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Abstract: Porosity plays a vital role in the development of tissue engineering scaffolds. It influences
the biocompatibility performance of the scaffolds by increasing cell proliferation and allowing the
transportation of the nutrients, oxygen, and metabolites in the blood rapidly to generate new tissue
structure. However, a high amount of porosity can reduce the mechanical properties of the scaffold.
Thus, this study aims to determine the geometry of the porous structure of a scaffold which exhibits
good mechanical properties while maintaining its porosity at a percentage of more than 80%. Circle and
square geometries were used since they are categorized as simple geometry. A unit cell of 12mm x
12mm x 12mm for square shape and pore area of 251 mm? for circle shape was modeled and simulated
by using Finite Element Analysis. The simulation consists of a compression test that determines which
geometry exhibits better Young’s Modulus. Since the circle geometry has better Young’s Modulus, the
pore size was furthered varied while maintaining the porosity of the scaffold to be above 80%. The
same method of the simulation was done on the models. The result shows that the smallest pore size
model has the highest Young’s Modulus, which still able to maintain the porosity at 80%.
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1. Introduction

Osteoporosis is raison d'étre for the degeneration of the human bone. The impact of
this disease leads to bone fracture. Hence, the current treatment proposed by orthopedic
surgeons or medical practitioners is the use of tissue engineering (TE) bone scaffold [1]. The
need for tissue engineering is very significant in regenerative medicine as it involves the
replacement of a cell, tissue, or organ to retain its functionality [2].

Tissue engineering has been widely used in the development of bone scaffolds in which
the bone scaffold will act as a medium for tissue formation [3,4]. The microarchitecture of the
proposed bone scaffold must match with the real cancellous bone architecture to mimic the
bone’s functionality in terms of tissue formation and load-bearing. In the development of tissue
engineering scaffold, biomaterials such as polymer, ceramic, metal, and composite have been
widely used for tissue regeneration, especially for bone scaffold [5]. Among those types of
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biomaterials, polymers have shown great potential as the main materials for bone scaffold
application specifically for tissue formation [6,7].

The major types of polymers that have been received a significant amount of attention
in literature are Polylactic acid (PLA), Polyglycolic acid (PGA), Poly (lactic-co-glycolic acid)
(PLGA), Poly e-caprolactone (PCL), Polyethylene glycol (PEG), Polybutylene terephthalate
(PBT) and Polyethylene terephthalate (PET) [6-9]. In fact, the brilliance of polymer is due to
their biocompatibility with the human body in which the U.S. Food and Drug Administration
(FDA) has approved the use of PLA in clinical applications [10,11]. However, the drawbacks
of polymers are in terms of their mechanical properties relative to their metal, ceramic, and
composite counterparts [12]. Despite that, certain polymers, such as PLA, have Young’s
Modulus of (0.3-4.14 GPa), which is close to Young’s modulus of cancellous bone (0.01-2.0
GPa) [13]. It shows that PLA is a suitable material for the development of bone scaffolds [14-
16].

The key factors that need to be considered before fabricating a bone scaffold are
biocompatibility, biodegradability, mechanical properties, scaffold architecture, and
manufacturing technology. Biocompatibility regarding scaffold is the ability of the scaffold to
promote the normal cellular activity, including molecular signaling systems, without having
adverse effects on the host tissue [17,18]. The porosity amount contributes to the
biocompatibility performance of the scaffold. Any bone scaffold fabricated needs to have a
porous structure to cater for cell proliferation and transportation of the nutrients, oxygen, and
metabolites in the blood rapidly [19-21].

The architecture of the bone scaffold plays a significant role in enhancing the
performance of the scaffold, both in mechanical properties and the regeneration of the cell or
tissue [22]. Hence, this research focused on determining the shape of the porous structure that
gives better mechanical strength to the scaffold. To enable the scaffold to be fabricated in mass
production, the porous structure that is developed must not in the form of complicated shape.

Besides that, a scaffold that has a porosity of more than 80% is considered as high
porosity and can increase the biocompatibility performance of the scaffold [23-25]. However,
there are many studies that have been done in comparing the distinctive design of scaffold in
terms of mechanical properties. Unfortunately, the designs compared do not have relatively the
same porosity at more than 80% porosity [26-30]. Therefore, to address this gap, in this study,
only square and circle shapes are being investigated for their mechanical properties where the
porosity of both unit cell is relatively the same, at more than 80% porosity. In addition to that,
this research will use the best pore shape to determine the relationship of the pore size with
Young’s modulus produce and, at the same time, maintaining the porosity of the scaffold at a
percentage of more than 80% using finite element analysis.

2. Materials and Method

2.1. Flow of method.

First and foremost, the basic properties of PLA are determined. Next, the unit cell is
characterized. Once the unit cell is characterized, the unit cell is analyzed by using finite
element analysis via a compression test to find the optimal geometry at porosity more than
80%. Subsequently, the optimal geometry is being chosen for further analysis in which the
chosen unit cell will be developed into a scaffold with a porosity of more than 80%, and the
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pore size will be varied in the scaffold. Finite element analysis will be done on each
characterized scaffold to find the relation between pore size and Young’s Modulus.

2.2. Determination of basic properties of PLA.

PLA is chosen as the material due to its availability and relatively low price. It can also
be printed by an ordinary commercial 3D printer. The Young’s Modulus of the PLA is
determined by printing a solid PLA with a dimension of 12mmx12mmx12mm, and a
compression test was executed on the solid PLA using a universal testing machine (The
FastTrack 8874, Instron, Norwood, USA) at a strain rate of 0.005/s using 25kN load cell [31].

2.3. Characterization of the unit cell.

Table 1 shows the characterization of the unit cell of the scaffold.

Table 1. Characterization of Unit Cell.

No. Parameter

1 Model Name C1l SQ1

2 Cell size L=12,d=10 L=12,1=8.862

3 Pore area (mm?) 78.54 78.54

4 Porous volume, V 1413.23 1435.35
(mm°)

5 Surface area, SA 675.22 726.46
(mm?)

Porosity (%) 81.8 83.1

*L=length of a unit cell, d= diameter of pore, I=diameter of square pore
2.4. Finite element analysis.

Mesh independence test is done to make sure the simulation process has sufficient
elements to solve the numerical analysis that has been set. This is done by repeating the
simulation several times and, at the same time, increasing the number of elements until the
results are converged. The model is compressed with a displacement of 5% of its total height,
and the bottom part of the model is fixed, as shown in Figure 1. The time of the period is set at

1 s with an increment of 0.01s. “‘l’“‘u“‘
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Figure 1. Boundary Condition of Model
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2.5. Design of bone scaffold.

The design of the bone scaffold is as shown in Table 2. The porosity is calculated using
Equation 1 as follows:

Porosity = (Volume_porous/Volume_total) x100% (@)
Table 2. Characterization of Circle Unit Circle with Various Pore Size
No. Parameter
1 Model name
2 Cell size L=12,d=10
No. of cells in
3 each direction ! 2 4 8
Porous
4 Volume 1413.23 1413.23 1413.23 1413.23
(mm®)
5 Surface area 675.22 957.67 152257 2652.37
(mm?)
6 SA/V ratio 0.477785 0.677646 1.077369 1.876814
7 Size of each 10000 5000 2500 1250
pore (um)
8 Porosity (%) 81.8 81.8 81.8 81.8
Volume
9 enclosed 1728 1728 1728 1728
(mm®)

3. Results and Discussion
3.1. Comparison of difference geometry.

The von mises distribution is illustrated in Figure 2. The red arrow and yellow arrow in
Figure 2 show the stress concentration of C1 and SQ1, respectively, when it is being
compressed. It is important to identify the stress concentration of a structure as it can imply
that the failure of structure will happen in that particular area if a failure occurs. From Figure
3 (), the stress-strain curve of the C1 is steeper than the SQ1. This means that the C1 has a
higher Young’s modulus than the SQ1 as more stress is needed to stretch the circle hollow unit
cell. The reason why the SQ1 has lower Young’s modulus is due to their edgy geometry.

SQ1

S, Mises

(Avg: 75%)
+3.200e+02
+2.933e+02
+2.667e+02
+2.400e+02
+2.133e+02
+1.867e+02
+1.600e+02
+1.333e+02
+1.067e+02
+8.000e+01
+5.333e+01
+2.667e+01
+0.000e+00

Figure 2. Von mises distribution of SQ1 and C1.

A sharp end will produce high concentration stress, which will make the unit cell has
lower strength [32]. Figure 3 (b) will give better illustration related to the difference of Young’s
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modulus of a square hollow unit cell and a circle hollow unit cell. Circle hollow unit cell has
Young’s modulus of 493.11 MPa while the square hollow unit cell has Young’s modulus of
289.88 MPa. The value of Young’s modulus produced in this present work is comparable with
Sun et al., which got a Young’s Modulus of 0.375 GPa with a porosity of 83% with 4 square
shape pore holes on each face of the PLA bone scaffold [33]. The small difference of the value
of the Young’s modulus is due to the different values of the surface area of both of the scaffold.
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Figure 3. (a) Stress-strain Curve of SQ1 and C1 via Finite Element Analysis (b) Young’s Modulus of SQ1 and
C1

3.2. Variation of pore size.

After determining the best shape, which produces higher mechanical properties, the
study continued to determine the relationship of pore size with the mechanical properties of the
scaffold. C1, C8, C64, and C512, as shown in Figure 4, are simulated using Finite Element
Analysis (FEA) as the circle hollow unit cell has superior Young’s modulus relative to the
square hollow unit cell. All the models C1 to C512 have a porosity of 81.8%, and the main
difference of all this model is their total surface area per volume ratio. From Table 2 and Figure
5 (a), as the surface area of the model increase, Young’s modulus of the scaffold will increase.
This means that model with higher surface area tends to resist the stress better in which more
stress is needed to stretch it, which are in line with Pratap et al. [34].

1 c8

S, Mises
(Avg: 75%)
+3.200e+02
+2.933e+02
- +2.667e+02
+2.400e+02
+2.133e+02
- +1.867e+02
+1.600e+02
+1.333e+02
+1.067e+02
- +8.000e+01
+5.333e+01
+2.667e+01
= +0.000e+00

Figure 4. Von Mises Distribution of C1, C8, C64, and C512.
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Based on Figure 5 (b), Young’s Modulus obtained for all models from C1 to C512 is
within the cancellous bone range, which is the range of (0.01-2.0 GPa) [35]. In Fig. 5 (b),
although the difference of value for surface area for C64 and C512 is significant, the difference
of Young’s modulus for C512 and C64 is small relative to the difference of value for C64 and
C8 in terms of Young’s Modulus. This is because all the models use the same material; hence
there will be a point where there is a limit for enhancement of Young’s modulus by varying
the architecture of the models. C8 and C64, due to the large difference of the surface area with
a value of 564.99mm? (about 60% percentage difference), contributes to the large difference
of value in terms of Young’s Modulus. On the other hand, the difference between Young’s
modulus of C1 and C8 is small due to the little difference of surface area with a value of
282.45mm? (about 40% percentage difference).
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Figure 5. (a) Stress-strain curve of C1, C8, C64, and C512 under 5% displacement (b) Bar chart of Young’s
modulus of C1, C8, C64, and C512.

4. Conclusions

The circle geometry porous structure is better in comparison to square geometry porous
structure in terms of having higher Young’s modulus. This statement is made after the circle
hollow unit cell, and square hollow unit cell with the same area of hollowness are both
compressed in a simulation. In addition to that, both unit cell has achieved mesh independent
to make sure that the result produce is reliable. Hence, the circle geometry has been chosen as
the porous structure in the scaffold that has been simulated. From four of the scaffolds (C1, C8,
C64, and C512), it appears that C512 has the highest Young’s modulus due to the highest
surface area of C512 compared to other models. In conclusion, circle pore shape with the
smallest pore size is a good combination to produce scaffold with high mechanical properties
while providing a good porosity amount (80%), which can enhance the biocompatibility
properties of the developed scaffold section is not required.
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