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Abstract

In this paper, recent progress on application of the Finite Element
Method (FEM) in the study of non-penetrating human brain injuries
is reviewed and classified under a framework. Unresolved issues and
possible solutions are discussed.
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1 Introduction

Brain injury is a major cause of death in many accidents, especially in traffic
accidents. According to a survey done in 2001 by Injury Surveillance, Health
Canada and Road Safety, Transport Canada, based on data from ten industrial
countries, the average deaths per billion vehicle kilometres travelled is 8.6.
That means nearly every one minute one person is killed by traffic accident
in this world. This number is still rising despite increased use of protective
devices such as seat belts, airbags, safety helmets, etc. Approximately 70%
of the death was due to brain injury. Brain injuries can be roughly classified
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into penetrating (or fractured) [40] and non-penetrating (or non-fractured)
[17]. As pointed out by Goldsmith [13] and confirmed by clinical findings,
skull fracture may occur with or without brain damage, and brain damage
may ensue without any damage to the skull. This may explain why the death
rate is still high even with the use of protective device. Protective device such
as a helmet may provide an effective protection from penetrating injury, but
it may have much less effect on non-penetrating injury.

The mechanism of non-penetrating injury is much more complicated than
that of penetrating injury. It is determined by the complexity and the fine
anatomical structure of human brain, Fig. 1. Roughly speaking, human brain

Figure 1: MRI image of human brain

consists of a hard skull, brain tissue and cerebrospinal fluid. The brain tissue
contains vasculature and nerve net. Brain tissue is much more fragile than the
skull and it is loosely connected and coupled to the skull. From the point view
of mechanics, the hard skull may provide effective protection against static
forces; The skull and the cerebrospinal fluid may act as damping materials and
absorb a certain amount of kinetic energy induced by an impact. Nevertheless,
a portion of the kinetic energy may still transmit into brain tissue through the
skull and the cerebrospinal fluid. For the difference in mechanical properties
of the skull and the brain tissue, the motion of brain issue will lag behind that
of the skull. It is generally believed that it is this type of relative motion that
cause damages in brain tissue.

Great progress has been made in preventing human brain from penetrat-
ing injuries. In recent years, the research focus has been shifted on to non-
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penetrated injuries. Research objectives have been mainly focused on the
following aspects:

• For a given impact, predict the response of human head, including de-
formation of the skull, the maximum pressure and maximum stress, es-
pecially shear stress in the brain tissue [2, 9];

• To establish and to improve head injury criterion (HIC) [54];

• To design protective device to more effectively prevent non-penetrated
brain injuries [6, 30, 60];

• To diagnose injury or pathological change in human brain in a non-
invasive way;

Adopted research methodologies and tools mainly include: analytical meth-
ods [7], physical experiments [35], and numerical simulations [10, 12]. There
are basically two analytical models. One is the lumped-mass system connected
by springs and dashpots; The other is the continuum systems with simplified
geometries and material properties. Some tissues are omitted to reduce com-
plexity. Due to the adopted simplifications, an analytical model can only
provide some conceptual and qualitative insight into brain injury. Physical ex-
periment has been a commonly used tool in investigating human brain injuries.
Due to safety and humanity reasons, physical experiment has not be allowed
to conduct on living human body. Therefore, animals, human cadavers and
inanimate physical models [14] have been used in physical experiments. For
the new legislation of animal protection, live animal experiment is even now
prohibited. Fortunately, in recent years with the great advances in computer
capacity and in various computational methods, numerical simulation typically
represented by Finite Element analysis has been becoming a more and more
powerful tool complementary to physical experiment. Even without accurate
geometric information and reliable material properties, numerical simulation
is still helpful to investigate mechanical mechanisms involved in brain injury,
and the number of required physical experiments can be largely reduced. The
Finite Element Method has been successfully applied in the simulation of pen-
etrating brain injuries and the produced data have been used in the design
of helmet and other safety devices for head protection. The Finite Element
Method can play an even more important role in revealing mechanical mech-
anisms of non-penetrating brain injuries.

The comprehensive survey conducted in [13, 14] set up a milestone for head
injury biomechanics. Since then some progress has been made, especially in
numerical simulation of brain injury. In this paper, only research on application
of the Finite Element Method in investigating non-penetrating brain injury is
reviewed. Although effort has been made to include all relevant information
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appeared in recent years, for the large volume of research conducted in this
field, some important information may still not be included in the references.
We apologize for any of such omissions.

2 Classification of recent research under a frame-

work

For the variety of research work that has been done, it is favourable to classify
them under a framework. There may be other ways for the classification,
the input-system-output framework shown in Fig. 2 is used in this paper.
In this framework, there are basically three major components involved in

Excitation

Human Brain

Response

Figure 2: Response of human brain to accident excitation

brain injury: excitation, human brain and response. The excitation can be an
impact or non-contact acceleration (or deceleration). From the point of view of
mechanics, the human head is considered as an isolated free body with support
conditions from the neck and other safety constraints, and represented by a
geometric model and a set of material parameters. The mechanical responses
of the human brain under an excitation include deformation of the head, stress
and strain distributions in the skull and in the brain tissue, natural frequencies,
wave impedance [49], etc.

Under the above framework, the relevant researches and their potential
applications are classified into three categories:

• Analysis and prediction: For problems in this category, all geomet-
rical information and material parameters related to human head are
assumed known, excitation conditions are also provided, responses of
human head are to be found. Based on the responses, potential injuries
are evaluated.

• Injury diagnosis: A representative problem in this category is defined
as follows: due to injury or pathological reason, there is some kind of
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change in brain tissue but the skull is still in a good condition. In clinic
it is highly desired that the change can be diagnosed using a non-invasive
way. To that end, a specific known excitation is applied and correspond-
ing responses are collected by a non-invasive technique. The responses
are then analyzed and compared with responses under normal conditions
to evaluate the change. One example is the measurement of intracranial
pressure (pressure within the brain). By applying a tolerable excitation
and measuring natural frequencies or wave impedance, the pressure can
be obtained without any damage to the skull.

• Impact identification: A typical problem in this category is defined
as: the geometrical and material parameters of human head are known,
the responses of human brain are somehow also measured, the aim is to
find out the injury causation. One application of the above research is
in the area of criminal investigation.

Several advances on application of FEM in study of non-penetrating brain
injury have been made in recent years. Under the above framework, recent
progress is classified and reviewed in the following.

2.1 Excitations

For the variety and complexity of excitations involved in human brain injuries,
they may be described and classified in different way using different criterion.
For example, excitations can be identified as static or dynamic. Dynamic
excitations such as impacts are more often encountered in accidents. Or, ex-
citations can be grouped into contacted [16, 15] and non-contacted [17]. In a
contacted excitation, kinetic energy is transferred from an object having large
momentum onto the head by a contact; Non-contacted excitation may be in-
duced by acceleration or deceleration. Contacted excitations can be further
described by its action location, direction, duration, the shape of the object,
etc. The main objective of research on excitations is to find out the most
dangerous case. It was found in recent research [1, 29], mainly by numerical
simulations, that rotational impulse and rotational acceleration (or decelera-
tion) may cause more severe damage to brain tissue.

2.2 Physical model

To uncover mechanical mechanism of brain injuries, the entire head must be
studied under the theories of mechanics. For that purpose, a physical model
must be established [34]. In mechanics, a physical model usually consists of a
geometrical model or geometric domain, a distribution of material parameters
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over the geometrical domain, appropriate boundary conditions and excita-
tion(s). The last one has been described in the previous section. The rest are
reviewed in the following.

2.2.1 Geometric model

Acquisition of geometrical model of human head is a necessary step for a quick
and realistic finite element modeling. The geometrical model is a base for the
generation of a finite element mesh. Furthermore, the geometrical model is
also a base for defining and associating material parameters. One big advance
in recent years is the availability of various medical imaging technologies such
as magnetic resonance imaging (MRI), computed tomography scanning (CT),
ultrasonic imaging techniques (UI), etc., for constructing geometrical model
of human head [3, 5, 26, 32, 37, 42, 44, 48, 53]. The complexity of a human
head geometrical model comes from two aspects: one is the complex geometric
structure of the bone; the other is the complexity of brain anatomy, which
can be appreciated from a slice of the brain shown in Fig. 3 and the zoom-in
structure around vasculature.

Vasculature

(a) (b)

Figure 3: Anatomy of human brain: (a) a slice, (b) zoom-in around vasculature

2.2.2 Material model

Attainment of accurate mechanical properties of the various materials of hu-
man head may be the most challenging task in numerical simulation, for the
complexity in material composition and for the many factors affecting their
properties. The constituents of human head are in multiple phases: solid,
fluid and visco-elastic tissue. The skull and the tissue are also inhomogeneous
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and anisotropic. The layers consisting of the scalp, the skull, the dura and
the pia-arachoid membranes form a natural protection to the inner soft brain
tissue [27, 28, 47]. Even for the solid materials, their mechanical properties are
very different. The skull is the hardest part, while the pia-arachoid membranes
are much softer. Different liquid substances exist in human head, blood, wa-
ter, cerebrospinal fluid, etc. These liquids have different viscosity and density.
The brain tissue is basically visco-elastic, but its mechanical properties are
even more complex for the inclusion of vasculatures and nerves [20]. On the
other hand, material properties of human head are affected by many factors.
First of all, there are big differences between a living body and a cadaver in
their material properties. Even for living body [39], its material properties
are affected by age [11, 35], gender, ethnic group, etc. Furthermore, the ob-
tained material properties are influenced by test conditions such as experiment
equipment [22], loading rate [38], temperature [43], etc. Recent progress on
acquisition of material properties of human head include measurement of local
material properties using non-invasive technique, e. g. the ”wave-in-a-tube”
technique [33], and the availability of atomic force microscope indentation [4]
for measuring material properties at micro and even nano scale.

2.3 Responses

Effects or responses caused by a non-penetrating impact on human head can
be roughly divided into two categories. The first category includes the instan-
taneous mechanical responses such as skull deformation [59], stress and strain
distribution [45, 46], pressure wave, etc. The other group consists of sequelae
caused by the mechanical responses, e. g. change in intercranial pressure, dam-
age of vasculature, coup and contrecoup brain contusion, etc. The correlation
between mechanical responses and sequel effects is still not fully understood.
For example, there are at least two theories developed for interpreting coup
and contrecoup brain contusion. One is the shear strain theory advocated
by Holbourn [21]; The other is the cavitation theory proposed by Gross [18].
Their limitations will be discussed later in Section 3. Obviously, acquisition
of mechanical responses such as stress distribution in brain is a very impor-
tant step to explore mechanisms of various brain injuries. Nevertheless, it is
extremely difficult to obtain these mechanical data, especially from a living
body, for their spatial variation, time dependence and limitations of currently
available instruments.

2.4 Finite element model

Physical experiment and numerical simulation are two mutually complemen-
tary tools for investigating mechanisms of brain injuries. With more and more
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knowledge accumulated on material properties of human head, the role of nu-
merical simulation is becoming more and more prominent. A finite element
model is established based on the physical model described in Sub-sections 2.2.
To reduce the required number of degrees of freedom (DOF), the head is usually
considered as a separated free body in finite element simulation, with proper
boundary conditions from the neck [31, 56, 57]. Finite element models have
been advanced from two dimensional [51] to three dimensional [36, 52, 58, 61],
from single-phase to multi-phase material model, from simple models consider-
ing only skull to more complicated ones consisting of both skull and brain tissue
[62]. Early finite element models mainly concentrated on the skull [19, 41], the
inner brain was completely ignored or simplified as liquid. More advanced
finite element models were developed in recent years by approximating brain
tissue as viscoelastic materials [39]. As assumptions and simplifications are in-
troduced in a finite element model, validation of finite element model against
original physical model is a necessary step before finite element results can be
used for clinical purpose [24, 25, 50, 55]. Validation of finite element model
has been done mainly against dummy model or cadaver. There are still a lot
of challenges to validate finite element model against living body.

3 Major Unresolved Issues and Future Work

Although advances have been made in recent years in applying the FEM to
study various brain injuries, especially in helping understand mechanisms of
non-penetrating brain injuries, there are still a lot of issues to be resolved
before finite element simulation can help in a clinical room. There are various
challenges, what discussed in the following are those issues that must be first
resolved before the rest can be swept out.

3.1 Issues of material model

Despite the fact that a large amount of research effort has been devoted to
the understanding and acquisition of material properties of human head, the
obtained knowledge is still in pieces. Further research has to be done to obtain
an integral picture about the material properties, especially on the following
issues:

• Living material properties were mainly obtained from animal experi-
ments. For the essential differences in species, it is not reliable to extend
and map the data to human being.

• Material properties of human head were mainly acquired from experi-
ments on cadaver that is very different from living human body.
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• Material properties were obtained from macro scale, which might not be
adequate for studying injuries happening at micro scale, e. g. damage of
brain blood capillary by an impact.

• Dependence of head material properties on age, gender, ethnic group,
etc., is not well understood and modeled.

• Material properties of human head constituents, skull, dura, brain, blood
vessel, cerebrospinal fluid, blood, etc., were investigated individually.
They were not studied in their natural conditions. The interactions
between the constituents are still not understood, which is crucial to
simulate the propagation of stress waves in the brain.

It is highly desired that a technique or instrument can be developed to collect
material property data from individual patients in an inharmful and quick way.
The collected data are then processed and a material model is esteblished
for finite element simulation. One possibility in this direction is the use of
ultrasonic image, as the propagation, reflection and scattering of ultrasonic
waves in solid media is closely related to the mechanical properties of the
media.

3.2 Issues of finite element model

A common misunderstanding about finite element simulation is that once all
the geometric representation and the material description of human head are
accurately obtained, the rest solution of the problem can be completely left
to a general purpose commercial software. The reality is that to make use
of a general purpose finite element software, assumptions and simplifications
have to be made on the geometric model and material descriptions to fit into
the frame work of the software. For example, in the reported finite element
simulations, blood vessels and nerves are simply excluded from the model, for
inconvenience or difficulties in simulating these details. Nevertheless, fracture
of blood vessel or damage in neural net is a major cause for death or for phys-
iological sequelae. A desired finite element model is a one that is not only
able to predict distribution of stresses and strains over the shull and the brain
tissue, but also has the ability to zoom-in to capture local stress concentra-
tion around vasculature. Another issue is related to the compxity of material
composition of human head. The material includes inviscid fluid, viscous fluid,
very soft and viscous tissue, more solid tissue and very stiff skull, etc. A finite
element model that is able to naturally incorporate all these materials and
realistically consider interaction between them is still not available. Actually,
the kinematics of these material ingredients should be described by different
finite element formulations. The solid materials should be described by the
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Lagrangian formulation, while the fluids are more appropriate to be repre-
sented by the Eulerian formulation. Furthermore, the Finite Element Method
itself also has some issues to be resolved. For example, large local deformation
may occur in brain tissue under impact. But it is well known that element
distortion due to large deformation is still an issue that is not well resolved.

3.3 Issues on understanding mechanical mechanisms of

brain injuries

Understanding mechanical mechanism of brain contusion is a very important
step for designing effective devices to prevent or to alleviate brain injury. Some
significant mechanical mechanisms of brain contusion have been revealed by
studies in recent years. For example, it is generally agreed that acceleration
and deceleration play an important role in brain injury. It was found that the
cerebrospinal fluid provides an effective damping to translational impulses.
But as a fluid can barely sustain any shear force, therefore, shear stresses and
shear strains induced by a rotational impulse can easily cause damage to the
bridging veins and lead to haemorrhaging and haematomas. Nevertheless, not
all mechanical mechanisms of brain injury are well understood. One example
is the coup and contrecoup brain contusion. Coup-contrecoup brain contu-
sion can occur with or without skull fracture. The case shown in Fig. 4 is one
with skull fracture. A strange phenomenon occurring in some coup-contrecoup

Coup
Contrecoup

Figure 4: Coup and contrecoup brain injury

brain contusions is that a bruise not only appears at the impact (coup) site but
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also on the opposite (contrecoup) site of the brain; Furthermore, the bruise on
the opposite site may be even more severe. There are basically two theories
available for interpreting this phenomenon, one is the shear strain theory [21],
the other is the so-called cavitation theory [18]. The shear strain theory is
based on the observation that the brain tissue is almost incompressible and
has a very low shear modulus. Therefore brain bruises can more often oc-
cur at places where high shear strains are developed. Shear strain theory is
highly supported by Chu [8] and Hunag [23]. By the cavitation theory, the
phenomenon is explained as, when the brain is struck by an impulse, a positive
pressure is produced on the coup side, and a negative pressure is generated on
the contrecoup side. A bubble is developed due to the negative pressure. A
sudden and violent collapse caused the contrecoup contusion.

However, it seems neither of them can satisfactorily explain the phenomenon.
For the shear strain theory, the contradiction is that high shear strain is more
possibly developed when a rotational impulse is applied; However, in clinic
it is more often observed that coup-contrecoup brain contusions are related
to translational rather than rotational impulses. The case shown in Fig. 4
was quite probably due to a translational impulse. The impact action line
is approximately through the mass center. Therefore, a large rotational ac-
celeration was not likely to develop. For the cavitation theory, the required
negative pressure for the bubble to collapse is thousands time higher than what
has been observed in clinic or simulated by the Finite Element Method [28].
Furthermore, both of the theories can not explain why the injury severity at
the contrecoup side is higher than that at the coup side, cf Fig 4. A more
convincing mechanism has to be explored.
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