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Abstract: Custom engineered scaffolds that mimic the physiology of native
tissue is an emerging need for successful regenerative medicine. One of the
key challenges in current manufacturing methods is the lack of controlled
porosity throughout the scaffold structure. In this research, our group
explores the fabrication of tissue engineering scaffolds using 3D printing
technology. The fused deposition modeling method was utilized to
fabricate scaffolds with different unit-cell designs and in-fill densities.
Specimens were fabricated in Acrylonitrile-Butadiene-Styrene (ABS)
material for different pattern designs which include linear, hexagonal,
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diamond and Moroccan star. The experimental phase of this research
revealed the influence unit-cell design, in-fill density and pattern
orientation on the porosity of the specimens. Computational modeling
using finite element analysis was conducted to study the relationship
between structure, porosity and mechanical strength of the scaffolds. A
comparative analysis was performed for ASTM standard specimens for
tensile and compression tests for von Mises stress and displacement values.
The results indicated that diamond unit-cell pattern had the highest stress
and displacement. In contrast, the hexagonal honey-comb pattern had the
best mechanical strength, especially for higher porosities. Specimens
loaded in the compressive mode had 50% lower stress values as compared
to tensile tests. Thus, by manipulating the unit-cell type, in-fill density and
pattern orientation one can fabricate a scaffold structure that balances
cellular function with the load-bearing requirement for a specific
application. This research lays a foundation for evaluating additive
manufacturing technologies for biomedical implants by manipulating both
process parameters and material properties.
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challenges remain and the technology will need time to
evolve (Ursan ef al., 2013; Schubert ef al., 2014).
Implants and prostheses can be fabricated through the
translation of x-ray, MRI, or CT scans into digital (.stl)
(Perkins et al., 2014; Schubert et al., 2014; Perkins et al., 3D print files (Klein et al., 2013). Thus, 3D printing can
2015). 3D printing has been applied to tissue be implemented to fabricate complex free-form
engineering, prosthetics fabrication, and pharmaceutical anatomical shapes for prosthetic limbs and surgical
products that include drug delivery (Desai and Harrison, implants. In recent years, this approach has been

Introduction

Additive Manufacturing (AM) popularly called as 3D
printing has influenced several medical applications

2010; Desai et al., 2010; Klein et al., 2013).

3D printing is the fabrication of structures layer-by-
layer in multiple materials to develop functional devices
(Parupelli et al., 2016). Due to its customizable nature,
additive manufacturing can accelerate health care access
to a wider population through medical products, drugs,
and biomedical equipment (Banks, 2013). However, in
spite of its significant promise, scientific and regulatory
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progressed to include the transplantation of cells along
with supporting scaffolds and biomolecules for the
restoration of pathologically altered tissue architectures
(Liu et al., 2017). The scaffolds need to mimic the native
tissue structure and provide comparative analogs of the
extracellular matrix. Synthetic scaffold acts as a
temporary matrix for cell proliferation wherein growth
factors and nutrients can trigger cellular differentiation
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of specific tissue types. Scaffolds have been
implemented in the re-engineering of bone, ligament,
cartilage, skin, neural conduits, vascular tissue and
skeletal muscle. Scaffold also aid as a transport system
for controlled delivery of DNA, drugs, and proteins.
Numerous technologies have been utilized to construct
porous scaffolds to regenerate tissues in addition to the
controlled release of bioactive agents for tissue
engineering applications (Dhandayuthapani ef al., 2011).

The level of porosity and pore size of biomaterial
scaffolds are vital in bone formation (Dadsetan er al.,
2008). Previous studies have investigated the
relationship between porosity and pore size of the
biomaterial scaffolds and their role in bone regeneration
(Karageorgiou and Kaplan, 2005; Murphy et al., 2010).
In the in vitro model, lower porosity stimulates
osteogenesis by suppressing cell proliferation and
forcing cell aggregation (Ramalingam et al., 2013). In
contrast, higher porosity and pore size result in greater bone
growth in vivo (Pan et al., 2015). However, an increase in
the porosity can result in lower mechanical strength of the
scaffold. Thereby, restricting the upper functional limit for
pore size and porosity (Bencherif ef al., 2013). Small pores
favored hypoxic conditions and induced osteochondral
formation before osteogenesis, while large pores that are
well-vascularized lead to direct osteogenesis without
preceding cartilage formation (Gerhardt and Boccaccini,
2010). Thus, new fabrication techniques, such as solid free
form fabrication can potentially be used to produce
scaffolds that can treat specific bone-repair needs
(Karageorgiou and Kaplan, 2005).

Scaffolds are designed to stimulate vascularization
and bone formation. These scaffolds are often porous and
made of biodegradable materials that harbor different
growth factors, genes, drugs, or stem cells (Luo et al.,
2015). Typical fabrication methods for scaffolds generate
a porosity that is uniformly distributed throughout the
scaffold dimension (Hutmacher, 2001). However, this
type of scaffold does not mimic natural bone which has a
higher porosity in the core and a strong, dense outer
shell. The porosity distribution in the scaffold can be
manipulated by manufacturing methods such as 3D
printing. This design manipulation encourages
functionality and interconnectivity within the scaffolds
(Bose et al., 2012).

This research aims to develop different in-fill pattern
types to morph variable scaffold designs. 3D printing
technique was implemented to control the porosity of the
specimens for each in-fill pattern type. The mechanical
strength of these scaffolds was evaluated in both tension
and compression loading modes using computational
modeling. Finite element analysis was conducted on
ASTM specimens with different porosities. This research
lays the foundation for the fabrication of custom
scaffolds with controlled pattern type and density for
biomedical applications.

Method and Materials

This research was composed of both experimental
and computational analysis of the porous 3D printed
scaffold structures. In the experimental part, the effect of
different pore structures and in-fill density on the porosity
of 3D printed scaffolds was evaluated. The computational
section included finite element analysis of standard
specimens based on ASTM compression and tension tests.

Experimental Analysis of Pore Structures

The Fused Deposition Modeling (FDM) technique
was used to fabricate porous scaffolds with Acrylonitrile
Butadiene styrene (ABS) polymer. Specimens with
dimensions (25.91 mm x 25.91 mm x 6.35 mm) were
printed with different in-fill pattern designs. The in-fill
patterns represented different pore structures such as
hexagonal, square, diamond and Moroccan star. The
infill density for each pattern was varied from 10% to
100% in 25% increments. Figure 1 shows the 3D Printer
used to print the specimens.

The weight of the specimens (Ws) was measured
using a weighing scale (Mettler Toledo). The volume
of the specimen (Vs) was measured using Equation 1.
The porosity of the specimens was measured using
Equation 2. Standard specimens as per ASTM (D63 8-
14) were fabricated with different in-fill densities in
orthogonal directions.

Ws
Vv, = 1
S ey
Where: )
Vs = The volume of the specimen (cm”)

W, = The weight of the specimens (g)
pb = The density of the bulk material (For ABS, pb =
1.04g/cm”)

Fig. 1. MakerBot Replicator desktop 3D printer used to
fabricate the specimens
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Vb—-Vs
= 100 2
p=—=x @)
Where,
p = The porosity of the specimens

Vb = The volume of bulk specimen (100% solid)
Vs = The density of the specimens

Computational Modeling of 3D Printed Scaffolds

Computational analysis was performed on the 3D
printed scaffolds to evaluate the relationship between
different pore structures and corresponding mechanical
strength. In general, the relationship between the porosity
and the strength of the material is an inversely proportional
relationship. Thus, an increase in the porosity leads to lower
mechanical strength of specimen and vice versa.

Test specimens were considered for the
computational modeling based on the ASTM Tensile
(D638-14) and Compressive (D695-15) standards. Figure 2
shows the detailed dimensions of the tensile and
compression test specimens, respectively. Each specimen
had a thickness of 3.2 mm. Both of these specimens were
modeled with different pore geometries and densities using
SolidWorks CAD software. The pore geometries included
unit cells of the square, circle, diamond and hexagonal
structures. The pore densities for each geometry was varied
at 10%, 25%, 50%, 75% and 100% (solid), respectively.

Finite element analysis was performed on each
specimen to evaluate the deformation and von Mises
stresses. A force of 100N was loaded on the tensile and
compression test specimens in the longitudinal direction
as shown in Fig. 3.
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Fig. 2: ASTM specimens (a) Tensile (D638-14) and (b) Compression (D695-15)
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Fig. 3: ASTM specimens showing fixed boundary conditions and a force loading of 100N in the longitudinal direction (a) Tensile

test and (b) Compression test
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Results and Discussion

Experimental Analysis of Pore Structures

The Fused Deposition Modeling (FDM) technique
was employed to fabricate porous structures for tissue
engineering applications such as bone implants. Table 1
shows the specimens with different pattern designs and
infill densities, respectively. As can be seen, different
patterns with the same in-fill density have varying
porosity. The porosity of the specimens was measured to
quantify the differences based on the pattern type.

Table 2 shows the measured weights (Ws) of the
specimens. Table 3 shows the volume of the specimens
(Vs) calculated using Equation 1. The porosity of the
specimens was measured using Equation 2. Figure 4
shows the porosity of the different pattern designs and
their respective in-fill densities.

All patterns with 100% in-fill density were solid
specimens (0% porosity). The Moroccan star pattern had
lower porosity for all in-fill densities as compared to all
other pattern designs. This can be attributed to a denser
design pattern which led to lower porosities.

Table 1: 3D printed specimens with different pattern designs and in-fill densities

In-fill Density (%) Linear Hexagonal

Moroccan star Diamond

10
H OO
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% Porosity for Different Pattern Designs
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Fig. 4: Porosity of different pattern designs and in-fill densities

Table 2: Weigh measurement for the specimens

Infill Moroccan

Density (%) Linear Hexagonal  Star Diamond
10% 0.90 0.99 1.39 0.96
25% 1.71 2.08 3.15 1.81
50% 3.06 3.04 4.02 322
75% 3.66 3.24 4.59 4.08
100% 5.22 5.09 5.06 5.17
Table 3: Volume measurement for the specimens

Infill Moroccan

Density (%) Linear =~ Hexagonal  Star Diamond
10 0.74 0.82 1.14 0.79

25 1.40 1.71 2.59 1.48

50 2.50 2.49 3.29 2.64

75 3.00 2.66 3.76 3.34

100 4.26 4.26 4.26 4.26

The square pattern had the highest porosity for all in-
fill densities followed by diamond and hexagonal
patterns. However, at higher in-fill densities (above
50%) the hexagonal pattern had a higher porosity as
compared to all pattern designs. This finding is
consistent with the fact that a honeycomb design offers
higher strength to weight ratio over other in-fill unit
designs (Yamashita and Gotoh, 2005).

It is important to note that different pattern designs
offer conducive growth platform for the differentiation
and proliferation of cells (Huang and Ingber, 1999).
Thus, by implementing unit cell designs in conformance
with a specific cell lineage, can promote cellular
functions such as cell adhesion, orientation, migration
and cytoskeletal organization. In addition, the ability to
control the porosity of substrate has a significant
influence on cell in-growth and impregnation of growth
factors and nutrients. A variety of cell types such as
fibroblasts, osteoblast, nerve cells and mesenchymal

stem cells have shown an affinity towards grooved
substrates (Charest et al., 2004; Curtis et al., 2004;
Recknor et al., 2004).

In tissue engineering applications it is important to
balance the porosity along with the load-bearing capacity
of implants. This research enables the selection of
optimal pattern designs along with the appropriate
porosity for tissue engineering applications.

Table 5 shows the standard tensile test specimens
fabricated with different in-fill densities (10%, 50%, and
100%) for a square pattern design. The specimens were
built in orthogonal orientations (flat, on-edge, and up-
right). As can be seen, the on-edge orientation has the
densest cross-section as compared to other orientations.
The orientation also has an impact on the material
strength based on the directional properties of the
specimens. The effect of different pattern designs and in-
fill density on the strength of the material was evaluated
using finite element modeling.

Computational Modeling of 3D Printed Scaffolds

Finite Element Analysis (FEA) was employed to
evaluate the effect of unit-cell design and porosity on the
mechanical strength of the specimens. Computational
models were run for both tensile and compression testing
as per ASTM standards. Figure 5 shows the stress and
displacement profiles for both ASTM specimens subjected
to a load of 100 N. The von Mises yield criteria based on
the maximum distortion energy criterion was used to
evaluate the specimens. A maximum stress of 2.836 MPa
was recorded for the compressive test and 6.33 MPa for
the tensile test. Similarly, the compression specimen had
lower displacement (8.865e-2 mm) as compared to the
tensile specimen (1.765e-1 mm). Our results are consistent
with findings in literature wherein the strength of the
human femoral bone is superior in compression loading
mode versus tension (Havaldar et al., 2014).
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The tension and compression specimens were
modeled with circle, square, diamond and hexagonal
unit-cells. The porosity of the unit-cell structures was
varied at 10%, 25%, 50% and 70%, respectively. The
solid specimens in both the loading modes had the

lowest stress and displacement values. The diamond
pattern had the highest stress and displacement values
followed by the circle and square patterns, respectively.
The hexagonal unit-cell design had the lowest
displacement and stress values of all the pattern designs.

Table 5: Standard test specimens with in-fill density in orthogonal directions

Infill Density
Orientation 10% 50% 100%
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Fig. 5: Tensile testing specimen (a) stress (b) displacemen. Compression testing specimen (c) stress and (d) displacement
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The specimens undergoing compressive tests
(Figure 6) had lower stress and displacement values as
compared to the tensile tests (Figure 7). This behavior
was consistent across different porosity values and
unit-cell patterns. The specimens with compressive
loading had approximately 50% displacement values

as compared to tensile specimens. The strength of the
specimens decreased with an increase in the porosity.
There was a drastic increase in the stress and
displacement values for specimens with 70% porosity
as the von Mises stress approach the yield strength of the
material.

Compressive Stress (N/m?)
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Fig. 6: Compressive test (a) Stress (b) Displacement
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Tensile Stress (N/m?)
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Fig. 7: Tensile test (a) Stress and (b) Displacement
Conclusion had higher porosity at 75% in-fill density. ASTM

This paper investigates 3D printed scaffold structures
using experimental analysis and computational models.
The fused deposition modeling technique was used to
fabricate specimens in ABS material for different unit-
cell pattern designs. The in-fill density of patterns was
varied in 25% increments for square, diamond,
Moroccan star and hexagonal unit-cells. Phase one of
experimentation was focused on the control the porosity
of scaffold structures. The Moroccan star pattern had the
lowest porosity for all in-fill densities whereas the square
pattern had the highest porosity. The hexagonal pattern

standard tensile testing specimens showed variable
porosity based on the orientation of the square in-fill
pattern. Thus, by controlling the unit-cell pattern, in-fill
density and orientation an optimal porosity can be
attained for specific tissue engineering applications.
Phase two of this research included the computational
modeling of ASTM tensile and compressive specimens.
Finite element analysis was implemented to evaluate the
von Mises stress and displacement for different unit-cell
patterns with varying porosities. A decrease in
mechanical strength was observed with increasing
porosity of the specimens. Specimens loaded in the
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compression mode had lower stress and displacement
values as compared to the tensile tests. The hexagonal
unit-cell design had the highest strength of all the
patterns for all in-fill densities in both compression
and tension tests. Thus, incorporating a specific unit-
cell design with optimal porosity can balance cellular
functions with the load-bearing capacity of the
implant. This research lays the basis for developing
custom scaffolds for stem-cell based tissue
engineering applications.
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