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ABSTRACT

Osteogenesis Imperfecta (Ol) is a bone disease that
commonly can cause bone deformation and could cause
death in extreme cases. To treat this disease, rodding
surgeries are required. Such surgeries require pre-surgery
planning to evaluate the fracture risk. Finite element analysis
(FEA) has been widely used as computational tool to predict
bone fracture. It is known that the accuracy of FEA is
strongly dependent on discretization of element. There are
two common types of element that is being used for bone
analysis, namely polygon-based and voxel-based. Current
clinical practices are more inclined to creating voxel-based
FE models based on patient specific computed tomography
(CT) image as it is more accessible to them. Polygon-based
FE models are less commonly used as medical personnel
usually does not has the engineering expertise in handling
FEA. However, there might be benefits in employing
polygon-based models. This paper aims to compare the FEA
performance between both types of FE models, and then
suggest the better option for clinical usage. It was found that
in most cases, the FEA predictions of both models were
similar with percentage difference of <1%. However,
polygon-based models showed its advantage when it comes
to computing demand at it was able to perform FEA as much
as 45 times faster than voxel-based model. To conclude,
polygon-based FE model could be the better option for
clinical uses for offering identical accuracy with less
computing demand.

Key words : Finite element analysis, mesh, Osteogenesis
Imperfecta, polygon, voxel

1. INTRODUCTION

Osteogenesis Imperfecta (Ol), otherwise known as
brittle bone disease, is a genetic bone fragility disorder
caused by bone deformities, such as bowing of long bone. Ol
occurs fairly commonly among children with a statistical
incidence of 1 in 10,000 to 1 in 20,000 newborns. Ol is a
heterogeneous disorder and is categorized into Ol type I,
type 11, type 111 and type IV based on clinical, radiographic
and genetic criteria [1]. Among these different types of Ol,
type Il is regarded as one of the most lethal and regularly
seen severe skeletal dysplasia, which may cause death [2].
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Usually, rodding surgery will be required for Ol patients.
Doctors will predict the timing of fracture of bone in order to
determine a suitable timing to perform the surgery. At
present, the prediction of bone fracture is performed based
on doctors’ judgement with their experience. However, such
approach is subjective in nature, therefore a quantitative
method to determine the fracture risk is desired. Therefore,
patient-specific prediction of bone fracture through finite
element analysis (FEA) could enhance the surgery planning
for Ol patients. FEA is capable of performing static
structural analysis with high reproducibility of the results [3],
[4]. Such is the reason why there are finite element
prediction of bone mechanical behaviours received attention
from various researchers [5]-[9]. Besides, FEA has been
proven to be able to predict mechanical behaviours of bone
with relatively high accuracy [10]-[15].

Patient specific image of bone can be obtained through
computed tomography (CT) or magnetic resonance imaging
(MRI) scans, subsequently these images can be used to
create finite element (FE) models. In principle, there are two
types of FE models that can be derived from these imaging
techniques, namely “polygon-based” and “voxel-based” FE
models [16]. Polygon-based models are built based on
polygon meshing that portrays the contours of bones. On the
other hand, voxel-based models are geometric description of
the bone built with multiple layers of three-dimensional
volumetric pixels known as voxel. The FE models derived
from CT scanning usually comes in the form of voxel-based
models as such image is more easily attainable by medical
personnel [17]. Such voxel-based models of human bones
have high computational demands. This is due to the high
resolution of the image data as a result of homogenous finite
element generation in the overall microstructure [18].

During surgery planning, the prediction of fracture
timing might involve multiple trials of FEA, this in turn will
create more computational demand. Ideally, it would be
better to keep computational demand low to save time and
cost. As FEA is sensitive, small variations in parameters
such as mesh type and geometry would affect the outcome of
prediction [12], [19]. Therefore, this paper aims to
investigate the influence of voxel-based and polygon-based
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finite element models in predicting the fracture of Ol-
affected tibia. The comparison between two types of mesh
will provide additional insight on the reliability of simplified
FE model namely polygon-based models, in order to reduce
the computational demand. Furthermore, the difference
between FE prediction on Ol tibia using polygon-based and
voxel-based mesh was investigated as well.

2. METHODS

Polygon-based and voxel-based FE models were created
in this work. The models were compared in terms of FEA
predictions under same boundary conditions to investigate
the difference between the two FEA approaches. On top of
that, the time taken for FEA to complete were recorded as
well to evaluate the computing demand of both types of
models.

2.1 Development of Ol tibia models

A 3D geometrical model of a standard tibia was
modified using ANSYS Workbench to artificially impose
bowing of bone on the tibia. A set of 10 Ol tibia were created
with varying bowing angles (5°, 7°, 10°, 12°, 14°, 15°, 18°,
20°, 22°, 25°), then these models were used in ANSYS
Workbench to perform polygon-based FEA. Also, the
models were exported in .STL format, subsequently these
image files were used in Voxelcon (Quint Corp., Tokyo)
software to create voxel-based models. Figure.1 shows the
sample of polygon-based and voxel-based models.

..

Figure 1: Polygon-based models (left) and voxel based models
(right)

2.2 Polygon-based FEA

A set of 10 tibia models were used in ANSYS
Workbench to simulate forces reacting on Ol tibia during
stance. Fine mesh was created for the models with a mesh
size of 2mm. The loading on tibia during stance is derived
based body weight and weighing factor, which in this case
was set as 1.07BW [20]. A mass of 65kg was selected
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throughout the FEA, which results in an applied load of
682.3N during stance. For the boundary condition, load was
applied on tibiofemoral joint, while fixed support was set at
the ankle joint. Then, FEA was executed and maximum von-
Mises stress and the time taken for the analysis was recorded.

2.3 Voxel-based FEA

The same set of tibia models were exported to Voxelcon
in .STL format to build voxel-based FE models. For the
boundary conditions, voxels on the surface of tibiofemoral
joint were selected to resemble the load applied on the
polygon-based model. Similarly, fixed support was applied
on the surface voxels at the knee joint, based on the
boundary condition of polygon-based FE model. The same
load of 682.3N was applied for this FEA as well. Figure. 2
shows the regions of load applied of both polygon-based and
voxel-based model, while Figure. 3 shows the regions
selected for fixed support applied on these models.

Figure 2: Regions of load application of polygon-based (left)
and voxel-based (right) models

Figure 3: Regions of fixed support of polygon-based (left) and
voxel-based (right) models

2.4 Fracture load prediction of both models

Both the polygon-based and voxel-based FEA models
were used to compare the ability to predict fracture load of
Ol tibia. The models were tested to predict fracture due to
compressive load and loads from sagittal plane and coronal
plane direction. The tibia was assumed have fracture occur
when von-Mises stress reaches 115MPa [21]. Therefore,
artificial loads from various directions were imposed on the
tibia until the fracture load is reached. The Ol tibia model
with bowing angle of 15° was selected to carry out the
fracture load prediction. Figure. 4 shows the illustration of
the various load direction.
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sagittal plane

Direction of load on
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Direction of compression load

Figure 4: Various direction of loading
3. RESULTS AND DISCUSSION
3.1 FEA prediction during stance

The FEA results of both polygon-based and voxel-based
models were compared in terms of maximum von-Mises
stress. By comparing voxel-based FEA results to polygon-
based results, it was observed that the percentage difference
ranges from 0.029 to 7.33%. On overall, the average
percentage difference sits at 0.166%, the results are shown in
Figure. 5.
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Figure 5: Plot of FEA results of polygon-based and voxel-based
models

3.2 Fracture load prediction

For compressive stress fracture, the polygon-based
model predicted fracture to occur when compressive load
reaches 1568N, while voxel-based model predicted 1710N,
this yields a percentage difference of 8.30%. As for fracture
caused by loading on sagittal plane direction, polygon-based
model predicted the fracture load at 431N, while voxel-based
model predicted 427N, the percentage difference between
these values are 0.928%. Furthermore, for fracture on
coronal plane direction, the polygon-based model predicted
the load to be 410N, while voxel-based model predicted
411N, and the percentage difference is 0.244%.
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3.3 Critical stress regions

Both of the models were also compared in terms of the
prediction of stress distribution. The FEA results of
compression load were taken to observe the critical stress
region where the fracture would occur, the location of critical
stress region of both models were predicted to be located at
the middle of the bone and are identical. Figure 6 shows the
stress distribution and critical stress region of both models.

A: Static Structural
Equivalent Stress
Type: Equivalent ivon-Mises) Stress
Unit: Pa
Tirme: 1

1.1503e8 Max
1.0225e8
8.0467e7
7.6687eT
6.3008e7
3.112%7
3.835e7
2.5571e7
1.2792¢7
12379 Min

'0.000

Figure 6: Stress distribution of polygon-based (left) and voxel-
based (right) FE model during compression fracture load test

On top of that, it is observed that both of the FE models
displayed identical contour band throughout the models. This
indicates that both models predicted almost identical stress
distribution when fracture due to compression takes place.

3.4 Computing time demand during FEA

Polygon-based and voxel-based Ol tibia FE models
require different amount of computing power. It was
observed that both models had a huge difference in terms of
time taken to complete one FEA run. For polygon-based
models, the time taken during stance loading test were
consistently recorded at below 15 seconds. Figure 7 shows
the elapsed time for ANSYS Workbench to complete FEA
for polygon-based model, the example taken was from 15°
stance loading test.

Status Done
MAPDL Elapsed Time 11. 5

Figure 7: Time taken during stance loading test of polygon-
based model (15°)
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However, for voxel-based model, the time taken for one
complete FEA is much more than polygon-based models. It
was observed that one complete FEA of voxel-based model
would take between 4 to 6 minutes. Figure 8 shows the
elapsed time for Voxelcon to complete FEA for voxel-based
model, the example taken was from 15° stance loading test
as well.
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Figure 8: Time taken during stance loading test of voxel-based
model (15°)

Based on Figure 7 and 8, it was observed that for the
same set of stance loading test, polygon-based model took
11s for one complete FEA while voxel-based model took
300s. The time taken for voxel-based FEA was 45 times the
amount of time needed for polygon-based FEA, even though
the FEA tests were performed on identical models under
similar boundary conditions. Also, it is worth mentioning
that both types of FEA were performed using the same
desktop computer.

Such situation was similar for other cases as well, where
polygon-based FEA always take significantly less amount of
time to complete compared to voxel-based FEA. For clinical
usage such as surgical planning before rodding surgery for
Ol, the advantage of being able to conduct FEA within short
amount of time. Doctors would be able to predict the timing
of fracture of Ol tibia after running multiple trials of FEA in
a relatively short amount of time, compared to using voxel-
based models. The lower computing demand of polygon-
based FEA will also be beneficial by reducing the cost
required to purchase high end computers for FEA purposes.

The comparison of FEA results have shown that both
polygon-based and voxel-based FE models were capable to
produce similar FE predictions. Most of the FEA results
yielded percentage difference of <1%. While there were
some outliers that are some results that are above 1%, those
are likely due to the difference between the area of load
application and fixed support. Establishing identical
boundary conditions for both types of FE models were a
challenge due to the different methods in selecting surface
for boundary condition. However, the resulting percentage
difference were never more than 9%, which is relatively low,
seeing that FEA predictions are highly sensitive to the setup
of boundary conditions [19], and slight variation of boundary
condition setup could visibly affect the outcome of FEA.
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This situation sets a path for future studies in developing
strategies on refining the placement of boundary conditions.

4. CONCLUSION

The comparison between polygon-based and voxel-
based FE models has proven that both models are able to
produce similar prediction under identical boundary
conditions. However, the computing time between two types
of FEA differs by a huge margin, as in polygon-based FEA
requires less time compared to voxel-based FEA, thus, less
computing demand. With the capability to produce identical
FEA predictions while keeping computing demands low,
polygon-based FEA would be suitable for clinical usage such
as surgery planning where multiple FEA trials are required.
Therefore, strategies to convert patient-specific CT image of
Ol tibia into polygon-based FE model would be beneficial in
practical usage due to its time saving aspect.
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