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ABSTRACT

Introduction: The architecture design of bone scaffold plays a vital role in ensuring tissue bone
regeneration. Two types of unit and bulk cells with the same geometry are developed with high porosity
(86%) to mimic the cancellous bone structure. Methods: The mechanical behaviour of bone scaffolds
is determined by finite element analysis (FEA), such as elastic modulus and compressive strength. In
contrast, computational fluid dynamics (CFD) evaluated the porous magnesium’s permeability and wall
shear stress. Results: The young’s modulus of bulk cells of Type A is 2.84 GPa, and Type B is 2.54 GPa
tailored to the cancellous bone’s mechanical properties (young’s modulus: 0.01 GPa — 2 GPa). CFD analysis
of permeability result shows a good agreement to mimic the actual bone with the error of 2.20%.
Conclusion: Therefore, a bigger scaffold geometry exhibited higher permeability and lower wall shear stress
in the same porosity.
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INTRODUCTION

Scaffold architecture plays a vital role during the
bone regeneration process. According to Md Saad
& Syahrom (1), the damage of bone tissue in the
human body are because of several diseases such as
osteoporosis, injury, and trauma. In order to stimulate
and guide the bone regeneration process, design
variables of scaffolds are currently receiving a lot
of attention (1-5). Three-dimensional (3D) pore
architecture is a crucial section where the design
parameters influence the mechanical properties
and mass transportation for nutrient proliferation in
order to promote bone ingrowth (6-11). Studies
claimed that the effective optimal bone scaffold’s
porosity is relative from 25-90%, and the best range
for pore sizes is from 10-1000pm to stimulate bone
ingrowth (12-16).

when designing the architecture of bone geometry.
Respectively, the young’s modulus of an ideal
scaffold equivalent to the cancellous bone is in a
range of 0.01-2 GPa (1). A scaffold should have
appropriate mechanical properties consistent with
the actual bone, depending on the material used to
support bone regeneration (17-21). Mechanically,
physiological activities are the ones that cause
bone tissue regeneration. This is because external
loading triggers bone cells to respond to mechanical
stimulation of fluid flow through cancellous bone
(6). Various designs of pore architecture could also
affect the bone scaffold’s mechanical properties
and transport behavior (24). According to Syahrom
et al. (23), the permeability range for cancellous
bone is 5.13x107 - 6.87x10"'> m?2. Therefore, the aim of
the work is to study the effect of pore size on
mechanical response and fluid permeability by
ensuring excellent bone-mimicking to withstand
reasonably large deformations at the whole scaffold
region.
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MATERIALS AND METHODS

This present research study of bone scaffolds
understands the usefulness of computational methods
using modeling and simulation. In the following

section, computational methods used computer-
aided design (CAD) and computational fluid
dynamics (CFD) software.

Materials

Magnesium is selected because it has adequate
mechanical properties suitable to achieve a

similar young’s modulus relative to the cancellous
bone (25). Magnesium has a young’s modulus of
3.5 GPa and a poisson ratio of 0.35 (1).

Design of the 3D Models

Comercial computer-aided design (CAD) software
SolidWorks (Waltham, USA) was used to design
the unit and bulk cells from a plate-like structure of
sphere-shaped. Table | shows that the plate-like
structure consists of two modeling types with
different strut and geometry sizes. Hence, Table Il
illustrated the comparison properties of the unit
and bulk model of Type A (0.5mm) and Type B
(1.0mm). The surface area and volume for Tmm3 can
be obtained from the mass properties table in
SolidWorks (Waltham, USA), and the porosity (P) of
a unit cell can be calculated by:

P=(1-% .100% (1)

0

where V is the volume of the solid alloy, and V denotes
the volume of the porous structure.

Table I : Type A and Type B models illustrated in a unit cell
and bulk model

The composition of the unit cell is from a plate-like structure
of sphere-shaped then combine become a bulk structure. The
pore size for Type A is 0.5mm, and Type B is 1.0mm.

Type Pore Size A unit cell Bulk model
(1x1x1 m?) (6x6x6 m?)
A 0.5 mm
B 1.0 mm

Mechanical Properties

When designing the architecture of bone geometry,
the mechanical characteristics of scaffolds are
fundamental for simulating the compression test

using Abaqus (Dassault System Simulia Corp, France).
Quantitative terms of mechanical properties such
as elastic modulus and vyield strength are the most
important.

Finite Element Analysis Procedure

In finite element analysis, the model was set
young’s modulus of 3.5 GPa and a poisson ratio of
0.35. After that, instance assembly was created from
a part model and set the state in static, general. Then,
two boundary conditions were assigned, one at the
bottom surface of the FE model and the other at the
top surface of the FE model with a displacement of
around 30% of the plastic strain.

Computational Fluid Dynamics (CFD)

Ansys Fluent (ANSYS, Inc., Canonsburg, Pennsylvania)
was used to predict the shear stress and pressure
drop on scaffold models of Type A and Type B. Before
the bulk geometry was imported into Ansys Fluent,
modeling is mating with the chamber to analyze a
similar condition as in bone marrow. The meshing
size is 5.5410° m for the chamber and modeling
and 7.5410~° m for pipes on both sides of the chamber.
This meshing size is selected after conducting
a convergence study where a minimum of 1,000,000
elements for an accurate result.

The test rig system provides a laminar flow along
the channel length (20.5mm) and varying flow rates
(0.25, 0.4, and 0.8 m’) in order to represent the
human condition during rest, regular and vigorous
activities, respectively. The chamber was designed
explicitly with a 2-mm inner diameter (D) to clamp
and hold the channel of the specimen during
testing. Wall shear stress (WSS), pressure drop
and permeability values are then evaluated in this
analysis. For permeability analysis, Darcy’s Law (22)
can be expressed as:

V= A = (4 Bl 2)

where Q is the volumetric flow rate (m’%), A_is the
cross-sectional area of the specimen (m?), P is the
upstream pressure (Pa), P, is the downstream pressure
(Pa), L, is the specimen length (m), p is the fluid
viscosity, and k is the intrinsic permeability of the

specimen (m?).

The viscosity and density of the simulated body fluid
(SBF) at body temperature (37 °C) were 1 mPa s and
1000 kgm?, respectively. The WSS for both models
were in laminar flow condition, which in varying
flow rates (0.025, 0.4, 0.8 ml/min). A velocity of
fluid flow is calculated based on the following:

Q=VA (3)
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where Q is the flow rate of fluid (m? 4), V denotes the
flow velocity (m /s), and A represents the cross-sectional
area of pipe (m?).

Zero pressure at the outlet boundary along a 41-mm
exit length was a stationary wall and no-slip condition.
The wall shear stress, T, from the contour plot can be
expressed as (12):

oV
‘[‘wzp W (4)

where p is the dynamics viscosity (Pa s), V s
the velocity of fluid flow (m/s), and n denotes the
X-, y- and z-direction.

Table 11 : The comparison properties of unit and bulk model
of Type A and Type B.

Type of  Properties Unit cell Bulk cell
cell
A Volume (mm?) 0.14 30.50
Porosity (%) 86 85.88
Surface area (mm?) 9.83 2123.45
Surface area/ 70.21 69.62
volume (m™)
B Volume (mm?) 0.14 31.26
Porosity (%) 86 85.53
Surface area (mm?) 5.01 1081.57
Surface area/ 35.79 34.60
volume (m™)
RESULTS

Mechanical Responses

Compressive Stress-Strain Curve Analysis

Fig. 1 illustrated a linear pattern relationship of the
stress-strain curve. This is because the properties’ input
while setting the Abaqus (Dassault Systumes, Vulizy-
Villacoublay, France) only covers the elastic region.
As shown below, all of the lines have a positive
correlation coefficient (R2 = 1) through a straight-line
equation (y = mx + c), which shows a perfect positive
linear relationship. Fig. 1 analyzed that the unit and
bulk cell show a similar trend. Type A (0.5mm) has a
stiffer gradient compared to Type B (1mm).

Young’s Modulus and Von Mises Stress Criterion
Analysis

Fig. 2 shows the magnitude values of young’s
modulus and von mises stress criterion of each model
in order to predict the energy requirements before
the geometry fails. Von Mises stress criteria values

show an increasing trend for Type A (0.5mm) unit
and bulk cells, which are 1539.55 MPa and 2855.69
MPa, whereas Type B (1mm) unit and bulk cells
are 951.82 MPa and 2521.25 MPa. Hence, Fig. 2
presented the values of both cells are exceeding
the vyield strength of magnesium in the range of
70-140 MPa (26). However, the trend indicates that
a smaller geometry size has a higher value of
young’s modulus and Von Misses Stress Criterion.

Stress - Strain Curve

—e— Unitcell 0.5mm
—e— Unitcell Imm

Bulk 0.5mm

0 0.05 0.1 0.15

Strain

Figure 1 : 100mm x 64mm: Stress-Strain Curve of models,
(R2=1).

All of the lines have a positive correlation coefficient
(R?=1) through a straight-line equation (y = mx + c¢), which
shows a perfect positive linear relationship. the unit and
bulk cell for Type A (0.5mm) has a stiffer gradient compared
to the unit and bulk cell of Type B (Imm) due to the
difference in the geometry size of the unit cell

4000
3000
2000
1000
0
Unit Cell Unit Cell Bulk Bulk

0.5mm 1.0mm 0.5mm 1.0mm

(Type A) (Type B)  (TypeA]  (TypeB)

m Young's Modulus (MPa) 32269 25219 28432 2586.5

W Vion Mises Criterion (MPa)  1538.55 851 8109 2855.89 2521.25

Figure 2 : 116 x 61mm: Magnitude values of Young’s
Modulus and Von Mises Stress Criterion.

It shows a decreasing trend for unit cells where a unit cell
of 0.5mm has a magnitude of 1539.55 MPa while a unit
cell of Tmm has a magnitude of 951.82 MPa, which is
slightly lower. The trend indicates that a smaller size of
geometry has a higher value of young’s modulus and von
misses stress criterion

Thereby, the smaller the size of geometry, the stiffer
the geometry. However, the magnitude of bulk
cell Type A and B is slightly similar and still in the
range 0.01- 2 GPa of young’s modulus of the
cancellous bone.

Dynamic Fluid Responses

Pressure Drop

The pressure drop is one of the essential elements,
which is computed using Darcy’s Law to obtain
the permeability value for each specimen type. The
pressure drop responses to flow rate under three
different flow rates (0.025 - 0.8 ml/min). In all models,
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the pressure drops correlated well with flow rates
(R? >0.9997).

Velocity Distribution

The results are shown in Fig. 3 that displays the
entire flow trajectory and velocity distribution for a
unit cell’s porous structure. From the contour plots of
velocity streamline, the maximum velocity magnitudes
are 0.022 till 0.089 m/s for overall Type A (0.5mm)
and Type B(Tmm) in varying flow rates. Type A with
0.8ml/min flow rate displays the highest maximum
velocity. Meanwhile, both Type A and Type B for
0.025 ml/min show the minimum velocity for the
most location of elements. As the velocity at the pore
circumference increases, the flow rate increases for
both types of specimens. As a result, small pore sizes
exhibited higher velocity at the pores.

Velocity
Streamline 1
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Inlet

6.691e-002

Outlet
F 44610002

Inlet

2 230e-002
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Figure 3 : 125mm x 83mm: Total flow trajectory and velocity
distribution unit cell for Type A (0.5mm) and Type B (1mm).
The contour plots of velocity streamline, the maximum
velocity magnitudes are 0.022 till 0.089 m/s for overall
Type A (0.5mm) and Type B(1mm) in varying flow rates.
Furthermore, Type A with 0.8ml/min flow rate displays
the highest maximum velocity

Outlet

Wall Shear Stress (WSS)

The distribution of wall shear stress (WSS) in Fig. 4
represented contour plots within various flow rates.
Fig. 4 also illustrates the maximum location of shear
stress that is marked with a black circle. The flow
is considered incompressible flow because the Mach
number less than 0.3 (Ma<0.3). Since Type A and B
have the same porosity, the WSS increases as the
pore is smaller. The maximum shear stress occurs at
the area close to the inlet area region as the velocity
increase in this region. For instance, this study
indicated that a larger pore size would result in more
equally distributed WSS. As a result, it might be
different from other research due to the viscosity of
a fluid, which can affect the wall shear stress and
permeability results.

Figure 4 : 156mm x 52mm: The contour plot of shear stress
on the porous structure of (a) Type A (0.5mm) (b) Type B
(Tmm) under various flow rates (Note: X, Y, and Z refers
to flow rates of 0.025, 0.4, 0.8 ml/min).

The bulk cell of Type A (0.5mm) exhibits higher average
shear stress compared to Type B (1.0mm). The maximum
shear stress occurs at the area close to the inlet area region as
the velocity increase in this region.

Permeability

Permeability is the ability to transport nutrients
throughout the structure. Theoretically, to calculate
the permeability can refer to equation (2). The pressure
drops from CFD model analysis as a reference to
calculate the permeability in each specimen.
CFD analysis results show that Type B has higher
permeability than Type A, where it is similar to the
cancellous bone with an error at 2.20% (23).

DISCUSSION

In this present work, the finite element analysis was
performed to simulate the mechanical behavior of
the models under load since it is an important
criterion to support bone regeneration. Results show
that a smaller geometry size is stiffer and requires
more energy to force the geometry to deform. The
young’s modulus for bulk cells of Type A is 2.84
GPa, and Type B is 2.54 GPa tailored to the
cancellous bone’s mechanical properties (young’s
modulus: 0.01 GPa — 2 GPa) (1). However, Fig. 2
presented the values of von mises stress criteria for
both cells exceeding the yield strength of magnesium
in the range of 70-140 MPa (26). This is because the
input values for yield strength assumptions are not
fulfilled in the finite element analysis, representing
the maximum elastic behavior limit. However, the
trend shows that small geometry exhibited a higher
value of von mises stress criteria. For future studies,
a nonlinear analysis should be used as a great
solution to identify either linear analysis is acceptable
or not and compared with the experiment based.

Furthermore, this study shows that the variation
of flow rates used for scaffolds indicates physiological
activities of bone marrow movement, affecting the
pressure and WSS through the human bone. From
the CFD analysis, the maximum average of wall shear
stress in a range of 2.34107 till 3.3410 Pa. However,
the shear stress obtained must be in the range of
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Figure 5 : 90mm x 63mm: Graph of wall shear stress and
permeability against the type of specimen.

Both permeability and WSS illustrate the contrast result
as it passes through the type of samples. The intersection
point is essential to determine the most optimum pore size in
the analysis to get the best result from this plate-like scaffold

human cancellous bone, which is 0.1 - 1 Pa (1), in
order to generate the optimum shear stress inside
the scaffold. When compared to human cancellous
bone, the amplitude of WSS in this study is small
due to limitations such as using simulated body
fluid (SBF) properties as a fluid in the fluid flow test.
Thereby, Fig. 5 shows the correlation between wall
shear stress and permeability within the specimen.
The intersecting point at the intercept line is
essential to determine the pore size with the optimum
value for permeability and WSS.

In addition, the permeability value obtained from the
analysis demonstrated slightly different from the range
of permeability based on cancellous bone, which is
5.13x10-9 — 6.87x10-12 m2 (23). This might happen
due to the viscosity of SBF that has affected the values
of pressure drop obtained from CFD analysis. Current
studies show that specimen Type B provides a better
permeability value throughout the varying flow rates,
resulting in better tissue regeneration. As a result,
another study can be conducted to evaluate different
geometries utilizing Type A and Type B scaffolds.

CONCLUSION

The porous scaffold has provided better nutrient
transport through the human body and eventually
speed up the bone remodeling for the fractured bone.
This study understands the numerical method to
analyze the mechanical properties and fluid
permeability depending on the pore size effect,
by focusing on magnesium metal. Regarding both
geometries of mechanical properties with the same
porosity, results show that a bigger structure will
have lower young’s modulus but higher compressive
strength, which indicates more energy required to
make the structure deform. Both bulk model types
have Young’s modulus of 2.84 GPa and 2.58 GPa,
respectively, which is relatively close to the cancellous
bone Young’s modulus range of 0.01-2 GPa (1),
which makes it better structure for bone replacement.

Furthermore, CFD results for fluid permeability show
a good agreement for both geometry types to mimic
the actual bone with an error of 2.20%. However,
a bigger pore size provides a better permeability
value and lower wall shear stress throughout the
varying flow rates, resulting in better tissue
regeneration. In this study, plate-like scaffold
modeling was found suitable as a replacement for a
synthetic bone scaffold. For future studies, the same
configuration with other variation designs can be
used for experiment-based to compare and validate
the result.
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