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1. Introduction

Orbital fractures are common facial fractures in maxillofacial
surgery, and they have aesthetic and functional considerations so it
is important to understand their mechanisms for effective
prevention and treatment [1,2]. Orbital walls fracture happens
either isolated which constitute 4–16% of facial fractures, or as part
of other fractures like zygomatico-maxillary complex fractures or
naso-orbital-ethmoid fractures. The incidence of these fractures
approaches 30–55% [3].

Isolated orbital fractures often described by their location and
size of the defect. Three patterns of isolated orbital fractures have
been described: linear, blow-out, and complex [4]. Zygomatico-
maxillary complex fractures are the most common fractures
involving orbital fractures. Naso-orbital-ethmoid fractures most
often occur blunt trauma to the midface, and usually involve
orbital walls fractures [3].

The orbit is shaped like pyramid with its base is formed by the
orbital rims anteriorly. The bony orbit is consisted of seven bones:
frontal, zygomatic, lacrimal, maxillary, ethmoid, sphenoid, and
palatal. It has four walls vary in thickness and strength. Medial
wall, which is the thinnest, is composed of sphenoid, lacrimal, and
palatal bones. Lateral wall which is composed of zygomatic and
sphenoid. Orbital roof is composed of frontal bone and sphenoid
bone and it separates the orbit from anterior cranial fossa. In
addition, orbital floor is composed of maxillary, zygomatico and
palatal bone and it forms the maxillary sinus roof [3]. Orbital floor
fractures either solely (blow-out fracture) or as part of zygomatico-
maxillary complex (ZMC) fractures.

Several studies have been conducted to illustrate the mecha-
nisms of orbital floor fractures [4,5]. Orbital fractures happen when
increased pressure within the components of the orbit causes the
fragile walls of the orbit to fracture [6]. In the case of ZMC fractures,
infra orbital rim and orbital floor are bend. Medial orbital wall
fractures happen either with blow-out fractures, or as part of naso-
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A B S T R A C T

Introduction: Orbital wall fractures consider one of the most common fractures in the maxillofacial

trauma. These fractures caused by two mechanisms, the buckling mechanism and hydraulic mechanism.

This study aims to compare between the two mechanisms in terms of intensity and extension using the

finite elements method.

Material and methods: Three-dimensional model of the skull was generated using computed tomography

data of young male patient. Virtual loads were applied on the eyeball and the infra-orbital rim separately.

Von Mises stresses were examined in each simulation.

Results: The simulation predicted fractures on the infra-orbital rim and orbital floor when simulating the

hydraulic mechanism, and on the orbital floor and mesial wall when simulating the buckling

mechanism.

Conclusion: Biomechanical studies are essential part in understanding maxillofacial fractures

mechanisms. The results confirmed and ascertained what is seen clinically, and explained clearly the

two mechanisms of orbital fractures.
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orbitoethmoid complex fractures [7]. This complex consists of
many anatomical structures and it is adjacent to the anterior skull
base where fractures extended to this area might have severe
mechanical assessment of orbital fractures using patient-specific
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onsequences [8]. Lateral orbital wall trauma is usually accompa-
ied with ZMC fractures as large part of lateral orbital rim is frontal
rocess of zygoma.

The Zygomatico-Maxillary Complex (ZMC) is a facial bone with
 quadruped shape. It articulates with the frontal bone, temporal
one, maxilla, and sphenoid bone, and serves as the main bridge
etween these bones [9]. It is an aesthetic and functional unit of the
acial skeleton. After the nasal bone, they consider the second most
ommonly fractured sites [10].

Finite element models showed a high degree of success in
redicting the biomechanical behavior of skeletal bones such as

ong bones and iliac [11,12]. This technique relies on replacement
f complicated differential equations of irregular shapes with an
xtensive system of algebraic equations, which represent small
eometric entities that can be solved by a computer [13]. In this
ethod, the studied structure is modeled into a mesh of

etrahedral elements that are connected together with nodes.
he physical properties of these elements are assigned, a number
f these elements are constrained and known forces are applied
nd the stresses and strains are calculated at each node and in each
lement [14].

Simulation of facial fractures using finite elements method can
elp to understand their biomechanical behavior and improves
urrent surgical treatment protocols. The aim of this study is to
nvestigate the biomechanical behavior of orbital walls when
ustaining a single load using the finite elements method.

2. Materials and methods

Finite element analysis was used to investigate fracture
patterns of orbital walls. The 0.6 mm thickness DICOM files were
obtained from CT scanner (Siemens SOMATOM) of 35 years old
male patient, where the males from this age range are the most of
those exposed to facial trauma [15]. The data was obtained from
Radiology Department at Tishreen University Hospital, Lattakia,
Syria. Patient approval was taken to use his CT data in this study.
DICOM files were imported into MIMICS software (Materialise, inc,
Belgium) to Isolate the bone using Tresholding algorithm, build a
3D model of the skull as shown in Fig. 1, and Emit the mandible
from the skull because our study focuses on the orbit only.

3-MATIC software (Materialse, inc, Belgium) was used in
exporting the 3D model to design a sphere that touches the inner
walls of the orbit, thus simulating the eye, mesh the surface, where
it was divided into triangular elements connected to each other by
nodes (Fig. 2A), Create volume mesh based on the surface mesh
(dividing the body into tetrahedral elements that are connected
with nodes) which comprised 560,000 elements, and convert 4-
noded tetrahedral elements into 10-noded tetrahedral elements
which are better for analysis results accuracy.

3-MATIC file (.cdb) was exported to ANSYS software 18.1 (Ansys
inc, USA) for finite element analysis as follows: The areas where the
loads will be applied were marked (on the infra-orbital, supra-
orbital, medial-orbital, lateral-orbital rims and the center of the

Fig. 1. MIMICS software, used in 3D model construction.
Fig. 2. (A) Skull surface and virtual eyeball and surrounding fat in 3-matic software, (B) marked sites in Ansys where loads was applied.
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virtual eyeball) as shown in (Fig. 2B). Mark areas to be constrained
(the two occipital condyles of the skull).

Material properties were assigned for both the skull bone and
the eyeball (density, Young‘s modulus and Poisson ratio) as
follows: Young modulus was calculated based on density values
according to Morgan approach [16]. Each element of the
volumetric mesh was assigned with individual values for physical
properties, including both density values and Young modulus with
the help of APDL Script in ANSYS software. Poisson ratio was
assigned to 0.3 according to Huskes [17]. The virtual eyeball was
assigned to Young modulus of Water at 2000 MPa due to its high
water content, and density of water is known to be 997 kg/m3 [17].
Poisson ratio of the entire eyeball was obtained from medical
literature at 0.47 [18]. The contact surface between skull and
virtual eyeball was modeled using coulomb friction model. The
coefficient of friction for this contact was defined with 0.3 [19].
Five study designs were chosen to simulate what is seen clinically:
Apply load to the virtual eyeball, apply load to the infra-orbital rim,
apply load to the medial-orbital rim, apply load to the supra-orbital
rim, and apply load to the lateral-orbital rim.

Orbital fat was taken into account as the role of the fat is crucial
to explain the hydraulic mechanism of orbital fractures as
indicated in Foletti et al. [20]. Virtual static loads were applied
in each study design along Y-axis which is perpendicular to the
surface on which the load was applied. The load was gradually
increased by 100 N at a time until we reached von Mises stress
value of 153 MPa or above. When resultant stresses exceeded the
value of 153 MPa, the causal load was recorded and simulation was
stopped in each design. We assumed that the von Mises stress
above 153 MPa was the criteria of failure for skull bones according
to Nagasao et al. study [21], where this stress value is when the
bone change from the elastic phase to the plastic phase and then
begins to fail (fracture). The skull was fixed at the occipital
condyles in all degrees of freedom.

3. Results

Von Mises stress was evaluated, which can be used to predict
material failure successfully. Results were plotted as color
spectrum ranged from blue to red, where red indicates the highest
value of calculated stress, and in this study red color indicate that
stress has reached the yield strength (153 MPa) at which the bone
began to fail (fracture).

3.1. Load on virtual eyeball

It has been found a maximum von Mises stress value of
155 MPa when applying a force of 7200 N on the eyeball along the
Y-axis on the marked area as shown in Fig. 3. The analysis results
revealed concentration of stresses in the orbital floor and the
medial wall of the orbit (Fig. 3), with the highest at the orbital floor
indicating that the stresses are approaching or exceeding the
153 MPa threshold, which means we can predict a fracture in this
area. Moreover, the presence of orbital fat seemed to increase the
force value until the fracture threshold is reached (9000 N). This
point out to a significant protective role, which the orbital fat may
play. High stresses were concentrated at orbital medial wall and
floor; they also spread to skull base without reaching high values as
shown in Fig. 3.

3.2. Load on the infra-orbital rim

It has been found a maximum von Mises stress value of
156 MPa when applying load of 8600 N at the infra-orbital rim
along the Y-axis on the marked area as shown in Fig. 4.

Simulation revealed concentration of stresses in the infra-
orbital rim and front section of the orbital floor, where red spots
indicate that the stresses are approaching the threshold of
153 MPa, which means we can predict a fracture in these two

Fig. 3. Concentrations of stresses at orbital floor and orbital mesial wall without (left) and with (right) the presence of orbital fat.
Fig. 4. The distribution of stresses when the force was applied on the infra-orbital rim without (left) and with (right) the presence of orbital fat.

3



r
c
m
t

3

f
l
s
r
F
l
v

3

o
M
9
a

A. Darwich, A. Attieh, A. Khalil et al. J Stomatol Oral Maxillofac Surg xxx (xxxx) xxx–xxx

G Model

JORMAS-958; No. of Pages 7
egions as shown in Fig. 4. The presence of orbital fat seems to
ause a stress concentration in in the orbital floor and to the
axillary sinus walls and skull base without reaching the 153 MPa

hreshold as shown in the right shape of Fig. 4.

.3. Load on medial orbital rim

When simulating a blow on the medial orbital wall, it has been
ound that von Mises stress value of 154 MPa when applying static
oad of 5400 N. These stresses were concentrated at site of load and
pread to frontal, ethmoidal, and nasal bones. This simulation
esult is similar to what is found in NOE fractures as shown in
ig. 5. Minimal role of orbital fat has been noticed in this type of
oading as similar patterns has appeared with approximative stress
alues.

.4. Load on the supra-orbital rim

Gradually increasing loads were (100 N at time) on supra-
rbital rim to investigate orbital roof fractures. The maximum von
ises stress value of 153 MPa was found when applying load of

000 N at the supra-orbital rim along the Y-axis on the pre-defined
rea Fig. 6. Stresses spread to frontal bone and orbital roof with

relatively high values where the highest stress was at the site of
load (orbital roof). Stress also spread to temporal bone. The
presence of orbital fat caused a slight elevation in stress values and
caused in a more expanded fracture pattern at the upper rim as
seen in Fig. 6.

3.5. Load on lateral orbital rim

The maximum stress value of 154 MPa was found when
applying load of 9300 N at the lateral-orbital rim along the Y-axis
on the marked area as shown in Fig. 7. Stresses spread to large areas
of the zygomatico-maxillary complex. Minimal role of orbital fat
has appeared in this fracture pattern as the shapes and the values
were similar.

Simulation shows stress concentration in the lateral orbital wall
and rim. The fractures can be predicted fractures in these areas and
in the zygomatico-maxillary complex, as the simulation shows in
Fig. 7 stress spread to large areas of this complex.

Fig. 8 shows a 19-years old patient with blow-out fracture
caused by personal violence, CT scan revealed an orbital floor
fracture which is corresponded to our results as shown in the
sagittal cross section. Fig. 9 shows the clinical validation of fracture
stresses when the force was applied on the lateral-orbital rim.

Fig. 5. The distribution of stresses when the force was applied on medial orbital wall without (left) and with (right) the presence of orbital fat.

Fig. 6. The distribution of stresses when the force was applied on the supra-orbital rim without (left) and with (right) the presence of orbital fat.
Fig. 7. The distribution of stresses when the force was applied on the lateral-orbital rim without (left) and with (right) the presence of orbital fat.
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4. Discussion

Orbital walls fractures occur when the traumatic force affects
the orbit area in the event of traffic accidents, personal violence,
and war injuries [22,23]. Most existing studies on orbital fractures
used experimental methods like, hitting skulls with pre-measured
objects [4–6,24–27]. However, it is difficult to maintain the
continuity of the experiment conditions because these conditions
are easily affected by differences in: impact points, angle of the
skull or skull stabilization. To solve this problem, the skull was
simulated and performed a finite element analysis on it, which
allows us to arrange exact experimental conditions including the
direction and intensity of impact and the regions to be struck so we
used finite element analysis for this study. The simulation was able
to be repeated many times in each design until reaching the stress
threshold described by Nagasao et al. [21], which is difficult to
achieve using experimental methods.

A detailed model of (the skull of young male) was able to be
generated with a dense volume mesh of about 560,000 finite
elements. Using such dense model, the details of mideface, orbit,
surrounding fat were represented in this study. Finite element
models showed a high degree of success in predicting the
biomechanical behavior of skeletal bones such as long bones
and iliac bone [11,12].

Several studies used finite element method to illustrate orbital
fractures. Nagasao et al. [21] placed 1085 points on the surface of a

The detailed finite element model used for simulation (560 k
elements), the relatively good resolution of bony structures, and
material assignment of each region ensure good representation of
the skull both anatomically and biomechanically. This good
representation ensures good and reliable results.

The first to introduce the buckling mechanism was Le Fort [28].
This mechanism was defined as the transfer of force across the
bone from the infra-orbital rim to the orbital floor. This theory was
widely accepted as well as the hydraulic mechanism as a cause of
orbital wall fractures [29]. Several experimental studies in
literature support the buckling mechanism [4–6,24–27] they
simulated the fractures of the orbit by dropping a pre-measured
weight or hitting the bony orbit using hammer.

Fujino et al. [24] conducted experiments using skulls
without the eyes and the contents of the orbit, they hit the
skulls on the infra-orbital rim, thus eliminating the influence of
the hydraulic mechanism, focusing on the buckling mechanism
[25]. Waterhouse et al. [5] also developed a new device that
allows a point-based impact to a specific area of the orbit. Using
this device, and striking the eyeball or the infra-orbital rim on
skulls individually, they illustrated the fracture patterns for
both mechanisms.

Several studies simulated orbital wall fractures based on
different numerical environments and under different both static
and dynamic scenarios. Takizawa et al. tried to explain orbital
fractures, especially the dynamic characteristics of the orbit at the

Fig. 8. (A) CT scan revealed an orbital floor fracture, (B) 19-years old patient with blow-out fracture caused by personal violence, (C) the results in the sagittal cross section.

Fig. 9. The clinical validation of fracture stresses when the force was applied on the lateral-orbital rim.
dry skull, then the coordinates of the marking points were
measured using a 3D scanner, and then they built a 3D model based
on the data from the scanner. The model used in this study was
based on data from a computed tomography of a 35-years-old
male, producing a model that represents the skull well and
simulates real anatomy, including the variable bone thickness.
5

time of the fracture. They analyzed the degree and concentration of
stress within the orbit depending on the applied loads, and they
found that direct force applied against the inferior orbital rim
resulted in increased stress within the lower wall of the orbit, and
that stress tends to concentrate in the thin nasal side of the orbital
groove as pressure within the orbit mounts [30].
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The mechanical response of our skull model was compared with
he results of similar literature studies. The current study differs
rom the study of Nagasao et al. in which the skull model was
ivided into several triangular parts of different thicknesses, while
he model in the current study was based on CT images. This
llowed to accurately detect the borders and to produce the
hickness of different areas of the skull [21].

On the other hand, and in contrast to the study of Nagasao et al.
n which the number of finite elements within the skull model was
48,000, the number of these elements in the model studied in this
aper was equal to 560,000 elements, which would produce stress
alues with a higher spatial accuracy [21].

This number of elements was determined based on the results
f Taddei group research which carried out a numerical approach
o analyze the influence of the number of finite elements on
umerical results. From another side, high resolution results
hould be discussed more specifically, as images accuracy of 1 mm
hickness necessitates modifying the image segmentation manu-
lly in order to preserve the continuity shape of the bone,
specially in the regions of orbital and ethmoid bones, in which the
hickness of orbital wall is approximately equal to 2.27 mm [31].

Our hit oriented to the infra-orbital rim revealed a fracture in
he infra-orbital rim and the orbital floor, which corresponds to the
xperimental model developed by Waterhouse et al. [5]. Our
racture pattern corresponds also with the results of Nagasao and

iyamoto study [21], where they found that fracture occurs in the
eakest parts of orbit (orbital floor).

Schaller et al. modeled three different fracture mechanisms
ased on finite element analysis. A finer skeletal model and a
ransient dynamic simulation were used to test pure hydraulic,
ure buckling and a mixed force transmission, and they found that
he role of those mechanisms in explaining the variety of clinical
racture situations [32]. In this concern, our results of eye-ball hit
eems to be similar. We found concentration of stresses on the
alls of orbit with the greatest at the orbital floor, which simulates

 blow-out fracture in both the mesial wall and orbital floor, which
s often seen clinically in patients with this type of trauma (Fig. 8).

Kosowski et al. presented initial results of finite element
nalysis of a blow-out type trauma of orbital wall. This study
imulated the tests achieved in laboratories. In the finite element
nalysis the neighborhood of orbital wall is modelled by triangle
hin shell finite elements, and the results of nonlinear static and
ransient dynamic analysis were compared [33].

Foletti et al. developed a clinically proven finite element model
FEM) of the human orbit in order to study stress behavior under
ifferent blunt traumas. Mesh production, and model properties
ere used to perform blunt trauma simulations based on a 3D FEM

omprising of 640 000 elements. Fracture patterns were explained
ased on buckling and hydraulic theories of orbital floor fractures.
his study pointed out to the greatest role of the surrounding fat in
arying facture patterns, which may change our knowledge in
eciding about the real factors causing the fractures [20].

Our results appeared to be similar to Huempfner-Hierl study
nvestigating Naso-orbito-ethmoid fractures using finite element

ethod [10], where he found similar results when hitting the
edial third of the infra-orbital rim with impactor. This result also

orresponds to what is seen clinically as shown in Fig. 8.
Trzebiatowski et al. used 2 different three-dimensional finite

lement method (FEM) models of the human orbital region to
imulate the pure ‘‘buckling’’ mechanism of orbital wall fracture

within the lower orbital wall and these were validated against
real injuries [34].

Fracture patterns corresponded with zygomatico-maxillary
fractures, and it is similar to what is seen clinically as shown in
Fig. 9. The results of the study can be used to predict the risk of
blow-out fractures during clinical trials. Modeling orbital contents
(muscles and fat) and the soft tissue covering the bone will
increase the accuracy of the results, This consideration should be
taken into account in the future when better computer capabilities
and more advanced computed tomography is available, allowing
the modeling of the orbital contents separately.

Compared to the numerical results of Nagasao et al., the fracture
pattern resulting from this study is identical to the numerical
fracture model distributed through the orbital floor in response to
the load applied on the suborbital rim even at low weights of the
impact part [21].

In the second model including the effect of the hydraulic theory
highlighted by a direct hit on the eyeball, it can be considered that
fracture pattern and stress lines are correct based on the latest
theoretical and clinical studies [20,31,32]. The fracture model
obtained in the current study can be compared to the results
obtained by Foletti et al. although the force values is greater than
the force cited in this study [20].

Transferring this knowledge to the clinical practice may help in
understanding the relationship between the direction of the
applied force and the resulting fracture, such as bottom-directed
loads can result several periorbital traumas with fewer impacts on
the posterior side of the orbital floor.

5. Conclusion

Biomechanical testing has proven to be appropriate in
answering questions regarding fracture mechanisms. Our results
confirmed what is seen clinically and explained the mechanisms of
orbital walls fractures. The results also can help to optimize
fracture therapies and improve their outcomes. These simulations
help in investigating trauma scenarios and mechanism, which
could be useful in forensic sciences.
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