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Abstract

Introduction: The authors’ main purpose was to develop a detailed finite element model (FEM) of the

human orbit and to validate it by analyzing its behavior under the stress of blunt traumas.

Materials and methods: A pre-existing 3D FEM of a human head was modified and used in this study.

Modifications took into account preliminary research carried out on PubMed database. Data from a

CT scan of the head were computed with Mimics® software to re-create the skull geometry. The

mesh production, the model’s properties and the simulations of blunt orbital traumas were

conducted on Hyperworks® software.

Results: The resulting 3D FEM was composed of 640 000 elements and was used to perform blunt

trauma simulations on an intact orbit. A total of 27 tests were simulated. 15 tests were realized with

a metallic cylinder impactor; 12 tests simulated a hit by a closed fist. In all the tests conducted

(27/27), the orbital floor was fractured. Fracture patterns were similar to those found in real clinical

situations according to the buckling and hydraulic theories of orbital floor fractures.

Discussion: The similitude between the fracture patterns produced on the model and those observed

in vivo allows for a validation of the model. This model constitutes, at the authors knowledge, the

most sophisticated one ever developed. .
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Introduction

Fractures of the orbital floor and / or the medial wall of the orbit are common in maxillofacial

traumas. Functional recovery requires precise anatomical reconstruction of the orbit and volume

restoration. Open reduction with internal fixation tends to become the gold standard. Studying the

behavior of these fractures may help to minimize iatrogenic morbidity. The use of a numerical model

of the orbit that may be submitted to a wide range of traumas and reconstructions is of special

interest because experiments can be carried out quickly and with no limitations regarding

repetitions. Advances in software and computational capabilities have nowadays allowed for the

development of very realistic finite element models (FEM).

Our main purpose was to develop a detailed FEM of the human orbit; our secondary objective was to

analyze its behavior under the stress of different kinds of blunt traumas, so as to validate its

reliability.



Materials and methods

1 —Model description

A 3D FEM of a human head, which had previously been developed and validated by our team to

study impacts on the mandible [1], was used as a basis and modified at the level of the orbits. dicom

data from a 1mme-slice thickness CT scan of the head were computed with MICMICS 12.3® software

(Materialise®, Louvain, Belgium) to re-create the skull’s geometry. The meshing was then produced

using Hypermesh® software (Altair Engineering, Inc., Detroit, MI, USA). The model’s properties were

achieved with Radioss® (Altair Engineering, Inc., Detroit, MIl, USA). The average element size was

fixed at 3 mm; the orbital floor and the medial orbital wall were meshed with 1.5mm shell elements

using three nodes. The skull was composed of three layers in order to distinguish the trabecular and

cortical bones. The cortical bone mesh used shell elements with three nodes; the trabecular bone

used tetrahedral elements. The facial bones were modeled separately to specify their measurements

and the cortical bone’s thickness. The subarachnoid space, the cerebrospinal fluid and the brain were

added during the meshing process, using tetrahedral elements. To make our FEM lighter, the scalp

and the mandible have been neglected. All mechanical properties were taken from literature data [1-

8].

2 -Blunt trauma simulations

Numerous simulations of blunt traumas of the orbit were run on Hypercrash12.0® (Altair

Engineering, Inc., Detroit, MI, USA) first by using a FEM of a metallic cylinder impactor (m=300-400g)



and then a FEM of a closed fist, reproducing a straight punch [9]. Both of these impactors were

computed in order to hit the inferior rim of the orbit (acceleration =6-7m.s™)

The tests were conducted with several variations of the FEM. For each test, the weight and
acceleration of the impactors were modulated. The impacts successively affected an empty orbit,
and then an orbit filled with fat and an eyeball. Most of the impacts were located on the inferior
orbital rim. For 3 of the tests conducted with the metallic cylinder, the impact point was located on
the eyeball. A preliminary series of tests had been performed to correct the failures of the FEM and
to determine precisely the best impact points. These tests are not reported here. In total27 tests

were simulated and included in our study. Their characteristics are summarized in table 1

Results

1 —Model description (figure 1)

Our FEM of the head and orbit consisted of around 600 000 volumetric elements (tetrahedral and

brick elements) and 40 000 shell elements (from 3 to 4 nodes).

2 - Blunt trauma simulations

A total of 27 tests were simulated. 15 tests were realized with a metallic cylinder impactor; 12 tests

simulated a hit by a closed fist (figure 2).

In all the tests conducted (27/27), the orbital floor fractured. In 77,8% (21/27) an additional fracture

of the zygomatic bone was associated. Moreover, in 74% (20/27) the anterior wall of the maxillary



sinus was fractured. An associated fracture of the lamina papyracea was encountered in 22,3 %

(6/27) of the tests.

Finally our series of hits distinguished two major scenarios: Bone impacts resulted in anterior

fractures of the orbital floor, with associated fractures of the inferior orbital rim and the anterior wall

of the maxillary sinus (figure 3). Impacts located on the eyeball induced isolated fractures of the

orbital floor and fractures of the area located between the orbital floor and the medial wall (lamina

papyracea). Characteristics of the hits performed are summarized in table 1.

Discussion

We designed a FEM of the human orbit optimized to be as realistic as possible and consistent with

current literature data. Furthermore, our FEM underwent a series of blunt traumas reproducing

realistic fractures of the floor of the orbit, which we consider sufficient to validate our model.

Additions to Tuchtan’s model [1] took into account the results found by Weaver et al [10] regarding

the dimensions and the positioning of the eyeball, and those achieved by Karimi et al [11] as for the

properties of intra- and extraconal fat.

In 2006, Al-Sukhun et al [12,13] emphasized the advantages of finite element analysis in order to

study the phenomenon of orbital deformation but insisted on the oversimplification of the FEM

models available at that time. First they devised a model including the eyeball and the bony orbit,

taking into account the oculomotor muscles’ movements, and based on an experimental



determination of the mechanical properties and the different components. The validation of their

model was based on the comparison between the orbital floor and medial wall fracture patterns and

those observed in clinical practice. However, Al-Sukhun’s FEM design was limited by computational

capabilities and was characterized by a low degree of precision (only 6400 brick elements). In 2012,

Schaller et al [16] designed a precise model of the skull including the orbit, consisting of 736,934

elements, highlighting the gain in precision allowed in trauma simulations. Their model also allowed

for the attribution of different mechanical properties to the anatomical structures. The authors

pointed out the absence of soft tissues as the main limit of their model. In 2013, Schaller added to his

pure bony orbital model a schematic eyeball and periorbital soft tissues, including intraorbital fat and

oculomotor muscles [18]. Using the same model, Rossi et al [20] and Esposito et al [21] focused on

3D geometry of the orbit in case of blast traumas. They concluded that the pyramid-like shape of the

orbit as well as the interface between fluid content and anterior air-tissue interface result in a

pressure wave reflection and amplification, accounting for macular and optic nerve damage in case

of ocular blast injury.

Our model is meant to achieve the sum of these successive improvements. We have avoided

oversimplification and achieved a precise anatomical 3D modeling of the human skull. We have

distinguished between the cortical and cancellous bones and taken into account the average bone

thickness of each area. . Special attention has been paid to the meshing of the most fragile parts, the

orbital floor and the medial wall. 17 of the tests were performed after an improvement of these

areas consisting into meshing in smaller elements. This allowed for more realistic fracture

simulations.



Soft tissues have also been gradually included in our FEM. Schutte made a distinction between intra-

and extraconal fat [23], which demonstrated that the supporting action of the orbital fat plays an

important role in the suspension of the eye in the orbit and in the stabilization of rectus muscle

paths. Likewise, Schoemaker [24] established that although the stiffness of orbital fat is low, its

support is crucial to stabilize the oculomotor muscles. Our results gained in precision with the filled

orbit simulations compare to the empty orbit tests.

All fracture patterns resulting from our simulations occur regularly in trauma patients. We

considered this good correlation between our numerical results and real clinical situations as an

argument in favor of the validity of our model. However, an anatomic validation of our model should

be planned.

The series of hits with a metallic impactor allowed for studying different points of impact: Bone

impacts resulted in anterior fractures of the orbital floor associated with orbital rim fractures (figure

3), whereas impacts located on the eyeball induced isolated fractures of the orbital floor and of the

medial wall (cf supra). These findings were consistent with the buckling versus hydraulic theory [25]

of orbital floor blowout fractures. In all cases, the kinetic energy developed in our experimentations

(5,4 to 12,25 J) was significantly higher than the average energy theoretically required to induce

orbital floor fractures (1,2 to 1,5 J) [25] (figure 4).

The series of hits with a closed fist was performed to add even more realism to our model. Compare

to the metallic cylinder, the hit by a closed fist was distributed over the entire anterior orbital rim.

Mass and speed of the fist were modulated to reproduce an average direct punch to the face [9].



According to Schaller et al [18], the use of a transient dynamic simulation was considered as a much

more realistic loading scenario than a static analysis with calculated impact forces to simulate the hit

of the orbital rim by a closed fist.

The absence of detailed anatomy of the ethmoid is a limit of our model. Ramesh et al [26] proved

that ethmoidectomy on post mortem human subject reduces the impact energy necessary to induce

orbital fractures and increases the prevalence of the medial wall’s involvement.

We favored traumas targeting the inferior orbital rim, and then obtained fractures consistent with

the buckling theory of orbital fractures, with an anterior location, frequently associated fractures of

the inferior orbital rim, and without any extension to the medial wall of the orbit (figure 3).

The contribution of anatomical experiments to the validation of numerical experiments has already

proved its value both in traumatology and in general surgery FEM [27-29]. The reliability of our

model could be further improved and validated by the completion of a study on anatomical subjects.

Finally, FEM has proved to be a valuable tool to determine the most adapted way to repair fractures

[13; 19]. Further studies using our model are planned to assess the behavior of titanium mesh

implants (TMIs) used for orbital floor reconstruction. TMIs provide a reliable support for the orbital

contents but their relative stiffness may also become a potential disadvantage in case of recurrent

injuries as the implant may become distorted and behave as a penetrating foreign body able to

threaten the intra-orbital content (eyeball, nerves vessels) [30]. Finite element analysis could confirm

this potential threat, and help to improve the design of TMls.
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Figure captions

Figure 1 — Finite element model of the human head and orbit; The right orbit is empty, the left one is

filled with fat and eyeball.

Figure 2 — Different impactors were used in our study: The simplified boxing glove previously

described by Tuchtan et al [1] proved to be too large, and unsuited for our needs (A). We successively

performed impacts with a metallic cylinder (B) and with a closed fist FEM (C), varying the weight and

acceleration of these impactors for each test.

Figure 3 — Left inferior orbital rim shock with a 300g metallic cylinder impactor at 7m/s (A), resulting

in an anterior fracture of the orbital floor, associated with zygomatic bone fracture at the impact

point (B). For clarity, the eyeball and the intraorbital fat are not represented here.

Figure 4 — Von Mises stress distribution after a 7m/s impact located on the left inferior orbital rim

with a 300g metallic cylinder impactor. Higher levels of stress distribution (red) result in bone failure.

The fracture pattern obtained is concordant with the buckling theory of orbital floor fractures.
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orbit . . acceleration | weight
test Orbital floor status impactor results
status (m/s) (8)
. . . anterior fracture of the orbital floor; zyogma is fractured at the inferior
1 EO intact metallic cylinder | 6 300 . . . y 'g .
orbital rim and the anterior wall of maxillary sinus
. . . anterior fracture of the orbital floor; zyogma is fractured at the inferior
2 EO intact metallic cylinder | 7 300 . . . y 'g .
orbital rim and the anterior wall of maxillary sinus
. . . anterior fracture of the orbital floor; zyogma is fractured at the inferior
3 EO intact metallic cylinder | 6 400 . . . y 'g .
orbital rim and the anterior wall of maxillary sinus
. . . anterior fracture of the orbital floor; zyogma is fractured at the inferior
4 EO intact metallic cylinder | 7 400 . . . y 'g .
orbital rim and the anterior wall of maxillary sinus
. . . important fracture of the orbital floor; zyogma is fractured at the inferior
5 EO intact metallic cylinder | 6 500 p . . 'y 8 .
orbital rim and the anterior wall of maxillary sinus
. . . important fracture of the orbital floor; zyogma is fractured at the inferior
6 EO intact metallic cylinder | 7 500 p . . 'y 8 .
orbital rim and the anterior wall of maxillary sinus
intact / meshing
7 EO detailed in smaller | metallic cylinder | 6 300 anterior fracture of the orbital floor
elements
intact / meshing
8 EO detailed in smaller | metallic cylinder | 7 300 anterior fracture of the orbital floor
elements
intact / meshing
9 EO detailed in smaller | metallic cylinder | 6 400 important fracture of the orbital floor
elements
intact / meshing . . . .
S . . important fracture of the orbital floor; zyogma is fractured at the inferior
10 EO detailed in smaller | metallic cylinder | 7 400 o . . .
orbital rim and the anterior wall of maxillary sinus
elements
intact / meshing important fracture of the orbital floor; zyogma is fractured at the inferior
11 EO detailed in smaller | metallic cylinder | 6 500 orbital rim and the anterior wall of maxillary sinus; lamina papyracea is
elements fractured
intact / meshin . . . . .
. / . & . . important fracture of the orbital floor; zyogma is fractured at the inferior
12 EO detailed in smaller | metallic cylinder | 7 500 o . . .
orbital rim and the anterior wall of maxillary sinus
elements
intact / meshin metallic cylinder . . . . .
FO fat . / . & . ¥ / posterior and internal fracture of the orbital floor; lamina papyracea is
13 detailed in smaller | impact on the 6 300
eyeball fractured
elements eyeball
intact / meshing metallic cylinder /
FO fat S . . . . .
14 eyeball detailed in smaller | impact on the 6 500 important fracture of the orbital floor; lamina papyracea is fractured

elements

eyeball




intact / meshing metallic cylinder /
FO fat S . . . . .
15 eveball detailed in smaller | impact on the 300 important fracture of the orbital floor; lamina papyracea is fractured
y elements eyeball
. . important orbito-zygomatic and maxilla fracture; lamina papyracea is
16 EO intact closed fist 1300 P Ve papy
fractured
17 EO intact closed fist 1300 important orbito-zygomatic and maxilla fracture
. . important fracture of the orbital floor; zyogma is fractured at the inferior
18 EO intact closed fist 800 p . . .y & .
orbital rim and the anterior wall of maxillary sinus
. . anterior fracture of the orbital floor; zyogma is fractured at the inferior
19 EO intact closed fist 800 o . y .g .
orbital rim and the anterior wall of maxillary sinus
intact / meshin . . . . .
. / . & . anterior fracture of the orbital floor; zyogma is fractured at the inferior
20 EO detailed in smaller | closed fist 800 o . . .
orbital rim and the anterior wall of maxillary sinus
elements
intact / meshing . . . .
o . anterior fracture of the orbital floor; zyogma is fractured at the inferior
21 EO detailed in smaller | closed fist 800 o . . .
orbital rim and the anterior wall of maxillary sinus
elements
intact / meshing . . . .
S . anterior fracture of the orbital floor; zyogma is fractured at the inferior
22 EO detailed in smaller | closed fist 650 o . . .
orbital rim and the anterior wall of maxillary sinus
elements
intact / meshing . . . .
S . anterior fracture of the orbital floor; zyogma is fractured at the inferior
23 EO detailed in smaller | closed fist 650 o . . .
orbital rim and the anterior wall of maxillary sinus
elements
24 FO fat intact / meshing closed fist 800 anterior fracture of the orbital floor; zyogma is fractured at the inferior
eyeball | detailed in smaller orbital rim and the anterior wall of maxillary sinus
elements
25 FO fat intact / meshing closed fist 800 anterior fracture of the orbital floor; zyogma is fractured at the inferior
eyeball | detailed in smaller orbital rim and the anterior wall of maxillary sinus; lamina papyracea is
elements fractured
26 FO fat intact / meshing closed fist 650 anterior fracture of the orbital floor; zyogma is fractured at the inferior
eyeball | detailed in smaller orbital rim and the anterior wall of maxillary sinus
elements
27 FO fat intact / meshing closed fist 650 anterior fracture of the orbital floor; zyogma is fractured at the inferior
eyeball | detailed in smaller orbital rim and the anterior wall of maxillary sinus
elements

Table 1 — Summary of the characteristics and results of the 41 simulations of blunt trauma performed on a 3D finite element model of the human orbit. The orbit status

(empty EO versus filled with fat and the eyeball FO), , the type of impactor, its speed and mass are precised for each of the 41 tests.






