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Geometric Modeling and Finite Element Simulation 
for Architecture Design of 3D Printed Bio‑ceramic 
Scaffold Used in Bone Tissue Engineering

1 Introduction
Significant bone defects caused by trauma, acci-
dents, or medical conditions can be treated by 
prosthetic implants, autograft, or allograft bone 
tissue. Nevertheless, there are some limitations 
such as patient pain, immune reaction, dis-
ease transmission, and non-optimal interaction 
between the body and implanted materials. Bone 
tissue engineering (BTE) provides a promising 
solution to the above problems by producing a 
functional substitute for damaged tissue. Langer 
et al. defined tissue engineering as “a multidisci-
plinary scientific branch that combines cell biol-
ogy, regenerative medicine, materials science and 
engineering”1, 2.

The two significant components of tissue 
engineering are: cells, the preliminary compo-
nents of living organisms; and the biomaterials, 
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Abstract | Tissue engineering is widely accepted as an effective way to 
treat critical size bone defect. However, fabricating the scaffold function‑
ing as an extracellular matrix and liable for cell proliferation with excel‑
lent material and design parameter to match closely with the natural 
bone property is still a challenge. The present paper focuses on finite 
element analysis (FEA) for getting the optimized architecture design by 
keeping extrusion‑based 3D printing in mind. Predicting and optimizing 
the property of scaffold through FEA was performed on a 3D printing 
process such as selective laser sintering (SLS) and stereolithography 
(SLA), but for extrusion‑based 3D printing, such literature is very few. In 
the present paper, the various geometrical design parameters for extru‑
sion‑based 3D printed scaffold were studied. A total of 36 scaffolds were 
analyzed by FEA to predict the porosity and Young’s modulus of the 
composite material. Based on the FEA result, the best scaffold with the 
optimum mechanical property was suggested. This article significance 
goes far beyond the specific objective to which it is dedicated. It shows 
a guideway for scaffold architecture design process matching the natu‑
ral human tissue of interest.
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used for fabricating the scaffold functioning as 
a provisional mechanical support and responsi-
ble for cell migration, proliferation and differen-
tiation2. A variety of metal, polymer and ceramic 
biomaterial have been employed for BTE and 
reviewed by many authors3–6, 7. Out of accessible 
biomaterials, the mineral phase of natural bone 
is similar to that of ceramic biomaterials based 
on their mechanical stiffness (Young’s Modulus), 
hard brittle surface and low elasticity, establish-
ing these as appropriate for bone regeneration 2, 
8, 9. Hydroxyapatite (HA), β tricalcium phosphate 
(β-TCP), magnesium oxide (MgO), silicate, alu-
mina  (Al2O3) and zirconia  (ZrO2) are the most 
common materials used in tissue engineering. 
Sapkal et al. worked on HA–β-TCP10, β-TCP–zir-
conia11 and β-TCP12 and found an improvement 
in mechanical strength with the addition of HA 
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to zirconia while comparing with β-TCP in the 
respective papers. Mart et al. studied Si-doped 
HA with gelatin for producing the micro- and 
macropores in the scaffold for effective drug 
delivery and bone regeneration13. Si-doped HA 
has been used for bone regeneration with promis-
ing results and osteoinduction has been shown by 
Vila et al.14. These are the few studies that repre-
sent the improvement in the biomechanical prop-
erties of the scaffold.

The perfect scaffold for BTE must have the 
highest interconnectivity, high porosity, bio-
compatibility and biodegradability along with 
mechanical reliability. However, modern scien-
tific techniques have produced a wide range of 
composite material with the osteoconductive 
and osteoinductive property. Nevertheless, the 
porosity and interconnectivity mainly depend 
on the scaffold fabrication process employed. 
The review paper by the same author described 
the various scaffold fabrication processes with 
its advantages and disadvantages 2. This paper 
concludes that 3D printing is advantageous 
compared with other conventional fabrication 
in terms of customized design, computer con-
trol fabrication, anisotropic scaffold fabrication 
and processing conditions 2, 15–21, 22. A current 
challenge in the 3D printing process is making a 
balance between mechanical property, porosity, 
interconnectivity and pore size. It is not always 
possible to fabricate the scaffold and test for the 
desired parameters as 3D printing is slow, time-
consuming, has high energy consumption and 
is expensive. Computer simulation provides an 
alternative tool for predicting mechanical prop-
erty with respect to the different scaffold design 
parameters. It not only saves time, but can also 
help the researcher to know more about the 
mechanical behavior of the scaffold in vivo by 
simulation. The present article deals with the 
finite element simulation for predicting the 
effective modulus for different bioceramic com-
posites to best match with the cortical bone 
characteristics.

2  Materials
Calcium phosphate-based materials are uni-
versally accepted in BTE applications because 
of their structural and chemical similitude to 
bone mineral and their natural features for 
osteoconductivity, osteoinductivity, cell attach-
ment, cell proliferation, etc. desired for bone 
tissue regeneration 10. The major ceramic mate-
rials used in tissue engineering are β-tricalcium 
phosphate {β-TCP},  (Ca3(PO4)2), zirconium 

 (ZrO2), magnesia (MgO), alumina  (Al2O3) 
and hydroxyapatite {HA}  (Ca10(PO4)6(OH)2). 
Although, β-TCP is an appropriate bone replace-
ment material which can construct a direct 
chemical bond with tissue, its weak mechanical 
strength and rapid resorption restrict its use23, 

25.  ZrO2 is capable of promoting cell prolifera-
tion, differentiation in osteogenic conduit with 
superior mechanical properties and biological 
features such as low corrosion potential and low 
cytotoxicity with minimal adhesion of bacteria11, 

24, 26, 27. MgO has excellent biocompatibility and 
is nontoxic with good rate of bone formation and 
the required biomechanical properties, making it 
suitable for tissue engineering applications28, 29–30. 
 Al2O3 has the advantages of high hardness, low 
friction coefficient, excellent corrosion resistance 
and very low wear rate, inhibiting static fatigue 
and slow crack growth while under load, making 
it competent for hard tissue replacement26. HA 
is one of the main mineral components of bones 
and teeth, with excellent biocompatibility with 
skin and muscle tissues as well as good physio-
mechanical properties27.

The best material or composite for bone 
regeneration is a matter of deliberation; therefore, 
researchers work on different materials aimed 
toward the improvement of the particular bio-
mechanical property crucial from their point of 
view. Out of all the essential features, the one pri-
mary aim of scaffold is to work as an extracellular 
matrix for cell growth and provide the mechani-
cal strength to the lesion area. The present paper 
aims to identify the effect of scaffold architecture 
design from mechanical aspects. The study is 
divided into three parts:

1. Study of the impact of architecture design 
on the porosity of the scaffold.

2. Finite element analysis of the scaffold with 
altered design parameters for mechanical 
strength.

3. Relationship between the porosity and effec-
tive Young’s modulus for optimum design 
architecture among the proposed ones.

The mechanical properties considered in the 
present study are explained in Table 1.

2.1  Composite Material Properties
The ceramic material alone does not have all the 
properties needed by an ideal scaffold and hence 
a composite with other materials is needed to 
be built to obtain the characteristics of interest. 
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Tarafder et al. demonstrate that MgO dopant 
TCP scaffold results in 37–41% improvement in 
the mechanical strength, along with improved 
osteogenesis during in vivo study in the rabbit 
model31. Aminzare et al. found the improve-
ment in hardness from 2.52 to 5.12 GPa and 
40% enhancement in the bending strength 
of the scaffold by using alumina reinforced 
with HA, due to the formation of calcium 
aluminates32. Matsumoto et al. reported that 
when the mixing ratio of  ZrO2/HA was 70/30, 
the strength of the scaffold was equal to the 
strength of the cortical bone, along with high 
osteoconductivity during in vivo experiments24. 
Sapkal et al. initiated the use of TCP/ZrO2 in a 
ratio of 70/30 to get the best suitable proper-
ties for the tissue engineering construct with 
indirect casting and 3D printing process11, 33. In 
another study by Sapkal et al., they found that 
a TCP/HA ratio 80/20 will give the best result 
compared to different mixing ratios in terms of 
biomechanical stability10.

The mechanical properties of powder com-
posite are difficult to calculate due to molecular 
changes at sintering. But the modified rule of the 
mixture, also known as the Halpin–Tsai equation, 
can give close to accurate values34, 35.

where q =

(

Ep
Em

−1
)

(

Ep
Em

+2s
) .

The formula can calculate Poisson’s ratio of 
the composite:

Ec =
Em(1+ 2s × q × Vp)

(1− q × Vp)
,

µc =
µm(1+ 2s × q × Vp)

(1− q × Vp)
,

where q =

(

µp
µm

−1
)

(
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µm

+2s
) ,where Ec,µc is the Young’s 

modulus and Poisson’s ratio of the compos-

ite; Em,µm are the matrix Young’s modulus and 
Poisson’s ratio of material. Ep,µp are the Young’s 
modulus and Poisson’s ratio of the particle-rein-
forced material, Vp is the volume fraction of the 
particle-reinforced material and S is the particle 
aspect ratio considered as 1, as the particle mor-
phology is considered as spherical. Accordingly, 
the modified Young’s modulus and Poisson’s ratio 
for various composites used in the proposed FEA 
are explained in Table 2.

3  Methodology
3.1  Geometrical Modeling of the Scaffold
Scaffolds were designed based on models sug-
gested by Chuan et al.36, keeping in mind the 
extrusion-based 3D printing principles. The main 
parameters for scaffold design are stand diameter 
(D), pore diameter (d) and the orientation angle 
(θ) of the plotted layer with respect to the previ-
ous layer. This parameter is responsible for scaf-
fold architecture design. The scaffold architecture 
was noted as D_d_θ and denoted in Fig. 1. Strand 
diameter (D) was selected based on the needle 
size commercially available for extrusion-based 
3D printing along with supportive evidences of 
previous literature and was taken as 400, 600 and 
800 µm11, 10, 37.

Ideally, any scaffold consists of two kinds of 
porosity: the first is microporosity where the 
pore diameter (d) < 50 µm and is responsible 
for initial cell adhesion; secondly, macroporos-
ity where the pore diameter is between 50 and 
1000 µm and is responsible for oxygen, nutri-
ent delivery and angiogenesis. The generation 
of micropores is not in control during the 3D 
printing process, as it is an effect of evaporation 
of the binder particle between the two matrix 
particles unless some porogen is mainly used 
to create the micropores. The impact of this 
micropore on the mechanical aspect is con-
sidered as negligible and hence not considered 
during the FEA. The macropores affect directly 
the mechanical strength of the scaffold and 
needs to be analyzed for its effect. The ideal 
macropore size is still a matter of debate, but 
pores in the range of 300–500 µm are consid-
ered as favorable for nutrient delivery and blood 
vessel formation15, 38, 39. So in the present study, 
the pore diameters (d) 300, 400 and 500 µm 

Table 1: Biomaterials and their properties.

Materials

Mechanical property

Ref.

Young’s 
modulus (E) 
GPa

Poisson’s 
ratio (µ)

β-Tricalcium phos-
phate (β-TCP), 
 (Ca3(PO4)2)

120 0.3 23

Zirconium  (ZrO2) 210 0.31 24

Magnesia (MgO) 300 0.35 28

Alumina  (Al2O3) 320 0.23 26

Hydroxyapatite 
 (Ca10(PO4)6(OH)2)

13 0.27 27



364

A. D. Bagde et al.

1 3 J. Indian Inst. Sci.| VOL 99:3 | 361–374 October 2019 | journal.iisc.ernet.in

are considered. The orientation angle (θ) is 
the angle between two subsequent layers and 
is responsible for the different intricate archi-
tectures of the scaffold. Four different architec-
tures have been considered in the present study 
and represented by numbers as in Table 3.

By varying the three aspects of geometrical 
scaffold modeling, a total of 36 scaffolds were 
designed in computer-aided design software 
CATIA V5R20 (Dassault Système®) (Table 4) and 
analyses were done in ANSYS Workbench 16.2 
(Fig. 2).

3.2  Finite element analysis (FEA)
With the improvement in computation facility, 
it is possible to predict the behavior of materi-
als and perform the simulation. Much efforts 
have been taken toward predicting the scaffold 
properties starting from cell structure [simple 
cubic (SC), Gibson–Ashby (GA), body-centered 
cubic (BCC) and reinforced body-centered cubic 

(RBCC)] by Luxner et al.40 to using complicated 
Voronoi tessellation mathematical method for 
getting the bone-like structure and analyze it for 
cell penetration, nutrient diffusion and osteo-
conductive properties implemented by Gómez 
et al.41. Singh et al. performed the finite ele-
ment simulation for comparing the compres-
sive strength of stainless steel and titanium alloy 
with compact bone by using the hollow cube unit 
cell suitable for SLS printing42. These methods 
give a close result, but suitable only for scaffold 
produced with hallow cube as a lattice structure 
and cannot be applied to another printing pro-
cess, especially extrusion-based printing. Cahill 
et al. focused on accurate prediction of finite ele-
ment prediction by improving the FEA modeling 
method taking into account discrepancies such as 
surface roughness and micropores into account. 
He concludes that ignoring these discrepancies 
leads to incorrect prediction43. The result of this 
work helps authors to have accurate modeling of 
the scaffold in the present study. Eshraghi et al. 
did micromechanical investigation for polycap-
rolactone (PCL) and hydroxyapatite (HA) scaf-
fold fabricated by SLS and found the FEA result 
to be in tune with the experimental method44. 
In another study by the same author, 1D, 2D and 

Table 2: Young’s modulus and Poisson’s ratio of matrix (β‑TCP) material with other particle reinforced, 
where Ec and µc are Young’s modulus and Poisson’s ratio of the composite.

Particle reinforced in com-
posite

Composite proportion

90:10 80:20 70:30 60:40 50:50

Ec μc Ec μc Ec μc Ec μc Ec μc

Zirconium  (ZrO2) 127.341 0.301 135.000 0.302 142.973 0.303 151.311 0.304 160.000 0.305

Magnesium (Mg) 132.412 0.304 145.722 0.309 159.991 0.314 175.351 0.319 191.991 0.324

Alumina  (Al2O3) 133.332 0.293 147.681 0.286 163.195 0.278 179.992 0.272 198.242 0.264

Hydroxyapatite  (Ca10(PO4)6(OH)2) 105.393 0.297 91.921 0.294 79.472 0.291 67.911 0.288 37.164 0.285

Figure 1: The nomenclature used for the scaffold 
architecture design.

Table 3: Orientation angle representation.

Sr no. Layer orientation pattern

1 0-90

2 0-45-90-135

3 0-60-120

4 0-30-60-90-120-150

Figure 2: Architecture design parameters for the 
scaffold.
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3D orthogonally porous scaffolds were tested and 
analyzed by FEA. In both studies, the fabrication 
process considered is SLS45. However, from the 
author’s best knowledge, FEA for extrusion-based 

printing process with different architecture 
designs has not been used. Hence, the authors 
need to work on the objective specified above.

Table 4: An example of architecture design (four orientation angles, three pore diameters and three 
strand diameters, leading to 36 design of the scaffold was studied).

Architecture 3D view Front view

0.4-0.5-1

0.4-0.5-2

0.4-0.5-3

0.4-0.5-4
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The steps followed for FEA analysis are 
explained by Singh et al.42 using Ansys work-
bench 16.2 and summarized as importing the 
CAD input file into the FEA software as engineer-
ing data and assigning the composite material 
property followed by meshing with an element 
size of 300 µm. For the analyses, the bottom of 
the model was constrained by a fixed support at 
the bottom end and displacement (0.001 mm, 
0.002 mm, 0.003 mm, 0.004 mm) was applied at 
the top in a downward direction (Fig. 3). For case 
study 1, equivalent stresses (von Mises stresses) 
were noted and for case study 2 reaction forces at 
the support were noted.

4  Results and Discussion
The FEA results for various architectures and 
compositions were obtained and explained as 
follows.

4.1  Porosity Achieved with Different 
Architecture Design

The porosity of a scaffold is the void space in the 
solid. The higher the porosity, the more space is 
available in the scaffold for the formation of new 
tissue46. The porosity should preferably be as high 
as possible. The porosity can be measured by the 
formula given below47:

Porosity = 1−
Vsolid

Vtotal
× 100%,

Figure 3: Schematic of steps of finite element analysis.

Scaffold Model in CATIA Model Imported in ANSYS 
Workbench 

Meshing of ModelApplying Boundary Conditions

Results
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where Vsolid is the volume of the solid and Vtotal is 
the total volume of the scaffold.

The porosity values were found to be in the 
range of 39.58–64.13% depending on the scaffold 
architecture and design. The average porosity was 
found to be 51.63%. The porosity was directly 
proportional to the design parameters: strand 
diameter, pore diameter and orientation angle 
(Fig. 4).

The results show that the strand diameter and 
pore diameter have a significant influence on the 
porosity of the structure. Larger the pore, the 
more is the gap between the two strands; hence, 
the void space also will be enormous. Thus, 
porosity will increase with pore diameter, as 
shown in the results (Fig. 4). On the contrary, the 
strand diameter has a negative response to poros-
ity. Increasing strand diameter decreases the void 
space in the scaffold structure and hence reducing 
the porosity of the scaffold.

4.2  Case II: Effect of Architecture 
Design and Material Composition 
on Mechanical Property

The von Mises stresses for four situations, rep-
resented as  S1,  S2,  S3 and  S4 for β-TCP:ZrO2, 
β-TCP:MgO, β-TCP:Al2O3 and β-TCP:HA, 
respectively, were analyzed. From pure matrix 
β-TCP (100:0), 10% increment in particle rein-
forcement to 50% was done. Figure 5 shows that 
von Mises stresses act as a function of displace-
ments for different concentrations of particles in 
the matrix. The mechanical property of the com-
posite depends on the mechanical property of the 
components.  ZrO2, MgO and  Al2O3 possess supe-
rior mechanical property than the matrix material 
resulting in the higher percentage of this particle 

in the matrix, which will ultimately improve the 
mechanical property of the composite. Therefore, 
50:50 ratio of the matrix and particle material will 
show higher von Mises stress and eventually high 
compressive strength. But  ZrO2 and  Al2O3 mate-
rial are not biodegradable limiting its utilization 
in BTE and hence from FEA it is recommended 
to have a small portion around 10%. However, 
MgO is the only material which possesses the 
property of corrosion when in contact with body 
fluid. This corrosion property restricted its utili-
zation, and hence the concentration will need to 
be keep below 10%. HA has inferior mechanical 
properties than β-TCP as represented in Table 1. 
Consequently, the mechanical properties of the 
composite will be inferior to those of pure β-TCP. 
Thus, HA shows the opposite trend to that of the 
first three materials. Nevertheless, β-TCP:HA will 
control the degradation rate of the matrix mate-
rial and help most in conduction; therefore, it is 
recommended to have the composition between 
20 and 30%. In the present study, the increment 
of the particle was considered as 10%, but to get 
a closer and precise result, one should follow the 
FEA for a small increase.

4.3  Relationship Between Young’s 
Modulus and Porosity of Scaffold

Addition of zirconia, alumina and magnesia in 
the composite will increase β-TCP’s strength 
sometimes more than the strength of bone, 
resulting in stress shielding, which can be avoided 
by calculating the effective modulus of the scaf-
fold by the following formula:

Eeffective =
R
A

/

dl
l
,

Figure 4: Porosity of the concerned architecture design of the scaffold.
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where R is the reaction force at the fixed support; 
A is the cross-sectional area; dl

l
 is the axial strain.

The reaction force for each sample situation 
was calculated and represented in Fig. 6. For  S1, 
the highest effective Young’s modulus 28 GPa is 
shown by model 0.8_0.3_1 (porosity 39.58%), 
and 0.4_0.5_4 (porosity 64.13%) has the low-
est effective Young’s modulus 2.2 GPa. For  S2 
the highest effective Young’s modulus 33.2 GPa 
is shown by model 0.8_0.3_1 (porosity 39.58%) 
and 0.4_0.5_4 (porosity 64.13%) has the low-
est effective Young’s modulus 4.1 GPa. For  S3, 
the highest effective Young’s modulus 37.2 GPa 
is shown by model 0.8_0.3_1 (porosity 39.58%), 

and 0.4_0.5_4 (porosity 64.13%) has the low-
est effective Young’s modulus 9.9 GPa. However 
for  S4, the highest effective Young’s modulus 
19.5 GPa is shown by model 0.8_0.3_1 (poros-
ity 39.58%) and 0.4_0.5_4 (porosity 64.13%) has 
the lowest effective Young’s modulus 0.8 GPa. 
The originality pattern observed during analysis 
demonstrates a higher effective Young’s modu-
lus with the highest strand diameter (D), low-
est pores diameter (d) and orientation angle (θ), 
and vice versa for lower effective young’s modu-
lus. It shows that effective young’s modulus and 
porosity are inversely proportional to each other, 
while porosity is directly proportional to the pore 

Figure 5: von Mises stress for different compositions:  S1,  S2,  S3 and  S4 for β‑TCP:ZrO2, β‑TCP:MgO, 
β‑TCP:Al2O3 and β‑TCP:HA, respectively.
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diameter and orientation angle. Figure 6 show the 
graphs of effective Young’s modulus of scaffolds 
as a function of porosity. All the graphs follow 
the same trend, showing a decrease in effective 
Young’ modulus with an increase in porosity. 
Higher strand diameter and lower pore diameter 
in scaffold models show more effective Young’s 
modulus, as there is less gap between two strands 
providing more area at any cross section of the 
scaffold. This makes a scaffold more stable for 
high compressive loads. As the strand diameter 
decreases and pore diameter increases (mean-
ing the rise in porosity), the cross-sectional area 
drops weakening the scaffold and hence decreas-
ing its effective Young’s modulus.

Considering Young’s modulus of the bone 
as 18.6 GPa, the optimum porosity and Young’s 
modulus for  S1: 0.6_0.5_2, for  S2: 0.4_0.4_3 and 
for  S3: 0.4_0.5_2 is found. In  S4, the three archi-
tecture designs can be considered as optimum 
that is 0.6_0.3_2; 0.8_0.4_4 and 0.6_0.3_3 show-
ing clearly the adaptability of β-TCP:HA in many 
ways for tissue engineering application.

5  Conclusion
The scaffolds were designed based on strand 
diameter, pore diameter and orientation angle. 
36 scaffolds were used based on the combina-
tions of the properties for scaffolds. The porosi-
ties of each scaffold were determined and it was 

Figure 5: (continued)
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found that the strand and pore diameter had a 
significant effect on the porosity of the scaffold. 
Before finding the optimum architecture design 
via FEA, it is necessary to find the compressive 
strength for various combinations of the com-
posite. Accordingly, β-TCP is considered as 
matrix material and  ZrO2, MgO,  Al2O3 and HA 
were analyzed with different concentrations. 
FEA was performed on this composite and the 
following conclusion was drawn:

1. For β-TCP:ZrO2 the composite ratio of 90:10 
will promoted as ideal combination by look-
ing toward its non-degradability. The archi-
tecture of 0.6_0.5_2 as a result of balanced 

between porosity and effective Young’s mod-
ulus matching toward natural bone.

2. For β-TCP:MgO the composite ratio of 
90:10 and architecture of 0.4_0.4_1 gives 
the desired scaffold properties closely 
matching with cortical bone.

3. For β-TCP:Al2O3 the composite ratio 90:10 
and architecture 0.4_0.5_2 provides higher 
porosity along with good mechanical sta-
bility required for BTE.

4. For β-TCP:HA the composite ratio of 80:20 
or 70:30 with 0.6_0.3_2, 0.8_0.4_4 and 
0.6_0.3_3 can provide the best combina-
tion of porosity and effective Young’s mod-
ulus close toward the bone tissue.

Figure 6: Effective Young’s modulus vs. porosity graph for different compositions:  S1,  S2,  S3 and  S4 for 
β‑TCP:ZrO2, β‑TCP:MgO, β‑TCP:Al2O3 and β‑TCP:HA, respectively.
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5. The result of porosity and Young’s modu-
lus comparison for all architecture design 
will help to decide the optimum plan to be 
considered for a scaffold in BTE.

6. The FEA simulation will reduce the number 
of trials and time for the determination of 
the optimum scaffold architecture to be used.
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