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Abstract--In this study, a finite element model of the human
head has been developed to investigate the impact of a golf
ball. Skull and brain geometries are extracted from medical
images and their material models are considered to be linear
elastic and viscoelastic, respectively. The ball hits the frontal
area of the skull, and to evaluate the mechanical response of
the brain under different boundary conditions, two types of
fixed and free boundary conditions for the skull have been
used. The results show that the skull boundary condition
makes a significant difference in the brain's response to
impact even at impact durations of 0.7 ms. In the case where
the skull is fixed, extreme oscillations in the mechanical
response are seen and furthermore, the stress, pressure and
head acceleration increase significantly. The results of the
present study can be considered as a starting point for
investigating the effect of different boundary conditions in
human head models and evaluating the behavior of the brain
when hit by a projectile.
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1- Introduction

APPROXIMATELY 10 million people in the world suffer
from traumatic brain injury every year, and a significant
number of these patients face death or may be temporarily
or permanently disabled [1]. Study have shown that the
possibility of golf ball collision with players or people who
watch the game is common [2]. In the present study, a finite
element model of human head is developed by considering
the geometrical structure of the skull and brain. The stress
and pressure response of the brain is evaluated when the
golf ball hits the anterior area of the skull. The geometry of
the brain is obtained from medical images and incorporates
the bumpy surface of this tissue. Furthermore, in order to
investigate the effect of different boundary conditions on
the brain response, two types of simulation with free and
fixed skull are performed under similar impact conditions.
Thus, the effect of the type of boundary conditions in the

dynamics of the brain is examined.

2- Methods

In this study, the geometries of the skull and brain were
reconstructed from medical images of a 45-year male
subject. The brain and skull surfaces were first segmented
using the Mimics software, followed by pre-processing in
3-Matic. Subsequently, the finalized models were imported
into COMSOL Multiphysics for analysis. Parts (a) and (b)
of Fig. 1 illustrate the geometries of the brain and skull,
respectively. After constructing the brain and skull
geometries, the geometrical model of the golf ball was
designed according to the standard international
dimensions. In part (c) of Fig. 1, the position of the ball in
the final model is presented. Assuming isotropic
mechanical properties for both the skull and the golf ball,
they are modeled as linear elastic. In the present study, the
mechanical behavior of the brain tissue is considered
viscoelastic, and the relaxation shear modulus G(t) is
defined as follows [3]:

G(t) = G + (Go — Goo)exp(—Pt) @)

where G, G, and 8 are long-term shear modulus, short-
term shear modulus, and decay factor, respectively.
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Fig. 1. (a) Brain, (b) Skull, (c) The final model of the skull,
brain and golf ball.

A tie constraint was employed to define the interaction
between the brain and skull, while a penalty algorithm was
used to solve the contact equations. In this approach, the
contact pressure T;, is expressed as a function of the penalty
coefficient p, and the gap distance between the contact
surfaces g,, as:

. Po
Th = —Dugn + Do if gn <— 2
Pn
here, p, denotes the contact pressure at the initial collision
interface, corresponding to the condition where no gap
exists between the contacting surfaces.

3- Results and discussion

The initial impact of the golf ball with the skull occurred at
0.5 ms, and the contact persisted until 1.2 ms. The stress
responses of the brain in the coup and contrecoup regions
are presented in Fig. 2. In the coup region, during the
collision between the ball and the skull, the tissue exhibited
nearly similar behavior under both boundary conditions.
Over time, when the skull was modeled as free, the stress
decreased abruptly, followed by the arrival of a secondary
stress wave in the coup region, leading to another increase
in stress. However, Under the fixed boundary condition, the
brain experienced pronounced oscillations, indicating that,
after the impact, the head was unable to move freely and
the energy generated by the collision remained confined
within the brain tissue. The maximum von Mises stress
generated in the models of this study was related to fixed
boundary condition for the skull.
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Fig. 2. Brain tissue stress under fixed and free boundary
conditions for the skull. (a) Coup, (b) Contrecoup.

The intracranial pressure response of the brain during
collision with the golf ball under free and fixed skull
boundary conditions is shown in Fig. 3. During the initial
contact between the golf ball and the skull surface, positive
pressures ranging from 0.1 to 2.2 MPa were observed in the
coup region, while other regions experienced pressures
between 0 and -0.1 MPa. This positive pressure results
from the energy transmitted from the golf ball to the skull
and brain tissue during the impact. Over time, this energy
wave propagated through the brain tissue, reaching the
central region of the brain within 0.8 ms. A previous study
reported brain injury criteria of 0.05639 to 0.06712 MPa
and -0.04614 to -0.05827 MPa for intracranial pressure in
the coup and contrecoup regions, respectively,
corresponding to a 25-75% probability of brain damage
[4]. In the present study, the brain pressure ranged from -
0.4 to 0.5 MPa, exceeding these reported thresholds and
suggesting that impact by a golf ball can potentially cause
brain injury.
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Fig. 3. Intracranial pressure at time of 0.8 ms during impact
with the golf ball. (a) Fixed skull, (b) Free skull.

4- Conclusion

In the present study, a finite element model of the human
head was developed to investigate the effects of golf ball
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impact and to evaluate the resulting stress and intracranial
pressure responses under free and fixed boundary
conditions of the skull. When the skull was fixed, strong
oscillations were observed in both stress and pressure
responses. The maximum stress generated in the skull
during impact was 9 MPa, which is substantially lower than
the von Mises stress fracture threshold of 75 MPa reported
in previous studies. Furthermore, the maximum von Mises
stresses in the brain tissue were obtained under the fixed-
skull condition, with values of 0.009 and 0.018 MPa in the
coup and contrecoup regions, respectively. These values
exceed the reported thresholds of 0.0084 and 0.0078 MPa,
indicating that the stresses induced in the coup and
contrecoup regions during golf ball impact are sufficient to
cause brain injury.
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