Displacement with respect to time for experimental recordings and a numerical simulation for the THUMS mode for the track points/

nodes
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«Fig. 6 aHEAD 28yo discrete model: top-left — CNS structures; top-
right — grey matter; cerebellum and brainstem; middle — brain with
labelled structures; bottom-left — brain structures inside the skull;
bottom-right — CSF and pia mater

and corresponding nodes (#1 and 3), which were tracked
more remotely from the base, was higher than those placed
closer to the base (point #2). In other words, the closer to
the base the more excitation-like displacement with respect
to time was observed (Fig. 4 — right). We can explain this
by considering the viscoelastic properties of the brain mate-
rial and the material model in the FE simulation. The mate-
rial exhibited both viscous and elastic characteristics when
undergoing deformation. Interestingly, for some commonly
used models of materials in the literature [42—44], we could
observe close to rigid-body behaviour (all nodes having a
very similar displacement in time), which did not realisti-
cally mimic the true nature of the brain tissues [45, 46].

2.3 Model construction

Developing a numerical head model from medical imag-
ing is a highly complex task, requiring several stages and
approaches. The initial task was to use geometric segmen-
tation on medical images obtained from CT (Computer
Tomography), and MRI (Magnetic Resonance Imaging)
scanners in DICOM (Digital Imaging and Communications
in Medicine) format to obtain the geometry and discretize
the model with an FE mesh [47, 48]. Modelling a simplified
head can be regarded as a relatively straightforward task for
today's CAD/CAE tools [49]. However, increasing the com-
plexity and considering the minor details is tremendously
time-consuming work. The developing process can be split
into five stages: medical data acquisition and craniometry
measurements; CAD — structure segmentation and 3D mod-
elling; FE modelling and material tests; modelling of the
complex central nervous system; and, finally, verification
tests.

In the first stage, we gathered medical data and extracted
the main brain parts, such as the hemispheres, brainstem,
cerebellum and skull [24, 50, 51]. Segmentations were made
in the 3D Slicer program. Soft structures of the head, such as
the brain, are derived from MRI scans. Hard structures, such
as the skull, were developed based on computed tomography
(CT). Both medical examinations were obtained from the
same patient during the same examination — thus, the num-
ber of DICOM files was limited.

It should be noted that there are many soft tissues within
the brain. In addition, algorithms for recognizing soft human
structures are not well developed yet. Therefore, the whole
procedure required manual segmentation. This process
involved removing isolated and irregular clusters of voxels
and performing a stepwise segmentation, starting with the

white matter (WM) selection first and expanding the same
section to include the gray matter (GM). However, due to the
higher density of bone structures, skull segmentation could
be performed with greater use of automatic segmentation
algorithms.

The second stage used CAD software such as CATIA
and Meshmixer to create 3D geometries based on the medi-
cal images. At this point, we combined the geometry of the
skull and brain obtained in the segmentation process. Each
part was modelled individually, considering the structural
segmentation (i.e. white matter — gray matter).

In stage three, the 3D models were transformed into FE
software. The emphasis was put on the best element selec-
tion as it influenced several simulation details, such as the
computational time and result accuracy. It was decided to
use hexahedral and quadrilateral elements to remove typical
triangular and tetrahedral elements such as a constant-strain
triangle [52, 53]. The irregularities and complexity of intrac-
ranial structures made commonly used mesh algorithms fail.
It was necessary to use robust meshing algorithms from
Altair HyperMesh 2019-2021 to generate high-quality,
entirely hexahedral meshes for hard and soft tissues that
would preserve the unique sulci and gyri geometry. The ele-
ment size of finite element solids and shells was optimized
to approximately 1 mm, which takes recourse on the finest
solution of the input for the obtained medical data resolu-
tion (DICOM). Some smaller hexahedral elements with a
minimum Jacobian value of 0.3 — primarily found at the
most outer brain element layers — were used to reflect the
complexity of the geometry. Conventional models available
on the market represent CSF as hexahedral or tetrahedral
solid elements, which is a significant simplification. The
aHEAD model employs fluid—structure interaction by SPH
representing CSF flow during the impact [29].

Stage four was dedicated to modelling the intracranial
structures of the central nervous system. This action required
precise modelling and detailed FE mesh of the superior sag-
ittal sinus, bridging veins and the tentorium cerebelli. The
modelling process was based on MRI images and assisted by
neurosurgeons. The boundary thickness for the grey matter
was established as 2-3 mm. The final aHEAD young adult
model is displayed below in Fig. 6.

Since it was not possible to obtain a human body for
testing, the final stage was based on validating the model's
behaviour under load with the Hardy 755 test [54]. The lit-
erature's most frequently used head models are the Global
Human Body Models Consortium (GHBMC) and the Total
Human Model for Safety (THUMS) models [41, 55]. The
grade of detail is very high for a full-body model. How-
ever, since there is a stress concentration on the brain's gyri
and sulci, the level of detail in the head is not sufficient for
advanced brain injury analysis [56, 57]. Moreover, unlike
the presented aHEAD model, most available head models
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are symmetrical [58]. That is a significant simplification that
influences the outcome of the results. The mechanical prop-
erties used for the aHEAD 28yo person head model are pre-
sented in Table 2 (Appendix A), where v — Poisson’s ratio,
GO — shear modulus, G1 — Long-time (Goo) shear modulus,

Table 2 Mechanical properties of aHEAD 28yo head model

Mul — first shear modulus, and alpha-1 — first exponent for
Ogden Rubber (Hyperelastic) model material in LS-DYNA
code. The table with each model part and its material proper-
ties is included in Appendix A and in the online repository
(https://doi.org/10.5281/zenodo.7503989).

@ Springer
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Table 2 (continued)
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3 Results

Following Hardy et al., the simulation boundary con-
ditions were set [38]. The most frequently used test in
the literature is the C755-T2 test, which was used in this
paper. The test was measured and recorded using a 6-axis
accelerometer, which registered both linear and angular
acceleration. The output data was registered as six dif-
ferent acceleration functions with respect to time (three
translational and three rotational) and was used as an input
to the centre of mass in the FE analysis (Fig. 7). The veri-
fication of results was based on the relative displacement
of ten points placed according to the Hardy test. Note that
all the markers except P1 (grey matter) were in the white
matter in the numerical model.

(=] w

Linear acceleration (g)
w

Time (ms)

Angular acceleration (rad/s?)

The primary purpose of computer simulations is to
predict real phenomena. The methods of verification and
validation allow the reliability and credibility of computer
simulations to be determined and quantified. It should be
emphasized that the computational model is a discretized
approximation of a mathematical model. Validation is the
process of checking to what extent the FEM model repre-
sents a real phenomenon (biological object) from the point
of view of the future application of this model in practice.
However, due to the lack of experimental data, validating
the numerical model is a serious problem in computational
mechanics. In the literature in the field of brain mechanics,
there are few descriptions of experimental studies carried out
on dissection preparations of human cadavers, which allow
the numerical models to be related to these data. Currently,
in the literature, one of the best-described experimental

—— -

Point and
position CoG p5 p4 p3 p2 pl a5 ad a3 a2 al
(mm)
X 00 -372 -343 -338 -301 -263 124 126 130 133 136
Y 00 -306 -299 -295 -280 -279 -344 -334 -334 -337 -315
z 0.0 333 269 180 70 -28 395 280 225 72 -3.7

Fig.7 Hardy C755-T2 test boundary conditions
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studies of the influence of external forces on the response of
human brain tissues is that by Hardy et al. [38]. The essence
of this study was to analyze the displacement of the brain in
relation to the skull. It can be observed in the literature that
this experiment is one of the most frequently used tests for
the verification of numerical head models.

The above Fig. 8 depicts the comparison between the
experimental and numerical neutral density targets (NDTs)
relative displacement in both the X and Z directions. We
need to highlight here that the results differ significantly,
particularly for the last segment of the impact, to the rela-
tively high displacements reached with the FE model. For
the posterior column, the displacement history was similar
for the first 30 ms in the X-direction and approximately the
same for the first 20 ms in the Z-direction. A similar pattern
was observed for the anterior column in the X-direction,
although the magnitude in the first 30 ms was much higher
in the simulations and increased excessively afterwards. The
NDTs in the anterior column, in the Z-direction, did not
follow this pattern and were closer to Hardy's experiment.

Considering the level of detail of our model and multivar-
iate material testing, these findings are surprising — mainly
because several models are available in the literature that
successfully attempted the validation against Hardy’s
experiments. In comparison, other FE models available on
the market have simpler geometries (without sulci and gyri
structures), employ linear elastic constitutive laws, and use
solid FE elements to model fluids, such as CSF, often using
lower-quality tetrahedral elements. The authors hypothesize
about how easy it is to shift the overall behaviour of the
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entire model with fluid representation using solid elements.
The overall stiffness of the model highly influences brain
displacement.

4 Discussion

The development of human body models requires perform-
ing validation tests or parallel testing to ensure that the
assumptions employed are valid and adequate. Thus, the
authors decided to use porcine brain tissue from commer-
cial suppliers, which is not covered by the bio-ethical code
of conduct, to perform parallel testing of material models.
The use of a vibration test with a high-speed camera allowed
us to create benchmarks between the numerical model and
physical specimens. It turned out that many models of mate-
rials applied in LS-DYNA and Abaqus CAE that we tested
behave as rigid bodies, unlike the viscoelastic brain tissues
(see repository (https://doi.org/10.5281/zenodo.7503989)).

The displacement achieved at the end of the simulation
for Hardy’s test, particularly in the posterior column and for
both components, was higher than the experimental data.
Since additional novel validation of the material model was
carried out, and the model presented highly detailed geom-
etries, the potential issue might have been related to SPH
formulation. It was observed that the higher the distance
between the NDT and the CoG, the higher the displace-
ment. The authors assume that SPH formulation played a
role in the deformation mechanism. The untypical level of
CSF was also noticed in the images from Hardy’s C755-T2
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Fig.8 Hardy C755-T2 test results with FEM simulation curves for aHEAD 28yo head model
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experiment. However, it was reported that the level of CSF
in the cadaver's head was kept at a constant level. Hardy
conducted an experiment with an unprecedented degree
of meticulousness in preparing the specimen. The head, as
well as the cervical and a part of the thoracic spine, were
detached from the body, and after removing the spinal cord
part, the dural sac was sealed. Perfusion through the carotid
arteries and jugular veins was facilitated with an artificial
CSF. The vertebral arteries were left patent to ensure the
removal of air from the vessels. This preparation left no
significant amount of air in the vasculature, but there is a
concern about the ventricular system. Almost always, after
cutting an opening the dural sac, some air enters its lumen
and migrates to the lateral ventricles of the brain. In the
X-ray scan of the specimen with attached measuring equip-
ment (Fig. 9), supposedly taken just before the experiment,
there might be visible a bubble of air in the lateral ventri-
cles—marked as a blue arrow in Fig. 9. For the proper orien-
tation, the ground level during the scan was marked in blue.

The authors think one of the most significant achieve-
ments in the presented FEM is the use of SPH for CSF. The
density was set to 1e‘6kg/ m3 and the viscosity coefficient to
7¢~'°, which matched the fluid properties. The number of
particles was set to approximately 140,000. This approach
allowed the particles to move freely, representing the CSF
in the human skull. This is impossible for artificial CSF

Fig.9 A potential air bubble
in the lateral ventricles (blue
arrow), reproduced from [54]

@ Springer

modelled as incompressible solid elements prone to shear-
locking phenomena. The particles interact with the struc-
tural FEs using a penalty-based contact definition. There are
some published studies with CSF modelled by SPH. How-
ever, the studies implemented a simplified brain model and
were based on Hardy’s physical testing [29, 67]. Numerous
research groups, such as Madhukar [68], Duckworth [69]
Rycman [70] et al. have proved that SPH can be successfully
used in the representation of CSF.

Brain tissue material testing is still an open question in
science. Mechanical models and properties are far from each
other, and no solid standards or guidelines are acknowledged
by the scientific community in this field. New approaches
have been proposed by various authors. The most dominant
material testing approach is quasi-static compression, even-
tually tension. In this paper, the authors assumed that vis-
coelastic material should reveal its properties during cycling
load conditions. Those boundary conditions showed that
static material tests miss several aspects of the brain tissue
behaviour.

However, it should be noted that our results do not fit
Hardy’s test results, as do these FE head models, where
tetrahedral FEs or merged brain-to-skull formulations were
employed. This discrepancy cannot be treated as a dis-
qualification for any of these tests. From the start of our
research, we tried to establish a logical path for the series of
experiments that are described in the paper, revealing all the
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material data used in the simulations. We believe that data
tuning to obtain a better fit to Hardy’s results is a violation of
scientific ethics. At this stage, the discrepancy of displace-
ment results is clearly visible, yet the authors would like to
strongly encourage scientists to discuss these differences and
make a conclusion as to what might be the source of them.
The most desirable solution would be to conduct some new
cadaver tests. However, the European national rules are very
strict regarding cadaver testing. The budget and possibili-
ties of the project have not allowed the authors to proceed
with cadaver head experiments. Currently, the solution is to
compare the displacements of selected points from Hardy’s
experiment with numerical results. With the technology
continuously developing, it is suggested to prepare new
experiments and investigate brain behaviour under specific
loading, such as the one published by Alshareef et al. [71].

5 Final conclusion

The article is focused on an innovative material testing
approach for a new generation of FE head models based
on quality numerical mesh and CSF modelled as mesh-free
to mimic the real fluid behaviour during high mechanical
loading. Taking into account the extensive literature reviews
in the field of numerical modelling, it can be noted that the
developed numerical model is highly complex. The space
for CSF was filled using an SPH method, and this approach
allowed the CSF to have complex dynamics. In addition,
the aHEAD model consisted only of hexahedral elements
for 3D structures.

Experimental studies are an essential advantage of this
paper. Currently, there are significant discrepancies in the
literature on the results of experimental brain tissue tests.
Standard tests include stretching or compression of the sam-
ples. To date, the current validation of numerical models
consists mainly of comparing acceleration and deflection
force diagrams for fall and compression tests. Nevertheless,
bearing in mind the structure of the brain and the nature of
the brain tissue material, the authors decided to conduct tests
with oscillation displacement. The vibration tests are much
closer to the actual brain mechanical loading. Additional
trackers had to be applied on the specimen to provide char-
acteristic points for the motion analysis and digital image
correlation. Nonetheless, the presented method has several
limitations, which are covered in the relevant sections dedi-
cated to the challenges related to non-contact measurement
methods. Finally, the numerical simulation based on physi-
cal experiments proved that the brain material model used
in THUMS, among the other tested, is valid for the given
boundary conditions.

The second part of the study presents the aHEAD numeri-
cal head model developed to mimic the brain of a young

adult human. A high-detail geometrical representation char-
acterizes the model. Surprisingly, the Hardy C755-T2 valida-
tion test results differed from the experiment. However, the
authors presented a logical path for a series of experiments
to validate the material model used in numerical simula-
tions. We also highlighted some important issues in Hardy’s
experiments—the CSF infill in the cadaver’s skull might be
a factor which influenced the displacement curves depicted
in this study. As many researchers treat Hardy’s tests as a
benchmark, this issue will be explicitly verified. Moreover,
extensive cadaveric or tissue tests will be performed. Since
these kinds of studies are very rare, mainly due to ethical
concerns and cost burden, some new techniques and meth-
ods, such as the ones described in this study, will be further
developed to bridge the gaps in the state-of-the-art.

To conclude—the main goal of this work was achieved
by developing a comprehensive model of the human head,
addressing the non-linear material behaviour of both soft
and hard tissues, as well as complex material interactions.
There is a complete sulci and gyri geometry, pressurized
bridging veins represented by 2D elements, and CSF rep-
resented by the SPH particles. All 3D structures are rep-
resented only with hexahedral finite elements. Moreover,
relevant to achieve such a goal was the novel comprehensive
experimental-computational approach validating the numeri-
cal model at the tissue level. The developed model, along
with its double verification tests (tissue-level and Hardy
experimental cadaver test), aims to establish a benchmark
in numerical head modelling and can provide some new
insights into computational injury biomechanics.

Appendix A

Digital image correlation approach

The strain measurements with respect to highly elastic
materials are still a current scientific problem. Finite
strain assumptions are no longer valid for such compli-
cated cases as human brain tissue where axial anisotropy,
not void-free and not homogenous material is present
with hyper-visco-elastic behaviour. Thus a non-contact
measurement method is used. Digital Image Correlation
(DIC) is a technique which allows the measurement of
strain fields based on the movement of clusters of pixels
in the sequence of pictures or frames. With two cameras
setup, it is possible to obtain a three-dimensional strain
field, whereas a single camera setup allows obtaining a
plain strain field. In our approach, a single camera setup
was used with a 45° mirror which allowed us to record
two perpendicular sides of a specimen in one picture
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(Fig. 10). Due to the vibration movement of the exci-
tation, a high-speed camera was used to record several
frames of the test bench with specimens in half of the
cycle—between two extreme positions.

It needs to be underlined that these measurements
are not precise due to the post-processing of collected
records, which allowed us to perform only quantita-
tive analysis. In the limitations subchapter, the authors

this idea of measurements with other researchers even if
mixed quality has been obtained so far. The python scripts
used in the experiment are available in the online reposi-
tory referred in the manuscript. The summary of all tested
samples is presented in Table 3.

See (Table 3).

described precisely which factors lead to unsuccessful SeeFig. 10
strain field calculations. At this stage, we want to share
Table 3 A summary of all Sample number Mass [g] Volume [ml] Frquency 1st [Hz] Frquency 2nd [Hz]
tested samples
Sample 1 Medulla 2.1 2 35-45 -
Sample 2 Medulla 2.4 2.25 35-45 -
Sample 3 Cerebellum 35 3.5 35-45 60-100
Sample 4 Hemisphere 2.1 2 35-45 60-100
Sample 4 Hemisphere 1.9 1.5 35-45 60-100
Sample 6 Cerebellum 1.5 1.5 35-45 200-1000
Sample 7 Medulla 1 1 60-100 -
Sample 8 Medulla 1.1 1 35-45 60-100
Sample 9 Brain Nuclei 22 2 3545 -
Sample 10 Hemisphere 6.5 6.5 3545 -
Sample 11 Hemisphere 7.1 7 60-100 -

Strain Field [%]

Fig. 10 Digital image correlation: on the left — quality assessment of the picture, on the right — specimen’s strain field
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