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Backgrounds: The maxillofacial region is the exposed part of the human body and is susceptible to 
injury due to the limited protective equipment. Due to anatomic proximity of the maxillofacial skeleton 
and cranium, the force can be transmitted directly to the brain in case of maxillofacial impact, maxillofacial 
injuries are often accompanied with craniocerebral trauma. Therefore, it is necessary to study the 
biomechanical response mechanism of trauma to improve prevention of traumatic brain injury (TBI).
Methods: To investigate the biomechanical mechanism between the two injuries, a finite element (FE) 
head model including skull, midfacial bones and detailed anatomical intracranial features was successfully 
developed based on CT/MRI data. The model was validated by comparing it with one classical cadaver 
experiment. During the simulations, three different load forces were used to simulate common causes of 
injury seen in the clinic including boxing-type impact injury and car accident-type impact injury, and four 
locations on the model were considered as common injury sites in the midface. 
Results: Twelve common impact scenarios were reproduced by FE simulation successfully. Simulations 
showed that there was a linear relationship between the severity of TBI and the collision energy. The 
location of TBI was directly related to the location of the impact site, and a lateral impact was more injurious 
to the brain than an anterior-posterior impact. The relative movement between the skull and brain could 
cause physical damage to the brain. The study indicated that the midfacial bones acted as a structure capable 
of absorbing energy and protecting the brain from impact. 
Conclusions: This biomechanical information may assist surgeons better understand and diagnose brain 
injuries accompanied by midfacial fractures.
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Introduction

The maxillofacial region is an exposed part of the human 
body and, as such, is susceptible to injury due to its limited 
protective capability. Maxillofacial injuries are common in 
traffic accidents, and in boxing, sports, and other violent 
incidents (1-3). Compared with upper face and lower face, 
the middle face area is so special that it contains most 
complex structures, includes many bones that form an 
integrated bone complex by bone sutures. The midfacial 
bone is rigidly connected with the skull base by suture, so 
force can be transmitted directly to the brain in the event 
of midfacial impact, therefore midfacial injuries are often 
accompanied by craniocerebral trauma. Bellamy et al. (4) 
reported on 3,291 patients with midfacial fractures and 
found that 21.3% of them had intracranial injuries, of which 
6.3% died. Zandi et al. (5) evaluated 2,692 inpatients with 
maxillofacial trauma and found the rate of head injuries 
associated with facial bone fractures was 23.3%. The most 
common associated head injury was concussion, followed 
by cerebral contusion and skull fractures. Some research 
has suggested that fracture of facial bones, especially bones 
that are in anatomic proximity to the cranium, was a marker 
for an increased risk of head injuries (5-8). The analysis 
of mechanical processes and responses to injury can help 
surgeons better diagnose unsuspected brain injuries.

The traditional models of craniofacial injuries mainly 
include animal models, human cadaver models and 
anthropomorphic test devices (9,10). Although human 
cadaver models have similar anatomical structures and 
biomechanical tissue properties as the live human body, 
they have been greatly limited due to poor reproducibility 
and ethical concerns. The structure of anthropomorphic 
test devices is usually simplified so that complex mechanical 
details cannot be obtained. With the development 
of computer science, the finite element (FE) analysis 
offers a cost-effective method for solving complex 
mechanical problems with complicated geometries of 
traumatic situations via numerical simulations in a virtual 
environment, and the method is widely utilized in medical 
research for the study of biomechanical mechanisms in the 
head region. Since the 1970s, human head modeling based 
on FE analysis, which is used to predict the head injury risk 
and final injury location, has been a research hotspot. The 
first FE head model was proposed by Ward (11) to simulate 
impact injury based on cadaver tests. Subsequently, several 
FE head models have been reported in the literature in 
recent decades. A typical high-quality FE head model was 
developed in 2013 by Wayne State University (12). The 

robustness of the model was checked by 35 loading cases 
based on cadaver mechanic experiments.

To date, studies of head biomechanics using the FE 
analysis method have mainly focused on impact injury, 
explosion injury, firearm injury and helmet design  
(13-15). Most of them concern the biomechanical 
mechanism of head injury sustained by pedestrians, 
motorcyclists and vehicle occupants in road accidents. 
The impact force in accidents often causes severe head 
injuries, such as fractures, contusions, and hematomas. 
The FE simulation on this type of injury is more focused 
on craniocerebral trauma instead of facial injury. Some 
researchers have already begun to investigate the association 
of craniocerebral trauma with facial injury. Tuchtan et al. (16)  
investigated the forces transmission to the skull in the 
case of mandibular impact. Tse et al. (17) focused on stress 
distribution on the skull and brain in nine cases of facial 
impact. Compared to the clinical phenomenon mentioned 
previously, midfacial fractures are often associated with 
craniocerebral injury. According to the authors' knowledge, 
there have been few FE analysis-based studies investigating 
the biomechanical mechanism between the two injuries.

In order to understand this kind of injury mechanism, 
this study develops a human FE model with skull, midfacial 
bones and detailed anatomical intracranial features. The aim 
is to simulate twelve collision scenarios, with three different 
forces respectively imposed on four common injury sites 
in the midface. It is anticipated that this will enable us 
to obtain more information about stress distribution 
on the brain after midfacial impact and will also aid in 
understanding the aetiopathogenesis of traumatic brain 
injury (TBI) after blunt facial skull impact. We present the 
following article in accordance with the MDAR reporting 
checklist (available at http://dx.doi.org/10.21037/atm-21-
134).

Methods

FE model description

In our study, geometrical information of the human skull 
and brain were obtained from CT and MRI images of a 
healthy man (35 years old, 1.81 m, 74 kg). The data were 
saved as the DICOM (digital imaging and communications 
of medicine) standard and imported into the image 
processing software MIMICS 16.0 (Materialise, Leuven, 
Belgium). The bone and brain geometry were created from 
CT and MRI data respectively. Cerebrum, cerebellum and 
brain stem were reconstructed in MIMIC and the other 
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main anatomical components (cerebrospinal fluid, falx 
and tentorium) were added in the meshing process. The 
meshing was produced using HyperMesh v10.0 (Altair 
HyperWorks, Troy, MI, USA). Twelve impact simulations 
mentioned above were performed in Patran/Nastran2012 
(MSC.Software, USA) with an 8-cores workstation. The 
entire FE model is composed of 42,662 nodes and 223,152 
linear tetrahedral elements. The total mass of the model is 
4.132 kg. The bone, brain and cerebrospinal fluid (CSF) 
were developed using tetrahedral elements, and the falx and 
tentorium were developed using three-node shell elements 
(Figure 1). The thickness of the falx and tentorium was 
defined as 0.3 and 0.35 mm, respectively. All the FE model 
parts were defined as homogeneous and isotropic materials. 

The bone, CSF, falx and tentorium were modeled with 
linear elastic materials. CSF was modeled as a layer of a 
solid element with fluid-like properties and the coefficient 
of friction was 0.2. A viscoelastic law was implemented 
for the brain. This law was described by Herrmann and 
Peterson (18) in terms of relaxation shear modulus as 
defined by the following expression:

( ) ( )0
tG t G G G e β−

∞ ∞= + −  [1]

where G0, G∞ and β represent the short-time modulus, 
the long-time modulus and the decay constant, respectively. 
All the material properties that were acquired from 
published literature are shown in Table 1.

Figure 1 The FE head model: 3-D model of the various components (A), The meshed Talx and Tentorium (B), The integrated FE model (C) 
and coronal view (D). FE, finite element.
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Numerical simulation

According to previous cadaver experiments (24-26), the 
middle section of the load curve is approximate to a half 
cycle of one sine. Because the collision time is very short 
(t=0–0.01 s), the impact force can be equivalent to transient 
load. According to the law of conservation of momentum: 
F·t=m·∆v, the transient impact load curve function is 
derived in the following steps:

( ) ( )
2

2 2
0 0

0

2max sin max cos max max
2

T
T T T T m vm v F t dt F t dt F t F F

T T
π πω

π π
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π π
  ⋅ ⋅ ⋅ = = ⋅ ⋅ = ⋅ ⋅ − ⋅ = ⋅ → =    

∫ ∫    [2]

In order to fit the experimental load curve, the width and 
amplitude of the function curve can be changed. Thus, we 

can make the impact load curve function as:

( ) ( )( ) ( )2max sin sinm vF t F a t b c a t b c
T T
π πω ⋅ ⋅  = ⋅ ⋅ ⋅ − ± = ⋅ ⋅ ⋅ − ± 

 

( ) ( )( ) ( )2max sin sinm vF t F a t b c a t b c
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 [3]

The collision duration is t (0–0.02 s) and the sine period 
is 0.002–0.008 s.

In our experiments, three different load forces were 
used to simulate common causes of injury seen in the 
clinic. The first two settings (FE001:m=1.67 kg, v=6.7 m/s; 
FE002:m=1.67 kg, v=11 m/s) were used to simulate boxing 
injury (27). Another setting (FE003:m=5 kg, v=11 m/s) 
was used to simulate car accident injury. According to the 
formula deduced above, the impact load curves of three 
cases were obtained (Figure 2). Four locations (nasal bone, 
frontal bone, margo infraorbitalis, zygomatic bone) in the 
midface were considered as common injury sites seen in 
the clinic (Figure 3). Therefore, twelve common impact 
scenarios were simulated.

Actually the process of craniocerebral impact injury 
includes several stages, including stress transmission injury 
in primary stage and inertial loading injury in later stage. 
Due to the large amount of calculation, It is very difficult 
to simulate the whole process. So in this paper, only the 
primary stage of the impact injury was simulated.

FE model validation

The model was validated by comparing it to the cadaver 
experimental results of frontal impacts conducted by Nahum 
et al. (24). In Nahum’s study, the foreheads of postmortem 
human subjects (PMHS) were impacted by a rigid impactor. 
To reproduce the same conditions as the experiment, the 
skull was rotated forward so that the Frankfort anatomical 
plane was inclined 45° to the horizontal. According to case 
37 loading condition in the experiment, the model was 

Table 1 Material properties of the FE model 

Parts
Linear elastic

Density (kg/m
3
) Young’s modulus (MPa) Poisson’s ratio

Bone (19) 1,800 15,000 0.21

CSF (20) 1,040 1.314 0.4999

Talx and Tentorium (21) 1,130 31.5 0.45

Brain (22,23)* 1,140 G0=0.528, G∞ =0.168, β=35 s
−1

0.48

*, Viscoelastic G(t) = G∞ + (G0−G∞)e
−βt

. FE, finite element; CSF, cerebrospinal fluid.

Figure 2 The impact load curves of three cases.
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frontally impacted by a 5.59 kg rigid cylindrical impactor 
with an initial velocity of 9.94 m/s. The results showed 
that impact force, head acceleration and frontal pressure 
were in good agreement with the cadaver experimental data  
(Figure 4A,B,C). The FE head model predicted the pressure 
was 90 kPa in the parietal region, slightly larger than the  
70 kPa observed in the experiment condition (Figure 4D). 

All procedures performed in this study involving human 
participants were in accordance with the Declaration of 
Helsinki (as revised in 2013). Informed consent was taken 
from all the patients. This study was approved by the ethics 
committee of the General Hospital of Western Theater 
Command (No. 2018-12-03).

Results

An FE head model including midfacial bones, skull, brain, 
cerebrospinal fluid, falx and tentorium was successfully 
developed based on CT/MRI data. Von Mises stress fieldof 
the skull and brain were obtained through the simulation of 
the 12 cases. Stress distribution and potential injury regions 
were described and analyzed. The maximum stress of the 
bone and brain was measured and compared with the injury 
lowest limit. In order to analyze potential fracture regions 
of the facial bones fracture, the yielding limit was defined 
as 75 MP of Von Mises stress and the exceeded regions 
were marked blue on the 3-D models. According to the 
brain tissue tolerance thresholds in the literature, when Von 

Mises stress values exceed 20 or 30 kPa, mild TBI or severe 
TBI may occur, respectively. The two regions were marked 
blue and red respectively. In the following section, results 
of the simulations of the four different collision sites are 
analyzed.

Impact on the nasal bone (CS1, Figure 5)

In FE001, when the speed was 6.7 m/s, the Von Mises stress 
peak value of bone reached 285 Mpa, and comminuted 
fractures probably occurred at the nasolateral and anterior 
nasal bone regions. Brain injury was very slight and only 
small areas of contusion occurred in the upper part of the 
frontal lobe. In FE002 when the speed reached 11 m/s, 
fractures were not limited to the nasal bone. Other fracture 
areas included the bilateral maxillary frontal processes 
and the frontal maxillary process. Mild TBI occurred at 
locations including the posterior frontal lobe, parietal lobe 
and anterior base of the brain where the stress ranged from 
21.3 to 34.8 kPa. Stress concentrated at a small area of the 
posterior brain adjacent to the tentorium with the peak 
value of 51.7 kPa. In FE003 when simulating a car accident 
injury, possible fracture areas expanded including the entire 
nasal bone, maxillary frontal process, fontal maxillary 
process, lacrimal bone, ethmoid, and bilateral orbital floors. 
Severe TBI occurred at locations including the frontal lobe, 
parietal lobe, posterior occipital lobe, anterior temporal 
lobe and brainstem, suggestive of a fatal injury.

Figure 3 Four impact sites on the model.
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Impact on the zygomatic bone (CS2, Figure 6)

In FE001, microfracture might occur at the impact 
region of the zygomatic bone with a peak stress value 
of 223 MPa. In this low impact energy condition, the 
stress was concentrated in the anterior base of the 
brain and spinal cord, which are critical areas of brain 
functioning. Therefore, zygomatic impact is likely to be 
far more hazardous. In FE002, possible fracture areas 
expanded including the zygomatic frontal process and 
zygomatic arch. It was interesting that a region of stress 
concentration appeared at the zygomaticotemporal and 
the zygomaticomaxillary buttress after an interval of lower 
stress, which was consistent with the clinical zygomatic 
trauma. Mild TBI occurred at locations including the 

frontal lobe, anterior parietal lobe, and partial temporal 
lobe where the stress ranged from 20.9 to 32 kPa. In 
FE003, possible fracture areas included the zygomatic bone, 
zygomatic arch, temporal bone, lateral orbital surface, 
anterior maxillary orbital floor and skull base. Almost 70% 
of the lateral brain suffered severe TBI in this situation.

Impact on the infraorbital rim (CS3, Figure 7)

In FE001, fracture of bone and brain injury were very mild. 
In FE002, possible fracture areas extended to the anterior 
orbital floor and stress was concentrated at a small area 
of the posterior brain adjacent to the tentorium with the 
peak value of 40.5 kPa. In FE003, possible fracture areas 

Figure 4 Comparison of experimental and numerical results: in term of impact force (A), head acceleration (B), intracranial pressure at the 
frontal region (C), intracranial pressure at parietal region (D).

Simulation
Experiment

Simulation

Experiment

Collision time (s) Collision time (s)

Collision time (s)Collision time (s)

0 0.005   0.01   0.015 0.02 0 0.005   0.01   0.015 0.02

0 0.005   0.01   0.015 0.020 0.005   0.01   0.015 0.02

lm
pa

ct
 fo

rc
e 

(N
)

Fr
on

ta
l P

re
ss

ur
e 

(k
pa

)

P
ar

ie
ta

l P
re

ss
ur

e 
(k

P
a)

H
ea

d 
A

cc
el

er
at

io
n 

(m
/s

)

8000

7000

6000

5000

4000

3000

2000

1000

0

160

140

120

100

80

60

40

20

0

100

80

60

40

20

0

2500

2000

1500

1000

500

0

A B

C D

Simulation

Experiment

Simulation

Experiment



Annals of Translational Medicine, Vol 9, No 6 March 2021 Page 7 of 13

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(6):459 | http://dx.doi.org/10.21037/atm-21-134

included the anterior plate of maxillary, maxillary zygomatic 
process, orbital floor and lateral pyriform aperture 
margin. In FE003, TBI was similar to CS1, but less severe  
than CS1.

Impact on frontal bone (CS4, Figure 8)

Fractures of bone and brain injury were very mild in both 
FE001 and FE002. In FE003, fracture areas extended to the 
bilateral orbital roof in addition to local impact sites. TBI 
was similar to CS1 and CS3. The peak stress of brain was 
located in the posterior brain adjacent to the tentorium. 

Comparison of simulation results of four impact sites

The force transmission patterns of bones and stress 
distribution patterns of brain were very similar in regard 

to the same impact site. As the peak stress locations were 
different in the four impact situations, we chose stress value 
of brain at the frontal-parietal lobe junction as a comparison 
parameter (Figure 9). Forces on nasal bone caused the 
greatest Von Mises stress under the same load conditions. 
We extracted the peak stress curve of brain in regard to the 
impact on nasal bone (Figure 10). It showed that around 
5 ms, the force of the brain reached its peak and then 
decreased slowly.

Discussion

Traumatic head injury seriously harms human health, and in 
most cases, a combination of impact force and acceleration 
of head is the cause of TBI. Impact forces are the cause 
of most focal injuries, and movement of the brain usually 
causes diffuse injuries. In clinical practice, the Glasgow 

Figure 5 Von and Mises stress distribution of bone and brain under nasal impact (FE001–FE003). FE, finite element.

FE001 FE002 FE003
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Coma Scale (GCS) and severity of facial fracture are the 
basis for measuring maxillofacial injuries and traumatic brain 
injuries. Because the midfacial bones are connected directly 
to the skull, any force on the midface can be transmitted 
easily to the brain. Past studies have indicated that patients 
with midfacial fracture were significantly different from 
patients without midfacial fracture in severity of injury 
and were more likely to have a TBI (4,6,8). To investigate 
the relationship between the midfacial injury and the TBI, 
individual stress wave propagation paths from face to brain 
were presented in our study. Stress nephograms showed that 
force transmitted from the red areas to the blue areas. In the 
situation of impact on the nasal bone, stresses propagated in 
an anterior-posterior direction over the skull base from the 
bilateral orbital floors and ethmoid in the middle path. In 
the situation of impact on the zygomatic bone, stress waves 

travelled to the skull base through the zygomatic frontal 
process, frontal bone, maxilla, and sphenoidal orbit surface 
in the anterior path, as well as through the zygomatic arch 
and temporal bone in the posterior path. In the situation of 
impact on the infraorbital rim, stresses travelled from the 
orbital floor and maxilla to the skull base. In the situation of 
impact on the frontal bone, forces were transmitted directly 
to the brain. Stress concentration on the orbital roofs 
indicated that corresponding positions of the brain would 
be affected. The analysis of stress propagation can help us 
better understand and diagnose possible brain injury in the 
event of facial impact.

Our results showed that there was a linear relationship 
between the severity of TBI and the collision energy. TBI 
was aggravated with the increase of impact velocity and 
impact mass. In the simulation of boxing injuries, when 

Figure 6 Von and Mises stress distribution of bone and brain under zygomatic impact (FE001–FE003). FE, finite element.

FE001 FE002 FE003
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Figure 7 Von and Mises stress distribution of bone and brain under infraorbital impact (FE001–FE003). FE, finite element.

impact velocity increased to 11 m/s, the TBIs were more 
severe, but most would be classified as mild injuries. But 
when impact mass increased to 5 kg, the TBIs were so 
significant that almost the entire brain suffered severe TBI. 
This phenomenon indicates that TBIs are more susceptible 
to the impact mass. Viano et al. (27) compared football 
impact injuries with boxing injuries caused by Olympic 
boxers and found that Olympic boxers deliver punches with 
high impact velocity but lower brain injury risks than that 
in football impacts because of a lower effective punch mass. 
This is consistent with our study.

In clinical practice, TBI is often accompanied by 
complex midfacial fractures, and the severity of TBI is 
also relevant to the location of the brain injury (28). For 
example, injuries in the brain stem or base of the brain are 
more hazardous than injuries in the frontal lobe. Several 

researchers have reported that TBI might occur in patients 
with facial fractures without any obvious signs on MRI 
or CT examinations (2,29,30). Most patients with non-
neurological impairment do not need surgical treatment, 
but it does not mean that there’s no injury in the brain. So 
in these cases, the mechanism of the facial injury should 
be analyzed to determine whether there is a possible brain 
injury in adjacent important regions.

The location of TBI is directly related to the location 
of the impact site. We found the patterns of TBIs were 
very similar in the three situations of anterior-posterior 
direction impact, including impact on the nasal bone, 
frontal bone and infraorbital rim. In this kind of impact, 
the frontal lobe of the brain was directly affected, and 
the depth of propagation of the stress wave reached the 
deep level of the brain. And in all three impact scenarios, 

FE001 FE002 FE003
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stresses were concentrated in the surfaces of the brain 
adjacent to the tentorium. In the case of lateral impact on 
the zygomatic bone, the stress concentrated in the anterior 
base of the brain and the spinal cord, which could be much 
more dangerous given the importance of these regions 
in brain function. The results were consistent with some 
previous studies. Zhang et al. (31) found that a lateral 
impact was more injurious than a frontal impact in previous 
experimental studies. Haug et al. (28) reported that the most 
severe intracranial injuries are found in zygomaticomaxillary 
fractures. 

In our model CSF was modeled as a layer of a solid 
element with fluid-like properties so as to allow the brain 
to move relative to the skull during an impact. In all 
simulations, there were stress concentrations at the frontal 
lobe, parietal lobe and brain adjacent to the tentorium. 

It indicated that the intrinsic sharp structure of the skull 
could cause physical damage in the event of collision with 
the brain. Another interesting phenomenon was that the 
peak Von Mises stress value of the skull and brain under 
frontal impact was the lowest compared to the other 
three impact scenarios. This can be interpreted by the 
finding conducted by Huempfner-Hierl et al. (32) that 
the supraorbital arch is a structure which is able to carry 
loads from impacts and protects the skull and brain. Chang  
et al. (33) found that midfacial bones acted as a structure 
capable of absorbing considerable energy in order to protect 
the brain from impact. In this experiment, although the 
peak Von Mises stress value of brain was highest under nasal 
impact, which indicated more severe TBI, the stress value 
of the bone was also highest too. Due to the frangibility of 
nasal bones, fracture might occur causing impact energy to 

Figure 8 Von and Mises stress distribution of bone and brain under frontal bone impact (FE001–FE003). FE, finite element.

FE001 FE002 FE003
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be absorbed. As we all know, facial bone is prone to fracture, 
due to its more cancellous bone content. When the head is 
injured, the appearance of facial bone fractures can offset 
some forces to protect the brain.

The FE model in this study has its limitations. The 
simulation does not take the neck into consideration 
during impact processes. Although studies found that for 
short duration impacts (0–6 ms) (20,34), the neck does not 
influence the kinematic head response, there is no doubt 
that the neck plays an important role in TBI during the 
latter stage of the collision. The model does not consider 
the buffering effect of boxing gloves and soft tissues. Also, 

the brain is defined as consisting of homogeneous and 
isotropic materials, which is inconsistent with the fact that 
the brain is anisotropic visco-hyperelastic (35). However, 
the analysis of correlation between midfacial injuries and 
TBIs provides useful information in the diagnosis of facial 
trauma.

Conclusions

In this study, a FE head model including midfacial bones, 
skull, brain, cerebrospinal fluid, falx and tentorium was 
successfully developed based on CT/MRI data. Twelve 
collision scenarios including four impact sites and three 
load forces were simulated. Results showed that there was 
a linear relationship between the severity of TBI and the 
collision energy. The location of TBI was directly related 
to the location of the impact site, and a lateral impact 
was more injurious to the brain than that of an anterior-
posterior impact. The relative movement between the skull 
and brain could cause physical damage to the brain. The 
study indicated that the midfacial bones acted as a structure 
that was capable of absorbing energy and protecting the 
brain from impact. This information may assist surgeons to 
better understand and diagnose brain injuries accompanied 
by midfacial fractures.
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Figure 9 Peak Von Mises stress value of skull and brain at frontal-parietal lobe junction.
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