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Abstract. Currently available designs for tissue engineering scaffold often focus
on a structure that mimics the extracellular matrix while ignoring the
mechanical properties needed for load bearing. This study aims to overcome
the problems of existing scaffold designs by introducing new biologically and
mechanically relevant scaffold designs for bone tissue. To reach these goals,
new scaffold designs embedded with square, circular and hexagonal pores at
three different pore sizes of 0.25, 0.30 and 0.35 were prepared using computer
aided design (CAD) software. Their mechanical properties were modeled, and
the physical and mechanical properties of the 3D-printed scaffolds were
evaluated. Two materials, including PLA and acrylic resin were used to 3D print
the scaffolds to ensure accurate control over the scaffold’s structure and
porosity. The mechanical properties of the scaffolds with three different pore
sizes of 0.25, 0.30 and 0.35 mm were analysed using finite element analysis
(FEA) and experimental testing. The results showed that the cubic design with
circular pores displays the highest stress and strain values. The simulations
indicate stress levels of 189.76 MPa and strain values of 9.4983%.
Experimentally, it indicates stress values of 71.589 MPa and strain values of
58.92%. These values exceed those of the cubic designs with hexagonal and
square pores. The results show that the proposed scaffold designs meet both
biological and mechanical requirements, therefore contributing to the
development of enhanced bone tissue engineering.
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1 Introduction

Bone defects caused by trauma, tumors, infections, or surgery may regenerate
naturally, but certain significant defects may require clinical intervention for proper
healing [1]. Bone tissue engineering seeks to repair bone defects by transplanting
scaffolds into the affected area, therefore facilitating the replacement of scaffold
materials with newly formed bone tissues within the body. The most effective
scaffolds should contain ideal physical and biological properties
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that promote cell adhesion, blood vessel growth, and nerve development for efficient
clinical use [2]. In recent years, researchers have focused on improving the function of
tissue-engineered constructions. This change involved the creation of implants that
are infused with cells to match the structure of the existing tissues [3].

In tissue engineering, various methods, including solvent casting/particulate
leaching, emulsion freeze-drying, phase separation, and electrospinning, are used to
create scaffolds. However, these methods do not provide precise control over the size
and shape of the pores. On the other hand, three-dimensional (3D) printing enables
accurate control of structures, such as size, shape, and porousness, which improves
the production of scaffolds used for tissue healing and regrowth [4]. The developing
technology of (3D) printing has facilitated fast manufacturing of scaffolds with
accurately controlled geometric forms and pore distribution [5]. The use of 3D printers
enables smooth implementation of computer assisted approaches in creating tissue
engineering scaffolds. Currently, various 3D printing methods are used for tissue
engineering purposes, enabling the production of scaffolds using different materials
like polyesters, ceramics, metals, and hydrogels [6].

The physical properties of the scaffold in tissue engineering are important, and its
mechanical properties must be compatible with those of the implantation site. A
scaffold that is very soft may experience deformation due to being compressed by
native tissues that are close to it, which ultimately results in the scaffold losing its
fundamental shape [7]. The compressive strength of cancellous bone is around 4 to
12 MPa meanwhile for cortical bone is around 130 to 180 MPa [8]. When designing
scaffolds, it is important to properly consider multiple factors such as mechanical
properties, porosity, and biocompatibility. It should be noted that enhancing certain
properties might potentially result in unintended effects on a different property [9].

The requirement for successful tissue engineering scaffold lies on its mechanical
and physical properties, with porosity being an essential requirement [9]. The amount
of pores in scaffolds, or porosity, is important because it determines the adhesion of
cells, the deposition of extracellular matrix, the entry of nutrients and oxygen, the
discharge of metabolites, and the ingrowth of blood vessels and nerves [10]. High
porosity can complicate the structure of scaffolds and decrease mechanical strength.
An ideal pore size for bone tissue engineering is between 0.2 and 0.35 mm [11]. 3D
printing can produce accurate scaffolds with The Young’s modulus of structures
ranging from 28 to 93 MPa, depending on their architecture [11]. However, bone
implants are typically made from a simple shape and architecture which often
mismatched with the natural bones’ appearances and properties [12]. In some
circumstances, the shape of the defect requires more complex scaffold designs as
compared to standard circular or square shapes. However, the difficulties involved in
constructing continuous printing paths for these complex designs have led researchers
to concentrate on using simple circular or square setups with different deposition
patterns, such as 0-90°, 0-45°, and 0-60°-120°. It is worth mentioning that the complex
shape of scaffold enhances their efficacy in treating bone defects as compared to
standard lay-down patterns of 0-90° and 0-45° [13]. Complex scaffold designs increase
mechanical strength by optimizing load distribution, improving mechanical
characteristics, and adjusting porosity, connection, and multifunctionality [14].
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In this study, scaffolds with circular, square and hexagonal pores were created
using computer aided design software. Each of the scaffold’s were equipped with
different pore sizes of 0.25, 0.30 and to 0.35 mm. Finite element analysis and actual
testing were performed to understand the mechanical properties of the scaffolds. The
physical characteristics of selected 3 D printed scaffolds were also observed. In this
study, polylactic acid (PLA) and acrylic based resin were selected due to their
biodegradability and compatibility for tissue engineering application. The use of 3D
printing allows for precise control over scaffolds’ structures, including size, shape, and
porosity. The study also acknowledges the interconnected nature between printability
of scaffolds using different nozzle diameters of fused deposition modeling (FDM)
technique as well as the capability of digital light processing (DLP) technique towards
fabricating a mechanically and biologically relevant scaffold for tissue engineering.

2 Material and Method

A scaffold prototype was planned and fabricated using Fused Deposition modeling
(FDM), a widely used technology in additive manufacturing. This procedure involves
the use of a thermoplastic filament that is heated to heat until it reaches its melting
point, after which it is expelled in a series of layers to construct the scaffold structure
[15]. The scaffold is also fabricated using the digital light processing (DLP) method, an
additive manufacturing method that applies the photopolymerization technique. This
process involves curing liquid photosensitive resin layer by layer using UV light [16].

2.1 Material

This study utilized two different materials, namely PLA (AA3D, Malaysia) and acrylic
based resin (Asiga DentaModel, Asiga, Australia), to identify the ideal properties for
the new scaffold design in tissue engineering. The PLA for 3D printing was in the form
of filament with a diameter of 1.75 mm [17]. Meanwhile, the acrylic based resin was
received in the form of a liquid form [18].

2.2  Scaffold design process

Three scaffolds with different designs were created using Catia V5 (Dassault Systems),
a 3D design software that can be used for computer-aided design (CAD). The scaffold
was designed using a three-dimensional cubic model with 6 mm x 6 mm x 6 mm
dimensions. Figure 1 shows the scaffold design with hexagonal, circle and square
pores. The pore sizes varied between 0.25, 0.30 and 0.35 mm, respectively. For bone
tissue engineering, the optimal pore size of the scaffold is suggested to be between
0.2mm and 0.35mm. It is well documented that a 3D printer has the capability to
create accurate structures by adding layers with the recommended pore size, resulting
in well-connected pores and strong mechanical properties [11]. The scaffold designs
with its pore sizes are summarized in Table 1.
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Fig. 1. CAD models for the scaffolds with pores. a hexagon, b circle, and c square

Table 1. Determined pore pattern and sizes for scaffold design

Pore patterns Pore sizes (mm)

Hexagonal 0.25
0.30

0.35

Circular 0.25
0.30

0.35

Square 0.25
0.30

0.35

2.3 3D printing

The designed scaffolds were printed using an FDM 3D printer (Ender 3, Creality, China)
at a temperature of 200°C, with a build plate temperature of 50°C and a constant
printing speed of 30 mm/s. Regarding issues such as warping, printing cooling was
activated to ensure that each layer cools sufficiently before the next layer was
deposited, promoting better adhesion and reducing the likelihood of deformities.
Table 2 shows the parameters for the 3D printing process. The 3D printing was
conducted using three different nozzles of 0.1, 0.2 and 0.3 mm. In order to observe
the printability of the scaffold using FDM techniques, scaffold with the biggest pore
size of 0.35 mm was selected for the purpose. The scaffold was also printed using
Digital light processing (DLP) with 385 nm 3D printing (MAX UV, ASIGA, Australia). The
reference model’s STL file was loaded into the Asiga MAX UV slicing programme (Asiga
Composer, Asiga, Australia). The slicing programme was used to align the model
horizontally at O degrees, with the model base directly on the build platform. The
heated build platform temperatures were set at 60°C The resolution along the z-axis
was determined and standardised at 50 pm [19].
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Table 2. FDM 3D printing parameter

3D printing parameter Value
Orientation X-y
Printing speed 80 mm/s
Nozzle temperature 200 °C
Build plate temperature 50 °C
Infill density 100%
Layer height 0.2 mm
Wall thickness 0.8 mm
Top/bottom Thickness 0.8 mm
Print cooling Yes
Built plate adhesion type Skirt

2.4 Characterization of scaffolds

Physical properties

The 3D printed scaffold was examined using a scanning electron microscope (SEM,
JSM-7600F, JEOL, Japan) to evaluate the architecture and surface morphology. The
scaffolds were coated and image 15 kV voltage under a vacuum [1]. An optical
microscope (BX60, Olympus, Japan) was also used to examine the scaffold. These
scaffolds were placed on glass slides to improve the visibility of the microstructural
characteristics. The optical microscope is equipped with a built-in digital camera
allowing for taking high-resolution pictures.

Mechanical properties

The Universal Testing Machine (UTM) (servo pulser, Shimadzu, Japan) was employed
to assess the compressive properties of 3D-printed specimens. The testing of 3D-
printed scaffolds was conducted at a test speed of 1 mm/min.

Finite Element Analysis

The designed scaffold was subjected to meshing using tetrahedral elements, and it
was used to replicate stress-strain interactions through finite element analysis with
ANSYS (ANSYS Inc.). The finite element analysis simulations are conducted using the
same methods as the experiments with the load of 400N. The boundary conditions
consist of a rigid bottom and a compression load applied to the top [20].
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3 Result and Discussion

3.1 Printability of scaffolds using different nozzles

The FDM printability was evaluated by testing three nozzle sizes of 0.1 mm, 0.2 mm,
and 0.3 mm. The selection of nozzle diameter directly impacts the resolution,
structural integrity, and overall performance of the scaffold. Smaller diameters allow
for more precision and finer details but at the cost of longer printing times and greater
risks of clogging. In contrast, greater diameters enable quicker printing while losing
precision [21]. The 3D printer frequently encountered difficulties extruding the
filament properly when using the 0.1 mm nozzle, resulting in failed prints and
interruptions. Despite successful extrusion, the flow showed inconsistency, leading to
failure in printing. The 0.2 mm nozzle produces excellent outcomes, providing an ideal
precision. This nozzle size allows for the creation of high-resolution prints that possess
fine details and smooth surfaces, making it perfect for complex models and designs.
Furthermore, it presents fewer chances of blockage in comparison to the 0.1 mm
nozzle. The 0.3 mm nozzle provides a balanced approach, combining detail and speed.
Its larger size reduces the likelihood of clogging compared to the smaller nozzles,
resulting in more reliable and consistent printing. The detailed result is as follows in
Table 3.

3.2 Morphological observation via microscopes

The scaffold, printed with a pore size of 0.35 mm and a hexagonal pattern, was chosen
for detailed analysis using an optical microscope and Scanning Electron Microscopy
(SEM) to confirm its match to the desired design. The choice to select a bigger pore
size was caused by the practical advantage of an easier fabrication process resulting
from decreased complexity. Upon initial observation using an optical microscope (Fig.
2a), the expected hexagonal shape was not visible in the scaffold. However, a clear
proof of a hexagonal structure was revealed upon closer examination using scanning
electron microscopy (SEM) (Fig. 2b). However, in spite of these findings, the scaffold
did not demonstrate flawless matching with the desired design, indicating incapability
of FDM to print structures embedded with micropores.

3.3 Scaffold Printing using Direct Light Processing Technique

Direct light processing (DLP) is an advanced 3D printing technique with many
advantages compared to Fused Deposition Modelling (FDM). When problems arise
with FDM, such as precision or surface finish limitations, switching to
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Table 3. Nozzle size and printing result

Nozzle size Nozzle Printing result

0.1 Printing failed

Fig. 2. Pore shape analysis using a Optical microscope and b SEM.
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DLP and using materials like acrylic based resin can significantly improve the printed
scaffold [22]. Acrylic based resin of DentaMODEL is an excellent option for producing
precise and detailed scaffolds because it was created especially for high-resolution
dental applications. In contrast to the layer-by-layer deposition technique of FDM, DLP
uses a digital light projector to cure an entire resin layer all at once [23]. In addition,
DentaMODEL resin provides improved mechanical qualities and biocompatibility,
making it suited for use in the medical and dental fields. The formulation ensures that
the printed scaffolds possess the strength and durability required to endure clinical
use. Moreover, the material’s biocompatibility guarantees secure and harmless
contact with biological tissues, which is essential for any scaffold designed for medical
applications. DentaMODEL is a dependable option for switching from FDM to DLP to
produce complex, sturdy scaffolds. Figure 3 shows the scaffold printed with
DentaMODEL. Based on this scaffold, the printing looks finer than the printing using
FDM. The pore shape prints better using DLP.

Fig. 3. Scaffold printed using DentaMODEL

3.4 Mechanical Properties

The compressive stress for each pore size has been demonstrated in Table 4. Due to
their different geometries, pores of circle, hexagon, and square shapes show different
compressive stress. Circle pores consistently show exceptional mechanical
performance, with a maximum stress of 71.589 MPa when the pore size is 0.25mm.
Their symmetrical shape allows for an even distribution of stress over the material,
resulting in this feature. Circle pores improve the material’s capacity to endure larger
loads without deformation or failure by reducing stress concentrations [24]. On the
other hand, hexagon pores demonstrate moderate peak stress levels, reaching a
maximum of 59.768 MPa under similar conditions. Although hexagon structures
transfer stress equally, they may have slightly higher concentrated stress at the
corners than circular pores. This aspect can restrict their maximum stress capacity and
overall mechanical durability compared to a circle. On the contrary, square-shaped
pores consistently exhibit the lowest peak stress values compared to the other two
shapes, reaching a maximum of 26.171 MPa at a pore size of 0.25mm. The presence
of sharp corners in the square shape increases stress concentrations, significantly
reducing its structural integrity and load-bearing capacity.
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Table 4. Experiment Stress and Strain Value

Pattern design Pore size (mm) Stress (MPa) Strain (%)

Cubic with hexagon 0.25 59.768 +0.499 43.342 +0.871
0.30 38.515 +£1.430 34.721 £0.968

0.35 27.986 £1.018 38.068 +£0.845

Cubic with circle 0.25 71.589 +1.458 53.614 +1.147
0.30 48.181 +0.907 43.372 +0.831

0.35 45.129 +1.985 41.534 +1.280

Cubic with square 0.25 26.171 £1.270 40.022 +0.896
0.30 21.736 £2.112 44.757 £3.635

0.35 25.244 +1.058 46.404 +0.851

a b
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=
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Fig. 4. Stress strain curve with different pore size. a 0.35mm, b 0.30mm, and ¢ 0.25mm

The stress-strain graphs in Fig. 4 illustrate the mechanical behavior of materials
that have different pore shapes, such as hexagon, circle, and square, with pore
diameters of 0.35mm, 0.30mm, and 0.25mm. Materials with hexagon pores show a
consistent increase in stress with strain up to a peak and then decrease, showing high
stress sustainability before failing. On the contrary, circle pores show a more drastic
increase in stress, reaching a greater peak and then decrease, showing their superior
ability to withstand stress. Square pores reveal the least resistance to stress among
the shapes, following a pattern like hexagons but with a lower peak. Circle-shaped
pores consistently display higher peak stress values across all pore diameters, while
square-shaped pores display the lowest. Hexagon pores display mid range values.
Furthermore, there is a correlation between smaller pore sizes and greater stress
values, which suggests that the shape and size of the pores have a significant impact
on the stress-strain behavior of the material. The pore size of the material has an
impact on its compressive strength [25]. In general, circle patterns and smaller pores
are associated with higher stress responses.

573
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3.5 Finite Element Analysis

The mechanical testing of the design scaffold with DentaMODEL was analysed using
ANSYS. Figure 5 illustrates the outcomes of the specimen testing postapplication of
load. In this figure, the behavior of the cube under the static structural analysis reveals
how stress is distributed throughout the material when subjected to external loads.
The color gradient inside each cube highlights areas of varying stress levels, with blue
representing low stress and red indicating high stress. This distribution pattern shows
that certain regions of the cube are more loaded than others. For instance, the green
color in Fig. 3 is the spot where the scaffold is experiencing the highest stress,
suggesting these regions are under significant strain and are more likely to deform or
fail. In contrast, the blue areas signify regions of lower stress, indicating that these
parts of the cube are less affected by the applied loads. Fig. 5(c) shows that the
structure has the most green color compared to Fig. 5(a) and 5(b). The scaffold design
of cubic with square pores most likely to fail with low compressive stress as compared
to the hexagonal and circular pores.

Fig. 5. Finite element analysis of scaffold design. a Hexagon, b Circle, and ¢ Square
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Table 5 shows the simulated maximum stress and strain of various designed
scaffolds. The simulated elastic behavior of the scaffolds accurately reflects the
physical behavior for strain values below 10%. The simulations were based on an
isotropic elastic property model, leading to a linear increase in scaffold deformation
with increasing compression force [26]. However, after the compression stress
exceeds the yield stress, plastic deformation becomes the main factor, explaining the
differences observed between the experimental and numerical results. The simulation
results indicate that the maximum compressive stress is 189.76 MPa, followed by a
strain of 9.3983%.

Table 5. Simulation stress and strain value

Design Pore size (mm) Stress (MPa) Strain (%)
Cubic with 0.25 59.990 3.072
hexagonal pores 0.30 56.337 2.918
0.35 51.836 2.899
Cubic with 0.25 189.760 9.498
circular pores 0.30 149.460 8.606
0.35 92.425 5.742
Cubic with 0.25 32.600 1.942
square pores 0.30 33.915 2.101
0.35 40.442 2.226

4 Conclusion

The cube with a circular pores is superior to the hexagonal and square porous
structure in terms of compressive stress. Validation was conducted on the unit cells
to confirm that they are not affected by the mesh size, guaranteeing dependable
results. Out of the three scaffold designs that have different pore sizes, the scaffold
with a circular pore size of 0.25 mm showed the highest compressive stress. This is
partly due to its shape, particularly structure that has no edges by which are able to
support surrounding structure. To summarize, using a circular pore design with the
smallest pore size is a successful approach for creating new scaffolds with strong
mechanical properties and good porosity. This combination is postulated to improve
the biocompatibility of the scaffold.
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