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Abstract: This study aimed to analyze the biomechanical behavior of the cranial implant by
varying materials (titanium, hydroxyapatite, and zinc-hydroxyapatite) and pore size (600, 900, and
1200 pm) through a finite element method since there is a lack of study on this area. The cranial
implant was reconstructed from the DICOM images, and the biomechanical behavior was evaluated
in terms of Von Mises stress and deformation. The maximum Von Mises stress was primarily
influenced by pore size in this study. Meanwhile, the material properties had the greatest influence
on the implant’s deformation. Subsequently, the safety factor was considered, and titanium implant

with a pore size of 900 um showed excellent results.

Keywords: Finite element analysis; biomechanical analysis; cranioplasty; cranial implant, 3D

model; pore size

1. Introduction

A cranial defect could be occurred because of falls,
vehicle crashes, assaults, and any sport-related events
such as hockey, rugby, and baseball. Mostly, the head
injury happened at the parietal-temporal; the best location
as the real pedestrian accidents? and sport-related
accidents include crickets?, baseball and softballs®
impacted on the head. The cranioplasty operation will take
place to repair the cranial defect. Cranioplasty has been
remarkably successful in restoring the cosmetic
appearance and restoring the primary function of the skull,
which is to protect the brain for a patient with a cranial
defect. In addition, cranioplasty operation is not only
restricted to the skull defect, it is also involved after
decompressive craniectomy for traumatic brain injury,
intracranial tumor surgery, stroke, and intracranial
infections*©),

The cranioplasty was performed by using autogenous
bone or synthetic materials. Both techniques have their
pros and cons. The cranioplasty operation with
autogenous bone was an excellent way because it has
fewer complications of infections. Still, it is limited due to
the tissue harvesting problem, finding suitable donor sites,
and expensive surgery”). Because of that, the use of
synthetic materials, either metal, polymers, or ceramics

such as aluminum, gold, silver, tantalum, titanium
(Ti6AI4V), polymethyl methacrylate (PMMA), polyether
ether ketone (PEEK), calcium phosphate (CaP), and
hydroxyapatite (HA) were vigorously studied by many
researchers*8-10),

Currently, titanium is dominant for metal materials
because it has good strength, biocompatibility, and little
infection rate. However, it has a weakness which is poor
malleability'. Meanwhile, for ceramic, hydroxyapatite
has the advantages of good osseointegration, minimal
tissue reaction, and increased bone repair. Still, the main
disadvantages of it are low resistance to mechanical stress
and can easily break!?. Therefore, a potential material that
could overcome this critical issue is by combining
metallic and ceramic advantages like metal-doped
hydroxyapatite, zinc-hydroxyapatite (ZnHA) was used as
one of the materials tested in this study. Zinc is a suitable
element for the combination of HA because it is one of the
necessary elements in the human body, and it also helps to
develop the skeletal system and growth. Moreover, the use
of zinc as an ion to hydroxyapatite has been reported to
encourage the formation of bone activity, bone growth,
and curing in case of damage*®.

A good cranial implant is not only limited to its
material; the implant design, fabrication, and skills of the
surgeon also play an important role in making the
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cranioplasty procedure successful. An implant with a solid
surface is less effective compared to a porous surface
because a porous surface promotes bone ingrowth and it
also enhances the bonding between the bone and the
implant. The pore sizes between 240 and 730 um and even
up to 1200 pm displayed enough evidence for bone
ingrowth!¥. However, most researchers believed that the
ideal pore size for bone ingrowth ranged from 100 to 400
um'®. According to Itala et al.*®), the pore size diameter
range from 50—125 pm also showed good bone ingrowth.
Therefore, the ideal pore size of the porous implant for
bone ingrowth has been still inexplicit so far.

Many researchers have studied the stress distribution
and deformation on the implant by varying the implant
materials, design, thickness, and shape; however, there is
a lack of studies on pore sizes and ZnHA as one of the
implant materials tested. Thus, the present study aimed to
analyze the biomechanical behavior of the parietal-
temporal implant with different materials and pore sizes
by using finite element analysis. This study was focusing
on three materials, include titanium (Ti6AI4V),
hydroxyapatite (HA), and zinc-hydroxyapatite (ZnHA),
and three different pore sizes of 600, 900, and 1200 pum.

2. Materials and methodology

2.1 Development of the three-dimensional (3D)
defective skull model

A female, 15 years old patient was submitted to CT
scanning due to the large cranial defect on the right
parietal-temporal area. The 3D Gens Sdn. Bhd. provided
the 245 CT scan images with a thickness of 1 mm in the
DICOM format. Afterward, the Mimics 21.0 (Materialize
NV, Leuven, Belgium) software was utilized to convert
the two-dimensional (2D) images in DICOM format to the
3D defective skull model. The defective skull images
underwent the segmentation operation with the
Hounsfield unit of 226 HU to 3071 HU. Then, the region
grows and split mask technique were applied to remove
the unnecessary part around the bone. Next, a clear view

of the 3D defective skull model was generated by applying
3D calculation, smooth and wrap operation as shown in
Fig. 1. It was then saved in the Standard Tessellation
Language (STL) format.

2.2 Reconstruction of a cranial implant

The STL file from the previous stage (Fig. 2a) was
loaded to 3-Matic 13.0 (Materialize NV, Leuven,
Belgium) software to develop the implant constituent of
the defect area. A smooth curve was drawn around the
fracture site, close to the defect edge but in the low
curvature region. (Fig. 2b). The sagittal sketch was created
by selecting two extreme endpoints on the skull and
adjusting it with interactive translate or rotate techniques
to ensure the sagittal sketch was located at the middle of
the skull (Fig. 2c). The cranial implant was developed
using the mirror technique which the skull was duplicated
and mirrored at the sagittal sketch (mid-plane) (Fig. 2d).
After that, the coronal sketch was created by duplicating
the sagittal sketch and rotating it 90 degrees with the
enable snapping method to create the guiding line. (Fig.
2e).

Next, the skull information, mirrored anatomy, and
defect curve were imported into the sketch before created
the guiding curve. A spline feature was applied to generate
the guiding curve drawn from the starting point to the
ending point. The guiding curve must closely match the
mirrored skull to obtain the actual shape of the skull (Fig.
2f). The surface construction operation was performed to
generate the implant (Fig. 2g). The idea of the skull
thickness at various areas around the defect edge was then
obtained by randomly appointing six points around the
fracture edge of the initial skull and applying the measure
distance technique. The thickness of the implant was
created by assigning the local thickness value on the
surface contour of the implant using a variable offset tool
(Fig. 2h). After that, the Boolean subtraction operation
was performed between the defect skull and implant to get
the smooth fit (Fig. 2i).

<0 @ e HE

Fig. 1: The development of the 3D model of the right parietal-temporal defect using computed tomography images.
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Fig. 2: Process of cranial implant reconstruction using 3-Matic software.

2.3 Development of porous implant

Before moving on to the next step, the implant from the
previous phase was finished by eliminating any
obstructing materials, combining the multiple surfaces on
the sides, and smoothing the top and bottom contours. The
process of removing the obstructing materials was needed
to ensure the implant having a good fit. Moreover, the
assembly between skull and implant was performed with
the function of the non-manifold assembly. The triangular
length of both skull and implant was set 6 mm and 4 mm,
respectively.

Next, the design process of the pore on the implant was
started by firstly, a prism with six sides or known as
hexagonal shape of diameter 600 um was created. Then,
several points were marked on the implant, which
indicated the location of the pore and the point-based
pattern feature was utilized to generate the hexagonal
shape attached at each selected point. Finally, the implant
with the pore size of 600 um, as illustrated in Fig. 3(a),
was developed by applying Boolean subtraction between
the original implant and the implant with the hexagonal
shape attached. The design process was repeated by
substituting the hexagonal pore structure’s diameter of
600 pum to 900 and 1200 pum. The implant with various
pore sizes (600, 900, and 1200 um) and the skull model
that has been undergone the assembly process was saved
in STL format. The STL format describes only the surface
of the model. Therefore, all model in STL format was sent
to the Fusion 360 (Autodesk, California, United States)
software to convert the surface model to the solid model

and were saved in SAT format for the finite element
analysis.

(b)

Fig. 3: (a) The porous implant (b) Close-up view of porous
implant with pore size 600, 900 and 1200 um (from left to
right).

2.4 Finite element analysis

The finite element analysis was conducted using
Abaqus v2020 (Dassault Systémes, Vélizy-Villacoublay,
France) software. The implant of pore sizes 600, 900, and
1200 um were simulated with three different materials:
HA, Ti6Al4V, and ZnHA. The material properties of the
skull and implant were inputted as shown in Table 1 before
proceeding with the analysis.
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Table 1. The material properties.

Young’s PoisSOn’s Ultimate
Material Modulus Ratio Strength
(GPa) (MPa)
Bone 159 0.3 -
Titanium 11010 0.310 95017
(Ti6AI4V)
Hydroxyapatite
(HA) 109 0.31® 588
Zinc
Hydroxyapatite 619 0.319) 168.919)
(ZnHA)

The implant and skull model was assumed to be linear,
solid, and homogenous to make the analysis easier. The
analysis was performed with the tetrahedral element and
1.6 global mesh size. The meshing size was determined by
doing the convergence study to get an accurate result
without taking a long time. The convergence study was
carried out based on the quantity by varying the mesh
sizes of the tetrahedral elements from 1.2 to 2.2, as
illustrated in Fig. 4. A simple mechanical analysis was
conducted on the implant by applying the same load value
of 50N at the middle of the implant and 2 kPa (15mmHg)
at the internal surface of the implant for all mesh sizes.

The total number of elements for the implant model
with pore sizes of 600, 900, and 1200 um were 412302,
423965, and 434874, respectively. The implant was
assembled with the skull, and the interface of the
connection was assumed to be perfectly bonded by using
tie constraints operation. As illustrated in Fig. 5, the skull
was fixed at the bottom as the boundary condition. The
loading of 50N was applied at the center of the implant,
which mimics the force acting on the skull when resting
on a flat surface?®. In addition, the intracranial pressure
(ICP) of 2 kPa (15mmHg), which is a physiological value
of ICP?Y, was loaded at the internal surface of the skull??.
Both loadings were acting perpendicularly to the surface.

80
w
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>
50 £ 8
S £
ED
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30
1 12 14 16 18 2 22 24
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Fig. 4: The convergence study graph.

Force
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Fig. 5: Loading and boundary condition layout.

3. Results

3.1 Stress distribution and deformation of the
implant

The stress distribution pattern on the implant with
different materials and pore sizes configurations was
presented in Fig. 6(a). It was seen that the stress
distribution pattern at the lower region of the Ti6AI4V
implant was higher than HA and ZnHA implant for all
three pore sizes. Fig. 6(b) depicted the maximum Von
Mises stress and displacement trend. It revealed that the
maximum Von Mises stress for all materials decreased
slightly from pore sizes 600 um to 900 um but increased
dramatically from pore sizes 900 um and 1200 um. By
contrast, the maximum displacement increased steadily as
the pore size increased. The maximum Von Mises stress
of Ti6AI4V implant reached the highest value, which is
5.45 MPa at the pore size 1200 um, whereas ZnHA of pore
size 900 um presented the lowest Von Mises stress (2.04
MPa). When comparing the Ha and ZnHA implant, it was
noticed that the ZnHA implant showed the lower value of
maximum Von Mises stress for all pore sizes involved in
the present study except for the implant with the diameter
pore size of 600 um, it displayed vice versa.

When considering the displacement result, Ti6AI4V
shown the best compared to the HA and ZnHA implant.
This is because the displacement result of the Ti6Al4V
was relatively lower in comparison with the HA and
ZnHA implant. The maximum displacement of HA
material of pore size 600, 900, and 1200 pm was 5.86 mm,
5.92 mm, and 6 mm, respectively. In pore sizes aspects,
for ZnHA, the pore size of 1200 um (7.66 mm) displayed
higher displacement as compared to the pore size of 600
(7.44 mm) and 900 (7.53 mm) um. For the Ti6Al4V
implant, the maximum displacement increased uniformly
from 4.32 mm to 4.36 mm with the increment of 0.02 mm
for each pore size.

3.2 Stress distribution and deformation of the skull

Fig. 7(a) showed the stress distribution pattern around
the bone-implant interface on the skull. From Fig. 7(a), it
was observed that Ti6AlI4V material had lower stress
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distribution around the bone-implant interface based on
the color contour around the defect area compared to the
HA and ZnHA implant. However, the higher maximum
Von Mises stress for each pore size was found when
Ti6AI4V was used as the material for the implant, as
displayed in Fig. 7(b). This is because the maximum Von
Mises stress was located near the boundary condition, not
at the bone-implant interface. Fig. 7(b) presented the trend
of maximum Von Mises stress and displacement of the
skull based on pore sizes. Both graphs displayed the
increase in pore sizes increased maximum Von Mises
stress and displacement. From all cases, the highest
maximum Von Mises stress was 0.863 MPa showed by
Ti6AI4V implant of pore size 1200 um. Moreover, the

(a)dl

ZnHA

HA

TigAlav

o
o

ZnHA with pore size 600 um possessed the lowest (0.834
MPa) maximum Von Mises stress. The maximum \on
Mises stress of HA for pore size 600, 900, and 1200 pum
was 0.836 MPa, 0.839 MPa, and 0.842 MPa, respectively.

Furthermore, Fig. 7(b) indicated the maximum
displacement of pore size 600 um for Ti6Al4V, HA and
ZnHA implant was 4.45 mm, 4.75 mm, and 4.86 mm,
respectively. When compare the pore size of the ZnHA
implant, it showed the pore size 600 um (4.86 mm) had
lower deflection, followed by pore size 900 um (4.87 mm)
and 1200 um (4.9 mm). In material aspects, Ti6AI4V
displayed a lower deflection compared to the HA and
ZnHA material with corresponding pore sizes.
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Fig. 6: The FEA results on the cranial implant with different material and pore size: (a) the stress distribution patterns and
(b) the graph of maximum Von Mises stress (bar chart) and maximum displacement (line chart).
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Fig. 7: The FEA results on the skull with different material and pore sizes: (a) the stress distribution patterns and
(b) the graph of maximum Von Mises stress (bar chart) and maximum displacement (line chart).

4. Discussion

Nowadays, the FEA technique in biomechanics
problems such as hip, knee, and craniomaxillofacial has
been accepted widely??2). In the present study, the FEA
technique was used to assess the biomechanical behavior
of the right parietal-temporal implant. To be more specific,
the biomechanical behavior in terms of mechanical stress
and deformation of the implant and skull was assessed by
varying the implant materials and pore sizes under the
static loading. The convergence study has been done in
this study to reduce time consumption and get an accurate
result. It was done by changing the global mesh size of the
implant range from 1.2 mm to 2.2 mm with an increment

of 0.2 mm. From Fig. 3, it was found that a mesh size of
1.6 and below showed a converged value of maximum
\on Mises stress. Thus, the 1.6 mm mesh size was used in
the entire study. Therefore, the results of the FEA analysis
in this study are reliable.

From the result obtained in this study, the maximum
Von Mises stress was primarily influenced by pore sizes;
meanwhile, the material properties had the greatest
influence on the implant’s deformation. This result was
revealed by Fig 6(b), when comparing HA to ZnHA
implants (which have a low difference in Young’s
Modulus) of pore size 600 um, the difference of maximum
\on Mises stress was 0.06 MPa. In contrast, the difference
of maximum Von Mises stress of HA implant between
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pore size 600 um and 900 um was 1.49 MPa. Furthermore,
based on the deformation aspects, the difference of
displacement value between HA and ZnHA implants of
pore size 600 um was 1.58 mm, which is more significant
affecting the deformation. On the contrary, pore sizes of
the implant have a lower significant effect on the
deformation which the difference of displacement value
between HA implant of pore size 600 um and 900 um was
0.06 mm. This result is similar to the study conducted by
Marcian et al.!® where the implant material leads to a
higher deformation than implant thickness. Moreover,
compared to the PMMA and PEEK implant materials used
in their study, the Ti6Al4V material illustrated the lowest
displacement. Furthermore, as indicated in Fig 6(a), the
maximum stress on all cases was located at the center of
the implant where the static force was applied, which is in
agreement with the work reported by Haen et al.?®.

The safety factor was considered in this study to
determine which material and pore size of the implant is
suitable to be used. As demonstrated in Fig. 8, it showed
that all cases had a safety factor value of greater than one;
thus, all designs of implants in this study were acceptable
as they did not exceed the material’s ultimate strength or
known as the maximum stress that the material can resist
before fracture. Ti6Al4V implant with a pore size of 900
um possessed the highest safety factor (358.5) even
though it exhibited higher maximum Von Mises stress
than the HA and ZnHA implant. In addition, it also
demonstrated the lowest deformation and good stress
distribution around the defect area. Therefore, it can be
declared that Ti6Al4V implant with a pore size of 900 um
was the most suitable to be used.

Moreover, the ideal pore size for the cranial implant is
still indefinite because there are conflicts between the
previous study. Brie et al.?® found that bone tissue only
penetrates 18 to 43% of porous areas when the pore size
range from 300 to 500 um was used. Meanwhile, Zheng
et al.' reported in their study that the pore size of 100 to
400 um was ideal for bone ingrowth. In contrast to Zheng
et al., Itala et al.'® believed that pore size of 50 to 125 pm
displayed good bone ingrowth. However, pore size 900
um that provides excellent results in this study, was
included in the range of pore size stated by Lopez-
Heredia that showed enough evidence for bone
ingrowth.

@ZnHA EHA @TIi6Al4V
1200 i : |
€
2 ]
o 900 |
N 1
>
L ]
S 600 I |
1 10 100 1000
Safety Factor

Fig. 8: The safety factor of all implant configurations.

5. Conclusion

In conclusion, the implant of the right parietal-temporal
defect was successfully reconstructed and restored. The
Ti6Al4V implant with a pore size of 900 um is the best
because it showed the highest safety factor even though it
exhibited the higher maximum Von Mises stress compared
to HAand ZnHA implant. Moreover, the result of the FEA
confirmed that the Ti6Al4V implant displayed excellent
stress distribution around the defect area on the skull.
Therefore, this study might greatly benefit the surgeon and
engineer when designing the cranial implant.
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