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In this study, the authors developed the numerical model of brain structure to assess brain injury of
a person in military conditions. The numerical model aimed at analyzing changes in the mechanical
parameters of brain structure in the conditions of rapid overload. The results of our investigation are
intended to contribute to the explanation of the phenomena of degradation of brain structures among
soldiers.
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1. INTRODUCTION
Traumatic brain injury (TBI) is a global epidemic. The conflicts in Iraq and Afghanistan have
resulted in increased numbers of veterans who have experienced TBI. The US Department of Defense and the Defense and Veterans Brain Injury Center estimate that 22% of all combat casualties
from these conflicts are brain injuries. At the same time, 60% to 80% of soldiers who have other
blast injuries may also have traumatic brain injuries [1]. Furthermore, in recent years the number
of soldiers with the mTBI (mild traumatic brain injury) has increased significantly (Fig. 1) [2]. So
many soldiers have suffered traumatic brain injuries in Iraq and Afghanistan that military medical
experts have come to call it the “signature” injury of these wars [3]. It should be noted that the
frequency of TBI occurrence is estimated only on the basis of the number of hospitalized cases, and
the injured persons who do not request medical assistance or do not have access to medical care
are not taken into consideration [4]. Another reason here is the deep-rooted tradition of soldiers
hiding their physical pain and emotional turmoil for the benefit of the mission. Unfortunately,
many of these brain injuries cannot be determined immediately after the accident [5]. Thus, the
majority of victims live with the consequences of TBI for the rest of their lives without being aware
of it. Therefore, the Centers for Disease Control and Prevention (CDC) describes TBI as America’s
“invisible epidemic” [2].
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Fig. 1. Incidence of military brain injuries classified by severity, 2000–2014 [2].

From the mechanical point of view, traumatic head impact injuries occur when the human skull
and brain are rapidly subjected to intolerable levels of energy. One of the causes of brain injury
is relative brain motion with respect to the skull. In these traumatic events, a blow to the head
or sudden acceleration/deceleration of the head without a direct impact may lead to brain lesions
such as cerebral contusion, tears in arteries and veins, and tears of axons in the brain white matter.
Destructive changes of brain tissues are the cause of serious neurological and neurobehavioral
disorders. Depending on the injured region of the brain, soldiers may experience aphemia, aphasia,
alexia, apraxia, agnosia, amnesia, ataxia, and alterations in mood or motor coordination. It is
believed that neurocognitive dysfunctions result partly from excessive mechanical strains causing
diffuse axonal injury (DAI), neuronal death and intracranial hematomas [6].
The major threats to soldiers taking part in contemporary military conflicts include mines
and IEDs (improvised explosive devices), used mainly against armored military vehicles. Charges
detonated below vehicles pose extreme danger to the crews of these vehicles [7]. In this case, brain
injury can result from several external processes (Fig. 2): direct head impact with or from an object
(e.g., roof and floor of the armored vehicle, another helmet, or weapons), whiplash with no direct
head contact, vertical deceleration of the body (e.g., impact between the pelvis and ground), or
stress force to the body remote from the head (e.g., high-pressure hit to the thorax) [8].
a)

b)

c)

Fig. 2. Brain motions relative to the head for: a) a left side hit to the head, b) a left side hit to a vehicle
(whiplash), c) a fall with the impact between the pelvis bottom and a surface. Red arrows denote brain
movement at the moment of impact relative to the skull movement, black arrows in the brain denote negative
pressure or tension, and blue arrows denote the initial pressure direction. Based on the Thomas F. Budinger
– Editor’s Note in [8].

The most common result of an explosion under the vehicle is when a human body in the vehicle
is thrown by the explosion and collides with nearby objects for example, the head is hitting the
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vehicle’s roof (Fig. 2c and 3). Upon the charge detonation, depending on its mass and mode of
initialization, the resultant mix of shock wave and shrapnel shells may cause an impulse loading
to the vehicle’s floor. An explosion of a mine under the vehicle’s hull can cause the following: the
local effect, the global effect, vehicle being thrown up in the air and the secondary effect – its drop.
When it comes to the global effect, the reflected shock wave causes a displacement of the entire
vehicle. The global effect occurs after 10 to 20 ms after detonation. After the vehicle reaches the
maximum altitude determined, among others, by its mass and the exploding charge dimensions, it
begins to fall down after 100 to 300 ms [9] (Fig. 3).

Fig. 3. The impact of an explosion on a crew of armored vehicle.

As a result of the head impact with the vehicle roof, the brain undergoes displacement relative
to the skull and the bridging veins undergo the process of shearing, which leads to the development
of subdural hematoma. The biomechanical responses, in the form of internal stresses and strains,
could be responsible for TBIs. In a biomechanical analysis of the head under an impact force the
important brain injury criteria are intracranial pressures, strain, and stress.
A number of studies have pointed out that brain deformation or strain is a principal cause
of brain injury. Unfortunately, measuring the brain strain resulting from accelerations, especially
in vivo, is practically impossible during an impact [10, 11]. At the same time the physical models
require selection of mechanical properties of materials, which poses a considerable problem since
biological tissues are involved. Therefore, at present one of the most effective ways of identifying
the response of brain structures to loading is numerical modelling [12]. In particular, the finite
element method designed for models of irregular geometry, composite materials and complex loading
as well as complex boundary conditions is now the preferred method for studying head injuries
The development of head numerical models allows a better understanding of damage mechanisms,
response and tolerance levels.
Despite the recent efforts in the development of finite element (FE) human head models, a model
capable of capturing head responses by taking into account the cerebrovascular system during
a charge explosion under military vehicles has not been reported. In this work a new FE brain
tissue model is proposed to evaluate the extent of brain tissue injury as a result of an explosion
under a military vehicle. In our study, we analyzed the displacement of passengers’ heads due to
explosion under the armored vehicle. The main objective of the current study was to evaluate
the strains and stress in the main regions of the brain as predictors of damage and determine
the associations between brain tissue deformations and injury.

2. METHOD AND MATERIALS
2.1. Load conditions
In this study, we analyzed the impact of sudden load on the passenger in the vehicle due to
an explosion under the right frontal wheel. The boundary conditions were taken from previous
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numerical studies presented in [13]. The values used in this part were read from the sensors placed
on the head and neck of the anthropometric hybrid III dummy, which was located in the armored
transporter during the explosion. We analyzed the critical case when a soldier hit his head on the
roof of the vehicle. We analyzed both the responses of the passenger with seat belt and without
seat belt (Fig. 4).
a)

b)

Fig. 4. The passenger: a) with seat belt and b) without seat belt.

2.2. Head FE model
The geometry of the human tissue was obtained using medical images with a very thick mesh sampling. Next, the medical images were segmented using a medical imaging tool in which a simplified
3D geometry of the skull and the brain was formed. Subsequently, the model was imported into the
LS-DYNA program, where additional geometry of the brain structure was constructed. The head
model includes the skull, brain, cerebellum, meninges (dura mater and pia mater) cerebrospinal
fluid (CSF), sinus sagittalis superior (SSS), falx cerebri, tentorium cerebelli and bridging veins
(Figs. 5–7).
a)

b)

Fig. 5. FE head model: a) skull, b) brain.

a)

b)

Fig. 6. FE head model: a) bridging veins and sinus sagittalis superior,
b) falx cerebri and tentorium cerebelli.
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Fig. 7. The cross-section of the head FE model.

This model does not include the skin and neck muscles because they do not contribute to the
response of the brain tissue controlled by kinematic extortion. The bridging veins were divided into
the frontal, parietal and occipital regions. All simulations were conducted with LS-Dyna using an
explicit dynamic solving method. The head model consisted of 55 118 solid elements, 6238 shell
elements, and 151 beam elements. The element types and the corresponding FE numbers for each
anatomical component can be found in Table 1.
Table 1. Element type and number of corresponding FEs of the brain structure.

Brain structure

Element type and number of finite elements
Solid

Shell

Beam

27 577

–

–

–

3158

–

Pia Mater

–

2454

-

Cerebrum

15 333

–

–

Cerebellum

2508

–

–

CSF

9700

–

–

Skull
Dura mater

SSS and BV

151

Falx cerebri

–

270

–

Tentorium cerebelli

–

356

–

The numerical model consisted of heterogeneous multiphase materials. The results obtained by
Fahlsted et al. [14] and his rationale for the modelling of skull bones were used. The Young modulus
was assumed to be 15 000 MPa, the Poisson ratio is 0.22 and density is 2000 kg/m3 . The mechanical
values for dura mater were taken as in Kleiven [15] and Brands et al. [16], where the Young modulus
is 31.5 MPa, the Poisson ratio is 0.45 and density is 1130 kg/m3 . The mechanical properties of falx
cerebri and tentorium cerebelli were modelled in the work of Kleiven [15]. Mechanical parameters of
bridging veins in the frontal, parietal and occipital regions were estimated on the basis of mechanical
characteristics obtained in experimental studies on human samples made post-mortem and taken
from patients in whose cases a mechanical head injury was excluded [17]. Exemplary characteristics
of stress and strain for a bridging vein are presented in Fig. 8.
The brain tissue was modelled taking into account the viscoelastic properties with shear relaxation behavior described by:
G(t) = G∞ + (G − G∞ ) ⋅ e−βt ,

(1)

where G∞ – long-time (infinite) shear modulus, G – short-time shear modulus, β – decay coefficient,
t – time.
The solid materials used in this work were based on the research conducted by D. Baumgartner
and G. Belingardi. The mechanical properties of all the components of the head FE model are
summarized in Table 2.
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Fig. 8. Characteristics of stress [MPa] – strain [–] of the bridging veins [17].
Table 2. Mechanical properties of the head structure.

Young’s modulus [MPa] Density [kg/m3 ] Poisson’s ratio

Element
Skull

15 000

2000

0.22

31.5

1130

0.45

30

1130

0.45

K = 2200 MPa

1000

0.49

28.2

1040

0.45

31.5

1130

0.45

Dura mater
Pia Mater
CSF

∗∗

∗

SSS
Falx cerebri and Tentorium cerebelli

K = 1125 MPa

Cerebrum and

∗

G = 0.49 MPa

Viscoelastic model

G∞ = 0.0167 MPa

Cerebellum

β = 0.145 ms−1
∗

K – Bulk modulus,

∗∗

model – FLUID ELASTIC FLUID

3. RESULTS
As a result of the numerical analysis, the critical values of strain, stress and displacement for the
numerical components were obtained (Figs. 9–20).
● Results for the passenger with seat belt (Figs. 9–14):
a)

b)

Fig. 9. a) Maximum principal stress on the skull, b)von Mises stress.
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Fig. 10. Strain distribution on the brain.

Fig. 11. Shear stress in the brain.

Fig. 12. The von Mises stress on the brain.

a)

b)

Fig. 13. a) Axial force in the bridging vein, b) axial force on the superior sagittal sinus.
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Fig. 14. Strain distribution for falx cerebri and tentorium cerebelli.

● Results for the passenger without seat belt (Figs. 15–20):
a)

b)

Fig. 15. a) Maximum principal stress on the skull, b) the von Mises stress.

Fig. 16. Strain distribution on the brain.

Fig. 17. Shear stress in the brain.
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Fig. 18. The von Mises stress on the brain.

a)

b)

Fig. 19. a) Axial force in the bridging vein, b) axial force on the superior sagittal sinus.

Fig. 20. Strain distribution for falx cerebri and tentorium cerebelli.

The maximum values of each component are summarized in Tables 3–5.
Table 3. Maximum values for the skull.

Maximum values Passenger without seat belt Passenger with seat belt
Strain

0.08

0.47

Shear stress

19 kPa

42 kPa

Von Mises stress

34 kPa

73 kPa
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Table 4. Maximum values for the brain.

Maximum values Passenger without seat belt Passenger with seat belt
Principal stress

1294 MPa

361 MPa

von Mises stress

1108 MPa

479 MPa

Table 5. Maximum values for the other components of the brain.

Maximum values

Passenger without seat belt Passenger with seat belt

Bridging veins (BV) (axial force)
Superior Sagittal Sinus (SSS) (axial force)
Falx cerebri and tentorium cerebelli (strain)

0.5 N

0.3 N

15.88 N

16.59 N

0.02

0.24

Based on our numerical analysis and the experimental research described in the literature (Tables 6–10), we conducted an assessment of brain tissue destruction. In both passengers (with and
without seat belt) we noticed a fracture of the skull (Figs. 9 and 15). Even though the obtained
values of stress on the skull were higher in the case of a passenger without a seat belt, a greater
destruction of brain tissue, including neurological dysfunctions, was observed in the passenger wearing a seat belt (Figs. 16–18). The analysis of strains shows that in the passenger with seat belt
a structural failure occurs and the probability of the occurrence of mild TBI in the brain is 80%
(Table 7). On the basis of the analysis of shear stress (Table 9) and von Mises stress (Table 8) we
found that the passenger with seat belt suffered from concussion and moderate neurological lesions.
However, in case of the passenger wearing seat belt the probability of severe neurological lesions and
axonal damage was 50%. Furthermore, in the same passenger we observed a diffuse axonal injury in
the midbrain region. Rapid movements of various parts of the brain and cerebellum resulted in the
compression of the falx cerebri and tentorium cerebelli (Figs. 14 and 20). Another important factor
in intracranial injuries is rupture of the bridging veins. The large displacement of the brain relative
to the skull caused the interruption of the bridging veins and formation of subdural hematoma.
Table 6. Various proposals for thresholds of skull criteria in the literature.

Reference

von Mises stress

McElhaney et al. [18] 34.47–103.42 MPa – Skull fracture
Schaller et al. [19]

153 MPa – Skull fracture

Table 7. Various proposals for thresholds of brain structure criteria in the literature.

Reference
Galbraith et al. [20]

Strain
> 0.25 – Structural failure
> 0.20 – Functional deficit
< 0.10 – Reversible injury

Shreiber et al. [21]

> 0.188 Blood-brain barrier injury

Bain and Meaney [22]

> 0.13 – 25% probability of mild TBI (conservative)
> 0.18 – 50% probability of mild TBI (optimal)
> 0.28 – 80% probability of mild TBI (liberal)

Zhang et al. [23]

> 0.14 – 25% probability of mild TBI (conservative)
> 0.19 – 50% probability of mild TBI (optimal)
> 0.24 – 80% probability of mild TBI (liberal)

Deck and Willinger [24] ≥ 0.18 – Axonal damage
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Table 8. Various proposals for thresholds of brain structure criteria in the literature.

Reference

von Mises stress

Zhou et al. [25]

≥ 11 kPa – Brain injury (in car accident)

Kang et al. [26]

≥ 15 kPa – Brain injury (in motorcycle accident)

Miller et al. [27]

> 7 or 8.6 kPa – Contusion

Anderson et al. [28]

≥ 27 kPa – Brain injury (live animal testing)

Newman [29]

≥ 20 kPa – Mild traumatic brain injuries (TBIs)

Willinger and Baumgartner [30] 15–20 kPa – Injury (concussion)
Baumgartner et al. [31]

> 27 kPa – 50% probability of moderate neurological injury
> 39 kPa – 50% probability of severe neurological

Baumgartner and Willinger [32] > 18 kPa – 50% probability of moderate neurological lesions
> 38 kPa – 50% probability of severe neurological lesions
Deck and Willinger [24]

≥ 26 kPa – Axonal damage

Table 9. Various proposals for thresholds of brain structure injury criteria in the literature.

Reference

Region

Shear stress

Claessens et al. [26] Midbrain

11–16.5 kPa – Severe Injury

Anderson et al. [33] Midbrain

8–16 kPa – Severe Injury (mild diffuse axonal injury or DAI)

Zhang et al. [23]

6.2–10.6 kPa – Injury

Midbrain

3.4–7.2 kPa – Non-injury
> 6.6 kPa – Injury

Zhang et al. [23]

Midbrain

Zhang et al. [23]

Upper brainstem > 7.8 kPa – 50% probablility of mild TBI (optimal)

Zhang et al. [23]

Thalamus

3.3–5.7 kPa – Injury

Table 10. The maximum force tearing the bridging veins in various regions of the head [17].

Mechanical properties of the bridging veins Frontal region Parietal region Occipital region
Fmax [N]

0.43

0.53

0.64

A numerical analysis of the distribution of the maximum forces acting on the vessel was carried
out (Figs. 13 and 19). Based on the limit values [17] (Table 10), it was found that the bridging
veins and superior sagittal sinus in the frontal and occipital region were damaged in the passenger
without a seat belt.
4. CONCLUSIONS
The presented study focused on the analysis of changes in the mechanical parameters of the brain
structure that have been affected by heavy impact loading. We analyzed the effect of mechanical
forces on the brain tissue of passengers in the vehicle. The numerical results were compared with
the experimental studies described in the literature and this allowed us to provide the neurological
assessment. Head injury is a result of a series of mechanical interactions. This study provides new
insights into brain injuries among soldiers. The initial state (position) of a soldier is an important
factor influencing the obtained results. We concluded that the use of seat belt changed the trajectory
of head movement causing a larger displacement in the horizontal direction. At the same time, the
use of seat belt eliminates the risk of the head contact with the vehicle roof, as it is shown in
the distributions of stresses on the skull. In both cases the skull was fractured. Despite the fact
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that the stress values on the skull were three times higher for the passenger without a seat belt,
greater neurological damage occurred in the passenger wearing a seat belt. This is due to a rapid
displacement of the brain weight relative to the skull as a result of a sudden jerk. It is interesting
that damage to the bridging veins was observed in the passenger without a seat belt. Analyzing
the distributions of axial forces on the bridging veins and superior sagittal sinus we found that
the damage occurred in the outflow cuff segment (point connection of BV with SSS). This fact is
consistent with the literature because damage occurs most frequently in this region [34]. Gradually,
high shear stresses are concentrated at the white matter and corpus callosum. As expected, with
an increase of the shockwave, the maximum averaged shear strains will increase and decrease,
respectively. Mechanically induced brain deformation at a particular region, or site, as a consequence
of applied loading, may determine a particular type of brain injury. Outcomes from our model can be
employed to establish a relationship between the severity and scope of the functional, or structural,
failures and the extent of the input impact loads. The conducted numerical analysis, combined
with widespread experimental studies can be of utmost significance in the assessment of stroke and
impact loading effects among soldiers taking part in combat operations.
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