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1 INTRODUCTION

The mandible is the largest and strongest bone in the facial skeleton. It frames the lower portion of the
face, and is an integral component in breathing, speaking, chewing, and swallowing [1]. Severe trauma to
the mandible can result in the resection of the damaged region, which is commonly treated using mandible
reconstruction plates. These plates are straight bars of titanium, with appropriately spaced holes, that are
used to anchor the plate to the skeleton by way of locking screws. During surgery, the surgeon uses bending
and cutting guides to shape the implant.

Implant fit is affected by the complexity of the geometry, the implant length and, most importantly,

surgical experience [2]. It is of utmost importance that the implant is correctly shaped, as a mismatch
between patient geometry and plate geometry may result in plate failure, the patient having difficulty
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with the associated activities of daily living, and poor aesthetics [3]. An important phenomenon to consider
when shaping implants is the residual stress induced by plastic deformation of the material. Weakening of
the material and micro-tears at the bending site often result in plate failure [4].

A patient-specific mandible reconstruction plate could alleviate the problems encountered when manually
shaping implants. Typically, a designer will create a three-dimensional model of the patient’s mandible.
This model will then be used to generate a patient-specific mandible reconstruction plate that the surgeon
can implant with little or no adjustment. A customised reconstruction plate could improve mandible
functionality and aesthetics, and significantly reduce the chance of mandible and/or plate fracture [5].
However, the patient-specific process is complex and time-consuming.

The parametric mandible reconstruction plate described in this work is in the middle ground between
conventional and custom plates. During the design process, a parametric template is adapted to a
cephalometric analysis of a three-dimensional reconstruction of the patient’s mandible. The primary
difference between patient-specific and parametric plates is that the latter consist of a computer-aided
drawing (CAD) template, which does not need to be created from scratch for each iteration.

This research paper contributes to the following:

A decrease in lead time for mandible reconstruction plates
A reduction in the difficulties associated with bending
An improved implant fit and performance, potentially reducing failure rates

2  METHODOLOGY

This section describes the parametric reconstruction plate design process. Initially, a CAD template of the
reconstruction plate was generated using cephalometric data. Random mandible samples were generated
and measured. The corresponding reconstruction plates were generated from the CAD model in step 1, and
a comparison test was performed to analyse the mandible/plate fit. Finally, a finite element analysis (FEA)
was performed on the male mandible which exhibited the most curvature and the corresponding plate.

2.1 Implant design

The parametric mandible reconstruction plate was created in Inventor (Autodesk, California, San Rafael,
USA). The template was based on the average cephalometric measurements taken between the landmarks
shown in Figure 1 and Table 1 [6]. These landmarks were plotted in space, and a three-dimensional sketch
was used to create a closed path between these points. Figure 2 shows the three-dimensional sketch used
in the construction of the template. Figure 3 is a top-down view that shows the angular measurements
used to generate the holes on the body region of the plate. Angular measurements proved consistent, and
allowed for simple adjustment of the hole positions. The holes on the ramus region of the plate were
generated using a rectangular pattern. Table 2 shows the parameters that defined the cephalometric
relationships. The plate dimensions could be controlled from this dialogue box alone. The profile of the
plate was sketched, and a sweep — from the left condyle to the right condyle — was performed to generate
the full parametric plate. Fillets of 0.3 mm were applied to soften the edges of the plate and protect any
surrounding tissue. Figure 4 shows the final parametric reconstruction plate.

Sagittall plane
|

T
Body

Figure 1: Parametric landmarks
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Figure 2: Three-dimensional construction sketch

Table 1: Parametric landmark descriptions

Landmarks Symbol Description

Condyle Co The most posterior point found
on the condyle

Gonion Go The most inferior and posterior
point found on the angle

Menton Me The most inferior point on the

chin, found along the sagittal
plane

Sagittal plane

The sagittal plane is an
anatomical plane that divides
the body into right and left
parts

Figure 3: Angular positions of the screw-holes
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Sweep
direction

Figure 4: Parametric mandible reconstruction plate

Table 2: Parameter space

Model parameters Value Unit
Go-Sag-L 45.61 mm
G-Sag-R 46.65 mm
Go-Me 89 mm
Co-Go-R 58.52 mm
Co-Go-Me-R 115 deg
Co-Go-L 57.69 mm
Co-Go-Me-L 115 deg
Co-Sag-L 50.04 mm

2.2 Simulated mandible samples

The randomised mandible samples were generated using a statistical shape model developed from
population data that was obtained from a statistical shape model developed by Gillingham [6]. The shape
model samples use a standard Gaussian distribution, or bell curve. This is a common continuous probability
distribution that states that, given sufficient sample size, the averages of independently drawn samples
from the same distribution converge to the normal, with 68 per cent of sample values within +1 standard
deviation, 95 per cent of sample values within +2 standard deviations, and 99.7 per cent of values within
+3 standard deviations. A shape can be represented as a collection of points. If a training set of shapes —
the population data — is aligned according to the same frame of reference and then superimposed, a
distribution of the points that make up the training shapes can be observed. Principal component analysis
uses orthogonal transformations to convert correlated values in the point distribution into a set of linearly
uncorrelated variables called principal components. These principle components, in conjunction with the
point distribution model, make up the statistical shape model, and explain or provide a solution for how
the points, and ultimately the shapes, differ within the training data.

2.3 Comparison test

A comparison test was performed to evaluate the fit between 16 simulated mandibles that were generated
as previously described and their corresponding plates. For each mandible, the landmarks shown in Figure
1 and Table 1 were identified and their three-dimensional coordinates were stored. These coordinates
were imported into MATLAB; the measurements were calculated, and then used to create 16 corresponding
parametric mandible reconstruction plates from the template.

Each mandible/plate combination was imported into MeshLab in .stl format. The point-based glueing
method — in which the landmarks, shown in Figure 2, are manually selected on the mandible and
parametric plate — was used to align the models. In order to determine the fit, the Hausdorff distance,
Equation 1, was calculated [7].

Equation 1: Hausdorff distance

dy(X,Y) = max {sup inf d(x,y), sup inf d(x, y),}
xex Y €Y yey X €X
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Here sup represents the supremum and inf the infimum. The Hausdorff distance was used because it
measures the distance between two subsets of a metric space. The Hausdorff equation measures the
distance from one point on the sampled mesh to the closest point on the target mesh. In this case, the
plate is selected as the sampled mesh and the mandible as the target mesh. Positive values indicate a good
approximation of the underlying mandible, and negative values indicate interference between the meshes.
The RMS or root mean square value is used to describe the average distance between each mesh point.

2.4 Finite element analysis

An ANSYS Student licence was used to perform FEA. The parametric reconstruction plate was compared
with a conventional reconstruction plate with simulated cold work caused by bending, to investigate the
differences in the resulting stresses between the two. The mean male mandible model obtained from the
statistical shape model was used to conduct the FEA study. This model consisted of over 90 000 faces, but
was reduced to 250 faces to comply with the ANSYS Student limitations. The mandible file was converted
from the. stl format to a solid body and exported as a Parasolid file. A simulated mandibular resection of
30 mm was performed, as shown in Figure 5. The simulated defect length varies across the literature; but
the location, between the last molar and the second bicuspid, remains consistent [8] [9] [10].

z
xo—‘l-O

Figure 5: Reduced model with simulated defect

The corresponding parametric and conventional reconstruction plates were generated by drawing a
bounding box of 52 mm perpendicular to the required region. An extrusion was used to generate the shorter
plate, and a rounding of sharp edges and fillets was added. The number of screws and the spacing required
for mandible defects is not well documented. However, some conclusions can be drawn from the literature.
Smaller defects, such as fractures and short resections, have two screws on either side of the defect [11]
[12] [13]. Larger defects, which can extend from the Me landmark to below the sigmoid notch, have upwards
of three screws on either side of the defect [14] [15]. Two holes on either side of the resection were
deemed appropriate for this analysis setup.

The mandible/plate combination was aligned and imported into ANSYS. The mandible material was assumed
to be homogeneous and isotropic, with a Young’s modulus of 13 700 MPa and a Poisson’s ratio of 0.3 [16].
The conventional and parametric reconstruction plates were modelled as Ti-6Al-4V, with a Young’s modulus
equal to 107 GPa and a Poisson’s ratio of 0.323. A default mesh was generated and assigned to the models.
Mesh editing was performed to improve two criteria: overall element quality and aspect ratio [17]; and a
mesh independence study was performed to analyse solution convergence. The boundary conditions and
values were adapted from work by Wu, Lin, Liu and Lin [18]. The muscle force values were based on a
lateral incisal displacement of 5 mm. Figure 6 shows the mandible muscles, and Table 3 shows the boundary
condition values and muscular references.
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Figure 6: Mandible muscle attachment sites

Table 3: Boundary condition values (Wu, Lin, Liu and Lin, 2017)

Muscle Loading (N) Reference
X Z

Deep 7.776 127.23 22.68 M1, 2

masseter

Superficial 12.873 183.5 12.11 M3, 4

masseter

Medial 140.38 237.8 -77.3 M5, 6

pterygoid

Temporalis 0.064 0.37 -0.13 M7, 8

Medial 0.97 5.68 -7.44 M9, 10

temporal

The FEA of the conventional plate uses the same mesh model as the parametric plate, but with added
residual stress to model the plastic deformation induced by bending during surgery. This residual stress was
simulated as a thermal load and applied to the conventional reconstruction plate. This approach is like that
described by O’Toole, Karpanan and Feghhi [19] and Murugan, Kurian, Jayaprakash and Sreedharapanickar
[20]. Thermal stress is calculated using Equation 2, where E is Young’s modulus, a is the thermal expansion
coefficient, and AT is the change in temperature. The residual stress value in the plate can vary owing to
factors such as bending, the initial temperature of the plate, plate length, thickness, and the number of
screws. The post-operative performance of the plate, in turn, is affected by the patient’s bone health,
defect size, chemotherapy or radiation treatment, geometry, and age. These factors, when considered
together, make it difficult to model a consistent residual stress value. Therefore a residual stress value of
105 MPa was chosen to differentiate the parametric plate from the conventional plate. Thermal stress was
applied to the plate using a thermal condition in the FEA setup.

Equation 2: Thermal stress

o=Ex ax AT
3 RESULTS

The mean Hausdorff values for the comparison of 16 mandibles are displayed in Table 4. An example of a
typical comparison test is illustrated in Figure 7. Blue indicates that the plate is oversized, green indicates
a good approximation, and red means that there is interference between the plate and the mandible.

Table 4: Mean Hausdorff values for 16 comparison tests

Min Max Mean RMS
[ Male 0.00185 5.9068 2.000968 2.431303
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Figure 7: Mandible comparison test

Figure 8 shows the final FEA setup and the applied mesh. The muscle forces, fixed supports, thermal load,
and displacement conditions were applied directly to the mandible as described in the text and as shown
in Figure 6. The male conventional reconstruction plate, shown in Figure 9-a, has a maximum Von Mises
stress of 224.91 Mpa, and an average stress of + 77 MPa. The maximum Von Mises stress in the parametric
reconstruction plate is 132.63 Mpa, with an average stress of + 44 Mpa, shown in Figure 9-b.

Figure 8: Final FEA setup

(C)) (b)

Figure 9: a) FEA results for the commercial straight reconstruction plate; b) FEA results for the
parametric reconstruction plate
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4  DISCUSSION

Severe mandible trauma often requires resection of the affected region. The resulting functional and
aesthetic impairment can be mended with various reconstruction methods, including mandible
reconstruction plates. The manual bending of reconstruction plates often results in plate fracture, which
is a cause of serious concern during implantation. The repeated bending results in weak areas, and residual
stresses may lead to fractures when the plate experiences additional stress. The present study proposed a
novel reconstruction plate to reduce lead time, to improve fit, and to reduce residual stress and surgical
guesswork.

The preliminary comparison tests of the mandible/plate combinations showed that the parametric plate
followed the shape of the mandible reasonably well, apart from the area between the angle and the second
premolar, where interference occurred. It is difficult to bend the plate during surgery if it is undersized.
Thus here are two possible solutions. Either the parametric template could be oversized before additive
manufacturing, which would remove the interference error, although intra-operative bending would be
required; or adding another landmark on the parametric template in this region could reduce the
interference.

The FEA results show that the parametric reconstruction plate experiences lower maximum Von Mises stress
and a lower average stress value than a conventional reconstruction plate that has undergone deformation.
This is due to significantly less plastic deformation, if any, in the parametric plate. Multiple studies in the
literature indicate that conventional plates experience higher maximum and average stress values than
custom plates owing to plastic deformation [4] [21].

Traditionally, patient-specific implants require extensive pre-planning, design work, and analysis. The
implant developed in this study potentially reduces the lead time, as the template only needs to be
adjusted using mandible measurements, and then generated via additive manufacturing. This template and
implant could reduce pre-operative planning and intra-operative guesswork while maintaining mandible
functionality and aesthetic appearance. A decrease in post-operative complications, such as mandible
fracture, plate fracture, and protrusion, is expected.

The FEA literature related to mandible reconstruction is extensive and diverse. The FEA results in this study
are limited by the theoretical assumptions made about the loading conditions and material properties. The
muscle forces were considered as point loads. By contrast, some literature only consideres a bite force,
while other literature models the muscles over a fixed attachment area. Numerous physiological factors
affect the material properties of cortical and trabecular bone in the mandible [22]. The mandible material
properties were therefore assumed to be homogeneous and isotropic.

It is important to note that the parametric plate is merely a better approximation and not a perfect fit. It
is not a complete patient-specific design, and does not account for irregular contours on the mandible.
However, the minor adjustments that the parametric plate might require are a significant improvement
over the surgical guesswork that is present when working with conventional reconstruction plates.

5  CONCLUSION

This study proposed a parametric reconstruction plate design that has the potential to reduce the effort
associated with the pre-planning and intra-operative bending involved with conventional mandible
reconstruction plates. The parametric plate might also reduce the time and effort normally required for
patient-specific implant design. The parametric mandible reconstruction plate provides the following
benefits: 1) it is structurally superior owing to the lack of large amounts of plastic deformation; 2) it offers
better mandible approximation, with little adjustment required, which can reduce the chance of
mechanical failure; 3) it maintains facial contours; and 4) it has a shorter design time than patient-specific
implants.

It is clear from the RMS value of 2.4 mm, measured during the comparison test, that the implant is a vast
improvement over the commercial straight plate. Current commercial implants are spaced + 1 mm from
the mandible. This reduces the need for the implant to match the underlying geometry, and provides a
better fit. However, plastic deformation in commercial plates is relatively high, regardless of the improved
fit. Theoretically speaking, a surgeon will only need, on average, to bend the plate 1.4 mm to fit the
mandible. This reduces not only the guesswork associated with the shaping of the implant, but the plastic
deformation too. Future work should include a physical comparison test to confirm the implant fit.
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The FEA evaluation addressed the high maximum and average stress values in conventional plates, with
noticeably lower stress values in the parametric plate. This indicates that the parametric plate’s strength
is sufficient for clinical purposes. In the context of mandible reconstruction, the parametric plate provides
an improved design over conventional reconstruction plates. FEA is merely a tool, and should not be
completely trusted. Therefore it is recommended that future work conduct a physical test, potentially
using mandible cadavers, to confirm the FEA. It is highly likely that the physical testing would reach the
same conclusion as the simulation.
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