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A B S T R A C T

Three-dimensional (3D) printing can be a promising tool in tissue engineering applications for generating tissue-
specific 3D architecture. The 3D printing process, including computer-aided design (CAD), can be combined with
the finite element method (FEM) to design and fabricate 3D tissue architecture with designated mechanical
properties. In this study, we generated four types of 3D CAD models to print tissue-engineered scaffolds with
different inner geometries (lattice, wavy, hexagonal, and shifted microstructures) and analyzed them by FEM to
predict their mechanical behaviors. For the validity of computational simulations by FEM, we measured the
mechanical properties of the 3D printed scaffolds. Results showed that the theoretical compressive elastic moduli
of the designed constructs were 23.3, 56.5, 67.5, and 1.8 MPa, and the experimental compressive elastic moduli
were 23.6±0.6, 45.1±1.4, 56.7± 1.7, and 1.6± 0.2 MPa for lattice, wavy, hexagonal, and shifted micro-
structures, respectively, while maintaining the same construct dimension and porosity. In addition, van der
Waals hyperelastic material model was successfully utilized to predict the nonlinear mechanical behavior of the
printed scaffolds with different inner geometries. These findings indicated that the CAD-based FEM prediction
could be used for designing tissue-specific constructs to mimic the mechanical properties of targeted tissues or
organs.

1. Introduction

Three-dimensional (3D) printing and additive manufacturing have
been utilized to combine cells and biomaterials to bioengineer tissue or
organ constructs for tissue engineering applications [1–3]. These cut-
ting-edge technologies (also known as 3D bioprinting) could precisely
deposit multiple components, including tissue-specific cell types, bio-
materials, and bioactive factors, in a micro-scale 3D architecture [4].
One of the most common methods for 3D bioprinting is based on mi-
croextrusion, during which material is extruded from the micron-scaled
nozzle by pneumatic, piston, or screw-based dispensing system [5]. This
microextrusion-based printing method requires melted thermoplastic
polymers or polymer solutions with proper rheological properties.
Among the polymeric materials available for 3D bioprinting purpose,
poly(ε-caprolactone) (PCL) is the most commonly used polymer for the
microextrusion bioprinting because of its low melting point of 60 °C and
high printability [6]. However, 3D printed PCL-based scaffolds have a

limited range of mechanical properties for tissue engineering applica-
tions. The mechanical signaling from tissue-engineered scaffolds could
influence cellular activities, including proliferation and differentiation,
as well as tissue hemostasis and development [6–9]. Thus, the me-
chanical properties of the scaffolds should be considered on the basis of
the targeted tissues [10–12]. To address this, scaffold design strategies
could be utilized to enhance the availability of PCL-based scaffolds that
could provide significantly different mechanical properties.

The finite element method (FEM), which is a numerical method to
model different domains, is a powerful tool to design 3D tissue archi-
tectures [13–15]. The FEM significantly improves the methodology in
the design process for medical applications and is utilized in the ana-
lysis and design of orthopedic devices, as well as analysis of tissue
growth [15]. Moreover, it has been used for understanding the bio-
mechanical properties of targeted bioengineered tissue constructs and
cell fate predictions to design and optimize the tissue-engineered scaf-
folds [8]. Due to the ability of CAD-based FEM method to provide high
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accuracy on designing and controlling the geometric configuration, and
the ability of 3D printing to offer high reproducibility on the deposition
of material, utilizing FEM capability to predict the mechanical beha-
viors of the scaffolds could be useful for the tissue-specific applications
[16,17]. Through FEM capability in design, analysis, and prediction,
tissue-specific scaffolds could be identified, and this approach may lead
to accelerating the progression pace of the efforts to bioengineer tissue
constructs using 3D bioprinting technologies.

In this study, we aimed to investigate the applicability of CAD-based
FEM analysis to tune and predict the mechanical behaviors of the
printed PCL scaffolds based on the inner geometries, as the inner geo-
metries of the tissue-engineered scaffolds play an important role in
biomechanical and biological aspects for tissue engineering applica-
tions [6,13,18]. We hypothesized that the controlled mechanical
properties of tissue-engineered scaffolds fabricated by 3D printing
could be obtained through designing different inner geometries via the
FEM method. By using the computer-aided tissue engineering (CATE)
approach, four types of tissue-engineered scaffolds with different me-
chanical properties were designed by different inner geometries (lat-
tice, wavy, hexagonal, and shifted microstructures) using CAD-based
FEM method. To validate the FEM prediction, the scaffolds with dif-
ferent inner geometries were fabricated by the extrusion-based 3D
printing method and examined by the compression test. The entire
processes established in FEM analysis are shown in Fig. 1.

2. Materials and methods

2.1. CAD-based scaffold design

We designed four types of tissue-engineered scaffolds with different
microstructural patterns (lattice, wavy, hexagonal, and shifted). 3D
CAD models of these scaffolds were generated using SolidWorks®
(Dassault Systèmes SolidWorks Corp., Waltham, MA, USA). The por-
osity of each scaffold was calculated from the CAD model through two
different approaches (designed and theoretical) as follows.

Designed porosity, the porosity of the CAD model, was obtained by

measuring the occupied volume of each scaffold (VCAD). The 3D CAD
models were evaluated with SolidWorks software tools, and the design
porosity (PCAD) was calculated by Eq. 1:

= − ×P V
V

(1 ) 100CAD
CAD

Bulk (1)

In which, VBulk is the bulk volume of the CAD model without por-
osity.

Theoretical porosity was estimated by considering the contact be-
tween the filaments of different layers to be only superficial [19]. This
porosity contains the extra volume of material that existed in the
overlapped regions that are neglected in the designed porosity calcu-
lation. To calculate the theoretical porosity, the scaffold layers were
separated from each other in the CAD model to remove layer penetra-
tion and have superficial contact between filaments. Then the theore-
tical volume (VTheory) of each scaffold was evaluated by SolidWorks
software tools, and theoretical porosity (PTheory) was calculated from
Eq. 2:

= − ×P
V
V

(1 ) 100Theory
Theory

Bulk (2)

In which, VBulk is the bulk volume of the CAD model without por-
osity. Therefore, it is expected that the CAD porosity can be slightly
higher than theoretically determined, and the theoretical porosity is
more closely resembles printed porosity.

2.2. Tensile testing of the printed PCL filament

For FEM analysis, the tensile testing was performed according to
ASTM D412-06a. A straight filament of poly(ε-caprolactone) (PCL, Mw
43,000–50,000; Polysciences, Warrington, PA, USA) were fabricated by
a 3D printer, and the mechanical parameters were measured by a ten-
sile tester. Instron 5544 (Instron, Norwood, MA, USA) was used for the
tensile test using a 10 N load cell and loading rate of 5 mm/min. The
length of the printed PCL filament was 5 cm, and the mean diameters
were from 210.90–225.46 μm. The slope of the initial linear region of

Fig. 1. Schematic diagram of the FEM process.
(a) Main steps of FEM analysis: Pre-processing
step to convert CAD model to FEM model: (b)
design of the scaffold with CAD tool for man-
ufacturing with the microextrusion 3D
printing, (c) determination of mechanical
properties of PCL filament by tensile testing for
FEM model, (d) simulation of the boundary
condition of the scaffold under unidirectional
compression; Processing step to analyze FEM
model: (e) mesh sensitivity analysis of FEM
model with increasing the number of elements
(mesh refining) to have mesh independent nu-
merical results; and Post-processing step to
validate FEM analysis: (f) 3D printing process
with optimized parameters and (g) validation
of FEM results with the experimental results
obtained from unidirectional compression test
of the 3D printed scaffolds and measurement of
the geometrical specifications using SEM
images.
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the stress-strain curve was considered as the elastic modulus. Based on
the stress-strain curve, the elastic modulus of the PCL filament, EF, was
calculated by Eq. 3.

= ×
×

E F L
πD L

4
ΔF

t
2 (3)

In which Ft is the tensile force, L is the length of the filament, D is
the diameter of the filament, and ΔL is the tensile extension of the fi-
lament.

In order to have a constant diameter of the testing samples, the
mean diameter of each filament (Dmean) was used in Eq. 2. According to
the standard ASTM D412-06a recommendation, the weight of each
sample (M) was measured, and the mean diameter was calculated by
Eq. 4.

=D M
ρLπ

2mean
(4)

In which ρ is the density of PCL material which is 1.145 g/cm3, and
L is the length of the filament.

2.3. Finite element method (FEM) modeling

We used ABAQUS/Standard® 6.13 (Simulia, Dassault Systèmes) fi-
nite element package to predict the mechanical behavior of the de-
signed tissue-engineered scaffolds under compression. To generate FEM
models in the preprocessing stage, the 3D CAD model of each scaffold
was imported into the software as a continuous part. The material
properties of PCL were simulated by both linear and nonlinear elastic
behavior. The FEM model specifications for both linear and nonlinear
analyses were similar, but only the material definition was different
between them. In the next step, nodes and mesh regions on the FEM
model of each scaffold were generated from the initial continuous
model. Ten nodes of quadratic tetrahedral elements with four integra-
tion points denoted by C3D10 in Abaqus were used based on the geo-
metry of each FEM model. One of the considerable aspects of FEM
analysis is the dependency of its result accuracy on the mesh size since
the FEM model with coarse mesh is not representative of the continuous
model and leads to deviation from exact results. Thus, a mesh sensi-
tivity analysis was performed with constantly decreasing the mesh size
(or increasing the number of elements) to reach mesh size-independent
results. After performing this analysis, a suitable mesh size on the FEM
models was obtained for the following FEM analysis.

Linear elastic material properties in FEM are defined by two para-
meters; elastic modulus and Poisson’s ratio. In this study, the elastic
modulus was obtained by measuring tensile properties of a printed fi-
lament as described in the following section, and the value of Poisson’s
ratio was assumed 0.3 according to the previous report [16]. The
compression testing simulation was completed by the FEM analysis of
each scaffold design. Especially, the compressive elastic modulus was
compared with the scaffolds designed by CAD, which is the most con-
siderable mechanical properties of tissue-engineered scaffolds [20–22].
Subsequently, to simulate the uniaxial compression test in the static
analysis, the 5% compressive strain was exerted to the top of the model,
and the bottom of the part was fixed as boundary conditions. The
compression force was obtained for each scaffold in the post-processing
stage. Then, compressive elastic modulus, EFEM

com , was obtained from Eq.
(5):

=
×

E
F

A εFEM
com FEM

com

FEM
com (5)

In which, FFEM
com is compression force at the end of the analysis, A is

the initial area under compression, and εFEM
com is a compressive strain of

5%.
For nonlinear elastic behavior, the compressive mechanical beha-

vior of each scaffold was predicted in higher strain ranges by using the
three nonlinear hyperelastic material models, Neo Hooke, Mooney-

Rivlin, and van der Waals [23]. Their strain energy functions are:
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where U is the strain energy potential, Jel is the elastic volume ratio, I1

and I2 are the first and second invariants of the deviatoric strain, and
C10, C01, μ, λm, a, β, and D are material constants. C10 and C01 describes
the shear behavior of the material, μ, λm, a and β describe the devia-
toric behavior, and D introduces compressibility.

To obtain the hyperelastic parameters, the initial values were esti-
mated using the Abaqus material evaluation option base on available
uniaxial tensile test data and Poisson’s ratio of 0.3 for PCL material.
These initial values were modified by simulating the uniaxial tensile
test of PCL filament in Abaqus and trial-and-error procedure to reach an
appropriate fit to the experimental data and have stable material be-
havior in large deformation. In addition, this relation between com-
pressibility (D), initial bulk (K0), and shear modulus (μ0) must be ex-
isted [24,25] in all hyperelastic models:

= = −
+

D
K

υ
μ υ

2 3(1 2 )
(1 )0 0

Instead, the initial shear modulus has a relationship with the hy-
perelastic parameters as follows:

=μ C(Neo Hooke) 20 10

− = +μ C C( Mooney Rivlin) 2( )0 10 01

=μ μ(van der Waals) 0

Thus, the relationships between the compressibility and material
parameters are:

= −
+

D υ
C υ

(Neo Hooke) 3(1 2 )
2 (1 )10

− = −
+ +

D υ
C C υ

( Mooney Rivlin) 3(1 2 )
2( )(1 )10 01

= −
+

D υ
μ υ

(van der Waals) 3(1 2 )
(1 )

After reaching appropriate material parameters, the apparent
compressive stress-strain curve for each scaffold was obtained and
compared with the experimental data. Afterward, shear moduli of
scaffolds with four types of microstructures were estimated. The shear
strain (γshear) was exposed to the top layer of the scaffold, shear force
(F ) were calculated from FEM analysis and the apparent shear modulus
(G) was calculated with Eq. 6:

=G F
Aγshear (6)

2.4. 3D printing of the tissue-engineered scaffolds

To validate the FEM prediction, each scaffold was fabricated by the
microextrusion-based printing method based on the CAD design. In this
study, we used the integrated tissue-organ printing (ITOP) system
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developed in our group [4]. Custom-made computer-aided manu-
facturing (CAM) software-generated G-code, which instructed the bio-
printer on how to print the scaffolds with different inner geometries.
The PCL granules were melted at 90 °C for 30 min and dispensed
through a metal syringe. The metal syringe was fitted with a stainless-
steel nozzle with an internal diameter of 200 μm. All scaffolds were
printed with 200 mm/min of the scan speed. In the printing pressure,
lattice and shifted microstructures were printed at 350 kPa, and wavy
and hexagonal were printed at 400 kPa. The dimension of the printed
scaffolds was 6 (H) × 10 × 10 mm3 for the following mechanical
testing according to ISO 604 recommendation [26].

2.5. Characterizations of the printed scaffolds

The printed scaffolds were morphologically characterized using a
high-resolution emission scanning electron microscope (SEM, Hitachi
FlexSEM, model SU 1000, Japan). The samples were pre-coated with a
conductive layer of sputtered gold-palladium in a sputter coater (EM
ACE600, Leica). SEM micrographs were taken at an accelerating vol-
tage of 10.0 kV at different magnifications and analyzed by Image-Pro
software (Media Cybernetics, Rockville, MD, USA). The porosity (P )DP3
of each scaffold was calculated by the following Eq. 7:

= − ×P M
ρV

(1 ) 100DP
Bulk

3
(7)

In which M is the weight of the sample, ρ is the PCL density which
is 1.145 g/cm3, and VBulk is the bulk volume of the CAD part without
porosity. The SEM measurements were performed randomly from dif-
ferent regions of images.

The mechanical properties of the printed scaffolds with different
microstructural patterns were measured with a universal mechanical
testing machine (Instron 5544) under compression (2 kN load cell and
0.2 mm/min) according to ISO604 recommendation. At least five
samples were tested with each scaffold.

2.6. Statistical analysis

Data were analyzed with Student’s t-test or one-way ANOVA using
GraphPad Prism software version 5.0 (GraphPad Software, Inc., La
Jolla, CA). P<0.05 was considered statistically significant.

3. Results

3.1. CAD-based scaffold design

After preparing several CAD designs for the scaffold, four designs
with specific microstructures were chosen based on design pre-
requisites. Fig. 2 shows the design parameters and microstructural
patterns. The lattice-micropatterned scaffold was used as a control be-
cause this structure is common in 3D bioprinting applications. To de-
sign scaffolds with different mechanical properties, the amount of
contact area between layers was considered. Wavy and hexagonal-mi-
cropatterned scaffolds were assumed to have higher contacting regions
between layers. These contacting regions resulted in thick, straight
columns within the scaffolds. However, the shifted-micropatterned
scaffold showed limited contacting regions. For lattice, wavy, and
hexagonal geometries, the scaffold consisted of 20 repetitions of 2
layers, and the shifted-micropatterned scaffold consisted of 10 repeti-
tions of 4 layers. To apply the compression displacement to the top
layer of each model and fix the bottom layer, the layers were cut 20 μm
in the horizontal direction. The designed scaffold size was based on ISO
604. The CAD models of each scaffold were prepared with dimensions
of 6 (H) × 10 × 10 mm3. All scaffolds were highly porous with similar
porosity.

3.2. FEM model preparation and mesh sensitivity analysis

Compression tests were simulated by defining boundary conditions
representative of the actual compression tests. The CAD model was
converted to the FEM model by defining the boundary condition and
generating a 3D mesh (Fig. 3a,b. In addition, a mesh refining process
was performed, and a sufficient number of elements and mesh size were
generated on FEM models 1,894,283 for lattice, 1,026,865 for wavy,
5,146,087 for hexagonal, and 1,965,574 for shifted. Fig. 3c shows the
result of mesh sensitivity analysis for the hexagonal-micropatterned
scaffold as an example.

3.3. FEM analysis

For linear FEM analysis, the elastic modulus of PCL filament was
calculated by the slope of the initial linear region of the stress-strain
curve. The representative elastic modulus was 431.5±10.2 MPa. The
elastic modulus was used in the FEM models with the assumption of
linear elastic deformation. Using the elastic modulus obtained from the
PCL filament, FEM analysis was performed for each scaffold, and the
mechanical behavior under compression was simulated. Fig. 4 shows
the distribution of Von-Mises Stress as a valuable quantity for com-
paring the scaffolds with different geometries. This indicates that the
vertical supportive column plays an important role in the resistance of
the scaffolds to a compressive load. In addition, the number of max-
imum stresses was the same for lattice, wavy, and hexagonal micro-
patterned scaffolds, and the increase of compressive elastic modulus in
wavy and hexagonal micropatterned scaffolds in comparison of lattice
scaffold could be due to the existence of more thick columns in the
scaffolds. The amount of maximum stress for the shifted scaffold was
lower compared with other scaffolds due to the absence of a supportive
column. Using the FEM simulation, the amount of force after comple-
tion of analysis was obtained, and the equivalent compressive elastic
modulus was calculated by the ratio of compressive stress to com-
pressive strain.

In addition, shear moduli of each microstructure were estimated by
simulating shear test on each scaffold in two lateral directions. The von-
Mises stress-strain distribution and the amount of shear modulus in
each direction are depicted in Fig. 5a,b. The value of shear modulus for
lattice and shifted microstructures has no directional dependency be-
cause of symmetry in their geometries. But for wavy and hexagonal
microstructures, the shear moduli values are highly directional depen-
dence. Eventually, the lateral compressive elastic moduli of each mi-
crostructure were estimated using FEM and shown in Fig. 5c. Lateral
elastic moduli in two directions were similar for both lattice and shifted
microstructures because of their geometrical symmetry in these direc-
tions. Unlike, both wavy and hexagonal microstructures have the un-
even elastic modulus in lateral directions. The results show that all
microstructures have a directional dependency and their axial and
lateral elastic moduli were different. It is more significant in wavy and
hexagonal types of microstructures.

For nonlinear FEM analysis, the tensile behavior of PCL filament
was predicted using the hyperelastic models. The numerical and ex-
perimental stress-strain curves were plotted in Fig. 6. The material
parameters which were used to describe these three hyperelastic
models are listed in Table 1.

Based on this prediction, the compressive behavior of lattice mi-
crostructure was predicted using hyperelastic models and compared by
experimental data after the characterization of the printed scaffolds in
the following section to choose the best model between these three
models. Moreover, using the selected model, the mechanical behavior
of other microstructures under compression was predicted numerically
and compared by experiment.
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3.4. Characterizations of the printed scaffolds with different inner
geometries

Fig. 7 shows the gross appearance of the printed scaffolds and SEM
images from the surface and cross-section of scaffolds. In the cross-
sectional SEM images, the filament distances were 682.9± 2.6,
664.2± 8.0, 658.8±3.2, and 658.1± 1.8 μm, and layer heights were
151.5± 3.7, 158.3±3.0, 157.1±0.9, and 153.7±1.4 for lattice,

wavy, hexagonal, and shifted geometries, respectively (Table 2). This
indicates that the filaments were placed in scaffold accurately similar to
CAD designs with the filament distance of 700 μm and the layer height
of 150 μm. The dimension of each scaffold was also measured by digital
caliper, and they were printed accurately which were very similar to
the designed dimension. The results showed that the geometrical di-
mensions were similar to designed values as analyzed by the FEM si-
mulation (Table 2).

Fig. 2. CAD designs of four types of micropatterns for the tissue-engineered scaffolds. (a) Designed geometric information of the scaffolds. Top and 3D views of
designed micropatterns in the scaffolds: (b) lattice (c) wavy, (d) hexagonal, and (e) shifted.

Fig. 3. Preparation of FEM model for analysis. (a) Defining of the loading condition in accordance with the actual unidirectional compression by exerting the
compressive displacement on the top layer of the scaffold equal to 5% and 10 % strain for linear and nonlinear FEM analyses, respectively, (b) mesh generation on the
scaffold model using 3D stress tetrahedral (C3D10) elements to prepare FEM model for further analysis, and (c) mesh sensitivity analysis results for the hexagonal
scaffold as an example. This analysis was also performed for lattice, wavy, and shifted micropatterned scaffolds to obtain the mesh independent results. The number
of elements was increased until steady numerical results were reached.
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Fig. 8a shows the representative stress-strain curves of the scaffolds
with four types of inner geometries. The compressive elastic moduli of
the wavy and hexagonal micropatterned scaffolds were significantly
higher than that of the lattice-micropatterned scaffold (45.1±1.4 MPa
for wavy and 56.7± 1.7 MPa for hexagonal vs. 23.6±0.6 MPa for
lattice, *P<0.05, Fig. 8b and Table 3). The shifted-micropatterned
scaffold showed the decrease of the compressive elastic modulus
(1.6± 0.2 MPa) when compared with the lattice-micropatterned scaf-
fold.

To validate the linear FEM simulation, the numerical theoretical and
experimental values were compared (Table 3). The results show that
the FEM method is a powerful tool to predict elastic modulus of the
printed scaffolds, especially, in the microstructures with a lower degree
of complexity like lattice and shifted scaffolds. The elastic modulus
from linear FEM results for wavy and hexagonal scaffolds was in a
range of 16–20 % in comparison with experimental results.

The nonlinear FEM analysis was evaluated by comparing its pre-
dictions with experimental data (Table 3). The predictions of hyper-
elastic models to describe the compressive behavior of lattice micro-
structure are depicted in Fig. 9a. Van der Waals model better described
the material behavior of PCL filament (R2 = 0.99, 0.98 and 0.98 for
Van der Waals, Neo Hooke, and Mooney-Rivlin, respectively, Fig. 6)
and lattice microstructure (R2 = 0.98, 0.92 and 0.91 for Van der Waals,

Fig. 4. Contour plots of Von-Mises Stress and distribution in FEM models of four microstructures: (a) lattice, (b) wavy, (c) hexagonal, and (d) shifted. The stress value
increases from blue to red colors.

Fig. 5. (a) The Von-Mises stress-strain distributions in the simulated shear test by FEM in two lateral directions (x,y). Estimation of (b) shear moduli and (c) elastic
moduli of scaffolds with different microstructures.

Fig. 6. Prediction of tensile behavior of PCL filament using Neo Hooke,
Mooney-Rivlin, and Van der Waals models in comparison with experimental
data. All data are represented as the average values from n = 5 per group.

Table 1
Utilized material parameters of different hyperelastic models to describe the
nonlinear mechanical behavior of PCL filament.

Neo Hooke =C10 60, =D 0.00769
Mooney-Rivlin =C10 20, =C01 40, =D 0.00769
van der Waals =μ 140, =λ 1.9m , =a 6, =β 0, =D 0.00659
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Neo Hooke, and Mooney-Rivlin, respectively, Fig. 9a) in comparison to
Neo Hooke and Mooney-Rivlin models. Thus, van der Waals model was
chosen as an appropriate material model for PCL filament, and non-
linear FEM analysis of remaining microstructures was conducted using
this model. The predicted compressive strain-stress curves in compar-
ison with experimental data for wavy, hexagonal and shifted micro-
structures are plotted in Fig. 9b.

The nonlinear FEM results show that this method is highly

applicable to predict the mechanical properties of the printed scaffolds
under compression beyond the linear region. The hyperelastic material
model was successfully used in FEM analysis to predict the behavior of
four microstructures and there were good correlations between ex-
perimental and numerical data (R2 = 0.98, 0.91, 0.98, and 0.99 for
lattice, wavy, hexagonal and shifted, respectively). Moreover, the initial
elastic modulus was in an acceptable range in comparison with the
experimental elastic modulus. Initial elastic moduli from the nonlinear
analysis were closer to experiment than elastic moduli from linear
analysis for all microstructures except lattice microstructure.

4. Discussion

The FEM simulation can be a powerful tool to determine the me-
chanical behaviors of materials, including force, deformation, stress,
strain, elastic modulus, and strength in different loading regime, in-
cluding compression, tension, bending, fatigue, and fracture under
static and dynamic states [27,28]. Moreover, structural, thermal, and
fluid mechanics can be analyzed by this method [29,30]. Thus, the FEM
method combined with 3D bioprinting technologies has the potential to

Fig. 7. Gross and SEM images of the 3D printed scaffolds with different inner geometries: (a) lattice, (b) wavy, (c) hexagonal, and (d) shifted.

Table 2
Comparison of CAD and experimental results of four types of scaffolds with different inner geometries.

CAD filament
distance, S (μm)

SEM filament
distance, S (μm)

CAD layer
height, H
(μm)

SEM layer
height, H
(μm)

CAD angle of
pattern, A
(degree)

CAD angle of
pattern, A
(degree)

CAD porosity,
PCAD (%)

Theoretical
porosity, PTheory
(%)

Experimental
porosity, P3DP (%)

Lattice 700 682.9± 2.6 150 151.5± 3.7 – – 75.9 75.3 74.7±0.5
Wavy 700 664.2± 8.0 150 158.3± 3.0 45 45.6±0.5 75.4 73.7 68.4±0.6
Hexagonal 700 658.8± 3.2 150 157.1± 0.9 45 44.6±1.2 76.2 74.5 68.7±0.4
Shifted 700 658.1± 1.8 150 153.7± 1.4 – – 76.9 76.3 76.2±0.6

Fig. 8. The compression testing of scaffolds with different inner geometries: lattice, wavy, hexagonal, and shifted. (a) Representative compressive stress-strain curves
and (b) Young’s modulus (compressive elastic modulus). All data are represented as mean±SD (n = 5, *P<0.05 and **P<0.05 compared with lattice scaffold).

Table 3
Compression elastic moduli from the linear model and initial elastic modulus
from van der Waals nonlinear model in comparison with experimental elastic
moduli.

FEM linear model,
EFEM

com (MPa)
FEM nonlinear model - van
der Waals, EFEM

com (MPa)
Experimental, EExp

com

(MPa)

23.3 19.8 23.6±0.6
56.5 50.6 45.1±1.4
67.5 56.1 56.7±1.7
1.8 1.5 1.6± 0.2
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predict the scaffold’s properties under various physiological and bio-
mechanical conditions. In this study, four types of tissue-engineered
scaffolds with different inner geometries were designed by 3D CAD-
based FEM analysis. The designed porosity of the scaffolds was higher
than 70 %, which could facilitate cell ingrowth, vascularization, and
nutrition/oxygen supply.

Thermoplastic PCL, which was used as the scaffold material, is the
most common polymer in 3D bioprinting applications. Since the
melting process is required for the microextrusion printing method, PCL
is exposed to thermal stresses, and its crystallinity degree can be
changed during the printing process. Moreover, the thermal damage
and crystallinity change led to variations in the elastic modulus after
the printing. In this study, we maintained the same printing conditions
for the scaffolds and total printing time was not exceeded more than 6 h
to avoid thermal stresses to the PCL. In addition, the mechanical test
was performed after 2 days of printing to stabilize the crystallinity of
the PCL-based scaffolds. As a result, the elastic modulus between PCL
filament and the scaffolds was converged to similar values (standard
deviation of compressive elastic modulus was as low as 4% on average).

Using the FEM simulation, the compressive elastic moduli of the
scaffolds with different inner geometries were predicted a broad range
from 1.8–67.5 MPa. This range can be controlled by the design para-
meters such as pore size, porosity, layer height, material, and micro-
structure. We assumed that these design parameters could influence the
bonding strength between layers and filaments in the printed scaffolds,
and the layer bonding of the shifted scaffold could be significantly
weaker than that of the lattice scaffold. Because every two layers shift,
the layers were not printed repeatedly on each other, which could result
in a decrease of the bonding strength. However, the wavy and hex-
agonal scaffolds had the extended bonded layer areas, resulting in an
increase of the bonding strength.

Shear modulus was highly dependent on the type and direction of
microstructure, and the hexagonal microstructure with the highest axial
elastic modulus has the highest shear modulus in y-direction but the
decreased value in x-direction. Moreover, shear modulus in y-direction
was decreased from wavy and lattice to shifted microstructure similar
to the axial compressive elastic modulus. Lateral elastic moduli for
lattice and shifted microstructures were similar to their supporting
columns to withstand the compression were the same. The wavy mi-
crostructure has the highest lateral elastic modulus in y-direction be-
cause of the highest amount of supporting column in this direction and
the lowest elastic modulus in x-direction. Although the hexagonal mi-
crostructure showed the highest axial compressive elastic modulus in
lateral directions, its elastic moduli were lower than lattice and shifted
in both direction and wavy in y-direction.

In the nonlinear FEM analysis of the compression test, all models’
predictions were similar in small strain ranges but, by increasing the
strain value, van der Waals model better described the mechanical
behavior of lattice microstructure. The results showed that PCL filament
and the printed scaffold demonstrated the hyperelastic behavior under
tension and compression, respectively. To better describe the non-
linearities in PCL material and to have a more complete material defi-
nition, analyzing experimental data from various modes of loading with
higher ranges of strain should be beneficial.

This FEM method to predict the mechanical properties of the tissue-
engineered scaffolds can be extended to utilize various polymeric ma-
terials under different physiological loading conditions based on the
targeted tissues. In addition, the effect of the design parameters such as
layer penetration, the dimension of printing path, and layers organi-
zation can be studied using this method to examine a relationship be-
tween each parameter and scaffold’s properties. Ultimately, the auto-
mated strategy can be utilized to design and fabricate tissue-specific
scaffolds by coupling optimization algorithms with the FEM method.

5. Conclusions

We utilized the FEM modeling to predict the compressive mechan-
ical properties of the tissue-engineered scaffolds. Based on the 3D CAD
design, the scaffolds with four types of inner geometries (lattice, wavy,
hexagonal, and shifted) were fabricated by the microextrusion-based
3D bioprinting. The results showed that the numerical theoretical va-
lues were in good agreement with experimental values for both linear
and nonlinear FEM analyses. Especially, van der Waals hyperelastic
model simulated the material behavior of the PCL filament and printed
scaffolds in small and large deformations very well. In addition, the
different directional dependency of microstructures in terms of shear
and elastic moduli was examined numerically. We demonstrated that
the FEM method combined with 3D bioprinting has the potential to
predict the mechanical properties of the scaffolds under load-bearing
conditions without any fabrication. This approach could provide the
design and fabrication strategies for tissue-specific scaffolding system in
tissue engineering applications.
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Fig. 9. (a) Prediction of nonlinear compressive
behavior of lattice microstructure using Neo
Hooke, Mooney-Rivlin, and van der Waals hy-
perelastic models and comparison with uni-
directional compression experimental data. (b)
Prediction of the nonlinear compressive beha-
vior of wavy, hexagonal and shifted micro-
structures using van der Waals hyperelastic
model for the printed scaffolds. All data are
represented as the average values from n = 5
per group.
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