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Abstract

Purpose: To analyse, and compare using finite element analysis, the biome-
chanical properties of the 1.7 mm miniplate fixation against 2 conventional
fixation techniques (2.0 mm bi-cortical screws and 2.0 mm miniplate) used in
the mandibular sagittal split osteotomy. Methods: A 3-D virtual mandible
model was constructed using images from CT scan. Sagittal split osteotomy
was carried out virtually, and the fixation techniques were applied onto the
model. 9 virtual models consisted of the 3 fixation techniques with mandibu-
lar movements of 3 mm setback, 3 mm advancement and 7 mm advancement
were developed. Bite forces of 50, 75 and 100 N were applied for incisor bite
simulation and 100, 200 and 300 N for molar biting force. Finite element
analysis was carried out in Solidworks, and readings of stresses and displace-
ment were recorded. Wilcoxon rank sum test was applied and P-value of 0.05
was set for statistical analysis. Results: In this manuscript the authors have
compared 3 internal fixation techniques in mandibular sagittal split osteoto-
my. There was a statistically significant difference for both stress and dis-
placement readings between the 1.7 mm miniplate, the 2.0 mm bi-cortical
screws and the 2.0 mm miniplate for all mandibular movements. For the 1.7
mm miniplate vs 2.0 mm bi-cortical screws, the stress reading was (P =
3.063e—08, W = 314), and for displacement was (P = 5.811e—05, W = 282).
For the 1.7 mm miniplate vs 2.0 mm miniplate, the stress reading was (P =
9.862e—-4, W = 263) and for displacement was (2.05e-2, W = 235). Conclu-
sion: The 1.7 mm miniplate has adequate strength to be used in mandibular
sagittal split osteotomy, although statistically less rigid when compared to the
conventional 2.0 mm miniplate and 2.0 mm bi-cortical screws, especially in
larger movements.
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1. Introduction

Providing adequate stability after orthognathic surgery is important to minimize
complications and relapse. The fixation techniques used in mandibular orthog-
nathic surgery are usually internal fixation, and over the years have switched
from non-rigid wires, to more rigid screws, and titanium miniplates [1] [2]. The
aim of providing stable fixation for the bone segments is to facilitate good bone
healing, early mobilization of the jaws, and to prevent relapse [3].

Internal fixation techniques can be classified as rigid, semi-rigid/functionally
stable or non-rigid. Historically, Bernd Spiessl in 1974 published the use of
bi-cortical screws as rigid internal fixation that can prevent relapse in mandibu-
lar osteotomies, while Hans Luhr in 1979 introduced the principle of mini-plates
in orthognathic surgery [2]. The 2.0 mm or larger miniplate system is commonly
used for mandibular orthognathic surgery and trauma [4]. However, the use of
smaller miniplate fixation in mandibular osteotomies is uncommon, but has
been reported in the literature [5].

Biomechanical studies investigating the properties of various fixation tech-
niques in mandibular osteotomies include in-vitro and finite element analysis
studies [6] [7] [8] [9]. The finite element analysis is a mathematical method for
solving problems of engineering, and mathematical physics. There is a growing
interest in the use of finite element analysis (FEA) in the studies of human oral
and maxillofacial biomechanics including maxillofacial trauma, zygomatic im-
plants, dental implantology, and orthognathic surgery [10] [11]. The finite ele-
ment method allows the analysis of biomechanical properties of bone and fixa-
tion techniques in various situations and loads.

This study used FEA to investigate the biomechanical properties of three in-
ternal fixation techniques (1.7 mm miniplate with mono-cortical screws, 2.0 mm
bi-cortical screws, and 2.0 mm miniplate with mono-cortical screws) used in
mandibular orthognathic surgery, subjected to different biting forces and
movements. It is also the first study to compare different mandibular osteotomy
lengths on stresses in fixation techniques and displacements. The purpose of this
study is to assess the biomechanical performance of the smaller 1.7 mm minip-

late when compared to the other techniques.

2. Materials and Methods

The study uses finite element analysis (FEA), which is a computational study.
This study was approved by the Dental Ethics Committee, Dublin Dental School
and Hospital, Trinity College Dublin, Ireland.
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2.1. Model Construction

A pre-operative facial bones CT Scan of a 30-year-old, consenting female, who
was undergoing surgery of the maxilla was used construct the mandible virtual
model. The images of the scan were in 0.625 mm thickness and were converted
into Digital Imaging and Communications in Medicine (DICOM) format. In-
Vesalius software was used to extract the CT images, selecting the mandible
bone only using the Hounsfield threshold, and converted into a 3D standard
tessellation language file (STL) format [12]. The STL model was edited in Net-
fabb software, and any defects present were repaired. Only half of the mandible
was preserved to reduce model complexity, ensure adequate computer resources,
and create virtual models with less elements [13]. Rhinoceros software was used
to fit a series of non-uniform rational B-splines (NURBS) around the hemi-mandible
STL surface [14]. This created a surface model, which was opened as a solid
mandible model, and used for FEA. The mandible’s cancellous bone layer was
developed separately using the same process.

In Solidworks, both the cortical mandible model and cancellous bone were
combined to develop a cortical-cancellous mandible model [15]. This bi-layer
mandible solid model underwent a virtual sagittal split osteotomy (Obwegeser
technique with DalPont, Hunsuck and Epker modifications), which resulted in 2
segments; proximal and distal segment of the mandible (Figure 1).

The fixation techniques were developed in Solidworks. Screws in each tech-
nique were developed as smooth cylinders, and threads omitted. The 1.7 mm
and 2.0 mm miniplate consisted of 4 mono-cortical screws of 5 mm length, while
the 2.0 mm bicortical screws were developed with 15 mm and 11 mm length in-
itially, and adjusted accordingly during model assembly. The 2.0 mm bicortical
screws were applied in an inverted-L design, with 2 screws on the superior bor-

der and 1 screw inferiorly.

Figure 1. Sagittal split osteotomy carried out virtually resulting in proximal segment
(upper right) and distal segment (lower right).
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A total of 9 assembly virtual models were developed, which incorporated the
solid bi-layer mandible, the internal fixation techniques, and incorporating the

various mandibular osteotomy movements as shown in Table 1.

2.2. Material Properties

Cortical and cancellous bone types were homogenous in all regions of the
mandible. The bone properties were derived from previous literary data, and an
average value was chosen to represent a normal healthy adult bone [16] [17]
[18]. The fixation techniques had the properties of commercially pure titanium
Ti-4AI-6V.

Table 2 shows the properties of each material used in the FEA. The elastic
modulus is the ratio of the stress and strain of an object undergoing elastic de-
formation. Poisson’s ratio is the ratio of the transverse strain and the longitudin-
al strain in an elastic body under longitudinal stress.

Mesh creation (discretization) and simulation analyses

Mesh creation or discretization is the process of breaking down the whole as-
sembled mandible model into smaller finite elements. Following a mesh conver-
gence test with limit of 5% difference between successive mesh, each model con-

sisted of maximum element size of 3 mm, minimum element size of 0.5 mm.

Table 1. Models with respective fixation technique and mandibular movements.

Mandibular 1.7 mm 2.0 mm 2.0 mm
movement miniplate miniplate bi-cortical screws

3 mm
setback

Model 1 Model 2 Model 3

3 mm
advancement

7 mm
advancement

Model 7 Model 8 Model 9
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Table 2. Material properties used in FEA.

Material Property Value
Elastic Modulus 104.8 GPa
Titanium Poisson’s ratio 0.31
Density 4428.8 kg/m’*
Elastic Modulus 17 GPa
Cortical Bone Poisson’s ratio 0.3
Density 2000 kg/m’
Elastic Modulus 300 MPa
Cancellous Bone Poisson’s ratio 0.3
Density 1500 kg/m?

1 GPa = 1000 MPa (Pa is the Pascal unit which is the equivalence to Newton/m?).

The number of elements in Model 4 was 136,450 elements, and this differs
slightly in other models due to the type and size of fixation techniques, and
mandibular movement.

The contact surfaces of the proximal and distal mandible bone were
non-penetrating and allowed movements, while the surfaces between the screws
and bone were bonded to assume they were rigidly fixed to bone. (Figure 2) The
condylar region of the model was fully restrained. The mid-symphysis was re-
strained with a slider/roller restraint which allows movement in the vertical
plane only and simulates the presence of the other half of the mandible (Figure
2).

Forces were applied in the angle region of the mandible to simulate the mas-
seter muscle action. To simulate bite forces, either the molar or incisal occlusal
surfaces were restrained at one time. Forces of 50, 75 and 100 N were applied for
the incisor bite simulation, and 100, 200 and 300 N for molar bite simulation.

FEA was run in all models at the various bite forces and mandibular move-
ments. Maximum von Mises stress in the fixation, and maximum displacement
of the whole model were recorded. Von Mises stress is the equivalent tensile
stress used to predict the yielding of materials, when they are placed under loads

from different directions.

3. Results

3.1. Stress in Fixation Techniques

The maximum von Mises stress in all models are shown in Table 3. The 1.7 mm
miniplate recorded the highest von Mises stress, when compared to the
bi-cortical screws and 2.0 mm miniplate, at all forces and mandibular move-
ments. The maximum stress recorded in all fixation techniques were within the
material yield before permanent deformity. Stress distributions in each fixation
technique and models, at maximum force application, are shown in Figures 3-5.
The stresses in the 1.7 mm and 2.0 mm miniplate are mainly concentrated in the
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Condyle restraint
-Fully fixed

-simulates

action

Force from angle

masseter muscle

Molar Fixture-
fixed on occlusal
surface

Incisor Fixture-
fixed on occlusal

surface

Symphysis restraint-
slider/roller fixture
allows movement in
vertical plane only

Figure 2. Restraints, boundaries and force application in the FEA simulation model.

(a)

[ V-

(b) (c)

Figure 3. Stress distribution in fixation techniques at 3 mm mandibular setback and 300
N force. (a) Model 1: 5-hole 1.7 mm miniplate; (b) Model 2: 2.0 mm miniplate no gap; (c)
Model 3: 2.0 mm bi-cortical screws.

Table 3. Maximum von Mises stress (MPa) in fixation techniques for all simulation mod-

els.

Mandibular
movement

Model

Force 50N 75N 100N 100N 200N 300N

3 mm setback

3 mm
advancement

7 mm
advancement

1 (1.7 mm miniplate)
2 (2.0 mm miniplate)
3 (2.0 mm

bi-cortical screws)

4 (1.7 mm miniplate)

5 (2.0 mm miniplate)
6 (2.0 mm

bi-cortical screws)

7 (1.7 mm miniplate)

8 (2.0 mm miniplate)

9 (2.0 mm
bi-cortical screws)

107.9 162.0 2163 229.8 406.3 456.3

30.7 46.1 615 758 1522 229.2

38.2 57.3 759 678 1114 145.2

1335 200.6 267.8 266.3 537 812

50.5 758 101.3 110.1 221.5 334.3

26.5 39.7 529 487 973 146

148.7 2235 298.8 3075 621.3 929.7

753 131.1 151.1 151.2 304.1 458.1

30.4 455 60.7 563 1124 168.5
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2l

(a) (b) (c)

Figure 4. Stress distribution in fixation techniques at 3 mm mandibular advancement
and 300 N force. (a) Model 4: 6-hole 1.7 mm miniplate; (b) Model 5: 2.0 mm miniplate
with 4.4 mm gap; (c) Model 6: 2.0 mm bi-cortical screws.

(b) (c)

Figure 5. Stress distribution in fixation techniques at 7 mm mandibular setback and 300
N force. (a) Model 7: 7-hole 1.7 mm miniplate; (b) Model 8: 2.0 mm miniplate with 8 mm
gap; (c) Model 9: 2.0 mm bi-cortical screws.

superior-distal region of the connector region. The stresses in the 2.0 mm
bi-cortical screws are dissipated among all screws, but more concentrated in the
inferior-distal screw, and maximum stress is seen at the lingual cortic-
al-cancellous junction.

A Wilcoxon rank sum test was carried out for the non-normal distributed da-
ta. The test showed statistically significant difference between the 1.7 mm mi-
niplate and the 2.0 mm miniplate, with P < 0.05 (W = 263, p-value =
0.0009862). There was also significant difference between the 1.7 mm and 2.0
mm Bi-cortical screws, P < 0.05 (W = 314, p-value = 3.063e—08), and between
the 2.0 mm miniplate and 2.0 mm Bi-cortical screws, P < 0.05 (W = 238,
p-value = 0.01557).

3.2. Mandible Segment Displacement

Maximum displacement was seen in the proximal segment of the mandible
model in all cases. This is consistent with the location of force application, which
is in the angle region. The maximum displacement for all models is shown in
Table 4. The highest displacement is seen in model 7, which consists of 1.7 mm
miniplate fixation with a 7 mm mandibular advancement. While the least dis-
placement is seen in model 3 with 2.0 mm bi-cortical screws at 3 mm mandibu-
lar setback.

Statistical significant difference was seen between the 1.7 mm miniplate and
the 2.0 mm miniplate models, with P < 0.05 (W = 235, p-value = 0.02046), be-

tween the 1.7 mm and 2.0 mm bi-cortical screws models, P < 0.05 (W = 282,
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Table 4. Maximum displacement (mm) in proximal mandible segment for all simulation

models.
Mandibular
Model Force: 50N 75N 100N 100N 200N 300N
movement
3 mm setback 1 (1.7 mm miniplate) 0.068 0.102 0.137 0.132 0.252 0.332
2 (2.0 mm miniplate) 0.049 0.073 0.098 0.092 0.185 0.281
3 (2.0 mm
. i 0.033 0.052 0.069 0.062 0.118 0.169
bi-cortical screws)
3 mm .
4 (1.7 mm miniplate) 0.114 0.172 0.230 0.223 0.449 0.680
advancement
5 (2.0 mm miniplate) 0.053 0.079 0.107 0.102 0.207 0.315
6 (2.0 mm
R i 0.039 0.059 0.079 0.071 0.142 0.214
bi-cortical screws)
7 mm .
7 (1.7 mm miniplate) 0.146 0.219 0.294 0.289 0.581 0.879
advancement
8 (2.0 mm miniplate) 0.081 0.122 0.164 0.150 0.303 0.459
9 (2.0 mm

. . 0.042 0.064 0.086 0.077 0.155 0.233
bi-cortical screws)

p-value = 5.811e-05), and between the 2.0 mm miniplate and 2.0 mm bi-cortical
screws models, P < 0.05 (W = 231, p-value = 0.02896).

3.3. Effect of Mandibular Movements on Maximum Stress and
Displacement

In larger advancements, the fixation techniques absorb more stress when com-
pared to setback movement. The effect of mandibular movements on stresses in
fixations can be illustrated in Figure 6.

Displacement of the proximal segment increases as the mandible is advanced
further (Figure 7). Displacements for models in the mandibular setback move-

ment are much less compared to advancement movements.

4. Discussion

The use of miniplates smaller than 2.0 mm in mandibular fixation is uncom-
mon, but has recently gained interest by clinicians and researchers. In 2010,
Burm et al studied the use of 1.2 mm microplate and mono-cortical screws in
the management of mandibular fractures and found considerable success com-
pared to other conventional 2.0 mm miniplates [19]. He explained the advan-
tages of smaller microplates, which include less foreign body reaction, less pal-
pability, and improved patient acceptability. Ahmed ef a/ in 2017 who compared
2.0 mm miniplates with 1.5 mm miniplates in the management of mandibular
symphysis fractures using FEA [20]. They found that there was no significant
difference in the stresses developed in either of the bone plating system. Yeo et
al in 2017 compared the effects between 1.7 mm upper border sliding plates and
positional screws in neurosensory disturbances following BSSO advancement.
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Figure 6. Maximum stress in fixation techniques in all mandibular movements.
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Figure 7. Maximum displacement in simulation models for all mandibular movements.

He showed that there was insufficient evidence to prove one was better than the
other [5].

The present study has shown the comparison of biomechanical properties in 3
fixation techniques when various forces and different mandibular movements
are applied. The results of this study support the findings of previous FEA stu-
dies by showing that the 2.0 mm bi-cortical screws are more rigid than miniplate
fixations [6] [7] [21]. These studies however, have not made biomechanical
comparisons of fixation techniques at various mandible movements.

The 2.0 mm bi-cortical screws recorded the least stress and displacements
compared to the 2.0 mm miniplate and 1.7 mm miniplate for all mandibular
movements and forces. The bi-cortical screws are more rigid than the miniplates
with monocortical screws, probably because they penetrate both buccal and lin-
gual cortices of the mandible segments [22]. This study does not show any de-
formation in the miniplates, and areas of high stresses represent as red color can
be either tensional or compressional stresses (Figures 3-5). Minimizing mani-

pulation of the miniplates in these high stress regions is highly advised to avoid
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complications such as plate fracture.

The amount of displacement is an indication of fixation rigidity, and the
bi-cortical screws were shown to be the most rigid fixation. Miniplates can be ri-
gid or functionally stable and clinically have both been proven to be successful in
the treatment of mandibular fractures [23]. In our study, the maximum dis-
placement is less than 0.9 mm which was seen in Model 7 that consisted of the
1.7 mm miniplate at 7 mm mandibular advancement. The amount of displace-
ment is small in the simulation models and is probably not clinically significant.
Claes in 1998 claims that some degree of micromotion in bone in-fact enhances
callus formation during bone healing, and this may be an advantage of
semi-rigid fixation [24]. Least displacement is seen in the setback models, and is
likely due to the close approximation of the mandible segments. Like mandibu-
lar fractures, the close approximation of bony segments increases stability of the
fracture [22].

In FEA, the setup of simulation models is important, as any changes in force
locations or restraints can affect the results. Comparing results with other FEA
orthognathic studies is difficult due to difference in model construction, mesh
element numbers, and various simulation protocols. There are studies that use a
full mandible [25] while others opted for the hemi-mandible [6] [7] [21]. The
reason highly depend on the computer resources and in certain instances, the
models require simplification to reduce computational demand.

This study simulated a hemi-mandible with a cortical and cancellous bone
layer. The condyle was fully restrained, while the symphysis region had a slid-
er/roller restraint which permits movement in the vertical plane only and simu-
lates, in our simplified model, the other mandible half. The occlusal surface of
the molar and incisor were fixed according to the type of load applied. Forces of
50, 75 and 100 N were applied with the incisor fixed to simulate incisal biting
while 100, 200 and 300 N applied for molar bite force. Bite forces were obtained
from studies investigating post-operative bite forces in orthognathic surgery pa-
tients [16] [17] [18]. During the post-operative period, bite forces in healthy
adults can drop to 50% or more, and gradually increases to normal after 3
months to 2 years. This study did not include maximum normal bite forces as
the fixation techniques are most crucial during the bone healing period of 3 to 6
months.

Mandibular sagittal split osteotomy is a recognized orthognathic technique
and it allows various movement such as advancement, setback, and rotation. The
type of mandibular movement required is the result of surgical and orthodontic
planning and reflects the patient’s dentofacial deformity. The fixation technique
applied must be strong enough to provide sufficient stability, while minimizing
risks and complications. Bi-cortical screws are rigid but known to have increased
risks to the inferior alveolar and lingual nerve [26]. Miniplates are less rigid,
have higher removal rates, and can cause irritation to the mucosa and gingiva,
even when placed appropriately [27]. Both bi-cortical screws and miniplate fixa-

tion have been shown to provide similar skeletal stability in the long term [28]
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[29]. The successful outcome of orthognathic surgery does not only rely on the
fixation techniques but other factors, including severity of the dentofacial de-
formity, surgical planning, surgeon’s technique, and patient’s soft and hard tis-
sues.

Limitations exist with any computational experiments. This study only in-
volves the use of a single Caucasian female mandible CT scan. Although replica-
ble and capable of being manipulated in the software, it does not represent a full
population of different sized mandibles. Condylar torque was not considered
following fixation placement. Condylar torque is a known phenomenon follow-
ing fixation of a mandibular osteotomy. As the models did not include the tem-
poromandibular joint soft tissue structures and the condyle was fixed during
simulation, condylar torque was not assessed. Although these limitations were
present, they were mitigated by being present in all models, which were com-

pared with one another.

5. Conclusion

This study looked at the biomechanical properties of using a smaller 1.7 mm
miniplate in mandibular orthognathic surgery with various movements. Al-
though it recorded the highest stress among the other techniques, the stress was
within the material yield of 950 MPa for all mandibular movements. In conclu-
sion, the 1.7 mm miniplate has adequate strength when applied and can be used
in mandibular osteotomy, although statistically less rigid when compared to the
conventional 2.0 mm miniplate and 2.0 mm bi-cortical screws, especially for

larger movements.
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Terms and Abbreviations

Term

Definition

Anisotropic
Bi-cortical screws

Biomechanical

CT

DICOM

Discretization (Meshing)

Elastic Modulus
(Young’s Modulus)

FEA

Hooke’s Law

IGES

Invesalius
In-vitro
Isotropic
Mono-cortical screws
Netfabb
Newton (N)

NURBS

Pa (Pascal)

Poisson’s ratio

Rhinoceros

Simulation in Solidworks

Solidworks

STL

Strain

Stress

Von Mises Stress

A material that consists of more than one property
in various areas and direction

Screws that penetrate both cortices of bone

Study of the action of external and internal forces on the living body,
especially on the skeletal system

Computer tomography-computer-processed combinations of
many X-ray measurements taken from different angles to produce
cross-sectional images of specific areas of a scanned object

Digital imaging and communications in medicine.

It is an image format usually containing CT images

The process of changing a solid body into smaller finite elements
Measurement of stiffness of a solid material

Finite Element Analysis, a computerized method for predicting
how a product reacts to real-world forces, vibration, heat,
fluid flow, and other physical effects

The principle of stress imposed on a solid is directly proportional
to the strain produced, within the elastic limit

Initial Graphics Exchange Specification, file format that allows
the digital exchange of information among computer-aided
design (CAD) systems

Computer software that allows conversion of DICOM images into STL
Studies performed outside of biological context

A material that is uniform in all areas and direction

Screws that penetrate a single bone cortex

Computer software that allows editing and repair of surface polygons
A measurement unit for force

Non-uniform rational basis spline (NURBS) is a mathematical
model commonly used in computer graphics for generating
and representing curves and surfaces

Pascal, SI unit to quantify stress which is equivalent to 1N per
square meter. 1 Mega Pascal (MPa) = 1000 Pa, and
1 Giga Pascal (GPa) = 1000 MPa

The ability of a structure to resist deformation in a direction
perpendicular to that of the applied load.

Computer software that allows creation and manipulation of NURBS
An internal programme of Solidworks that runs FEA

Computer software that allows creation, editing
and manipulation of 3D solid models

Stereolithography, a file format used to represent surfaces
with a series of triangles

The measurement of the deformation of a material
The force per unit area applied to an object

The equivalent tensile stress used to predict the yielding of materials,
when they are placed under loads from different directions
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