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Abstract: In recent years, finite element analysis (FEA) models of different porous scaffold shapes
consisting of various materials have been developed to predict the mechanical behaviour of the
scaffolds and to address the initial goals of 3D printing. Although mechanical properties of polymeric
porous scaffolds are determined through FEA, studies on the polymer nanocomposite porous scaffolds
are limited. In this paper, FEA with the integration of material designer and representative volume
elements (RVE) was carried out on a 3D scaffold model to determine the mechanical properties of
boron nitride nanotubes (BNNTs)-reinforced gelatin (G) and alginate (A) hydrogel. The maximum
stress regions were predicted by FEA stress distribution. Furthermore, the analysed material model
and the boundary conditions showed minor deviation (4%) compared to experimental results. It was
noted that the stress regions are detected at the zone close to the pore areas. These results indicated
that the model used in this work could be beneficial in FEA studies on 3D-printed porous structures
for tissue engineering applications.

Keywords: boron nitride nanotubes; porous scaffold; finite element analysis; representative volume
elements; mechanical properties

1. Introduction

In recent years, 3D bioprinting has significantly boosted the research and development
in tissue regeneration [1]. The technique can be used to create complex tissue structures
according to patient-specific geometries and compositions. Compared to 3D bioprinting,
traditional methods are restricted in producing scaffolds with an adequate pore size that
enhances in vitro behaviour. For instance, the internal geometry of the scaffold greatly
influences cell adhesion, proliferation, and nutrient transportation for tissue regeneration.
Customising suitable scaffold geometry for creating biological environments is addressed
by 3D-printing technology rather than traditional methods [1–4]. Scaffolds generated by
3D printing have lattice structures with various pore sizes and serve as a template for cell
interaction and cell-extracellular matrix formation. These scaffolds are required to furnish
structural assistance for the newly generated tissue. In addition to delivering the required
biological properties, the scaffolds provide biomechanical properties during tissue regener-
ation and implantation [5]. Biomechanical properties, such as shear stress, deformation,
and tensile or compressive stress, must match with natural healthy tissue or bone structure
properties. Ideal scaffolds are produced with a well-regulated pore structure and can
reproduce the shape of the implants [6–9]. Research studies have indicated that anisotropic
porous structures with a combination of small and large pores in various shapes are advan-
tageous for cell growth and can improve cell proliferation over time [7,10,11]. Therefore,
characterising and predicting the biomechanical properties of 3D-printed scaffolds using
different materials is essential. Identifying suitable biomaterials that support biomechanical
and biological properties is a significant challenge in 3D bioprinting for tissue-engineering
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applications. Natural and synthetic polymers are widely used to produce scaffolds through
3D bioprinting [12–16]. By contrast, natural or synthetic polymers are limited in terms of
their biomechanical properties. Thus, researchers have been focusing on hybrid polymer
or polymer nanocomposite-based materials applicable in 3D bioprinting techniques for
tissue engineering. However, most studies on these materials are conducted through exper-
iments, which is time consuming and costly. Therefore, finite element modelling (FEM) and
FEA provide the alternatives for determining the biomechanical properties of biomaterials
without printing or performing extensive, time-consuming experiments. Additionally,
FEM helps improve the design process and methodology to provide high accuracy in the
geometric configuration of 3D-printed scaffolds [6,17–19].

Using FEM, tissue-specific or material-specific design analysis and prediction of biome-
chanical properties can be determined [20–24]. The analysis aids in accelerating the progres-
sion in choosing the materials or structures that are adequate in 3D bioprinting. Miranda
et al. [25] simulated the mechanical behaviour of hydroxyapatite (HA) and beta-tricalcium
phosphate (β-TCP) lattice scaffold structure by using FEM. The results predicted by the
FEM were validated by comparing with experimental data, justifying the suitability of
the 3D scaffold for bone tissue-engineering applications. Hashemi et al. [26] predicted
the mechanical behaviour of the HA-wollastonite scaffold model with different porosity
percentages by FEA. According to the simulation results, the increase in the percentage of
porosity enhanced the strength of the scaffold. The findings satisfied prospects of being
a bone scaffold material with suitable mechanical strength [26]. Ali et al. [27] designed
high-porosity scaffolds with gyroid- and lattice-based structures, and they were analysed
using FEA. The results demonstrated that the lattice-based structures showed high moduli
and compressive strength, and the permeability was highly influenced by porosity and de-
sign [27]. Additionally, it was reported that lattice-based structures with high porosity can
effectively mimic bone structure properties [27]. Bagde et al. [28] developed a 3D-printed
bio-ceramic scaffold used in bone tissue engineering, and its mechanical properties were
analysed using FEA. Thirty-six scaffolds with differing geometrical design parameters
composed of β-TCP (matrix) reinforced with four different filler materials (zirconium
dioxide, magnesium oxide, aluminium oxide, and hydroxyapatite) for extrusion-based 3D
bioprinting were used in the simulation. The results indicated that β-TCP with hydroxya-
patite scaffold presented the Young’s modulus closely related to natural bone tissue [28].
Patel et al. [29] developed a scaffold of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with
a porous architecture, and the mechanical properties were analysed using FEA. The results
showed that the use of linear elastic material structures exhibited higher rigidity compared
with bilinear models. The scaffolds demonstrated deformation at sharp corners and necked
regions only [29]. The study illustrated the optimal predictions of mechanical behaviour of
porous structures when subjected to peripheral loading [29]. Jiang et al. [30] constructed
a 3D model of an auricle silicone scaffold to optimise the thickness and hardness. The
results successfully validated the data taken from computed tomography scans. The auricle
silicone scaffold displayed sufficient intensity and hardness to resist deformation [30].
Blázquez-Carmona et al. [31] designed a patient-specific ceramic scaffold model for bone
regeneration. The FEA data indicated that the optimised porosity and pore size levels
provided a more significant mechanical constraint [31].

Research studies have been conducted to improve the biomechanical properties of
scaffolds by incorporating filler (nanoparticles, nanotubes, and nanosheets) materials, such
as carbon nanotubes (CNTs) [32], graphene [33], titanium oxide [34], and HA [26,35], into
the main polymer matrix. CNTs have been widely used as the reinforcement of advanced
composites [36]. In biomedical applications, the toxicity of a material is a crucial factor
when considering material for implants [37]. However, it has been reported that CNTs are
cytotoxic than carbon black and quartz [38,39]. Hence, researchers are finding alternative
nanomaterial for biomedical applications.

BNNTs are structure analogues of CNTs with distinctive physical properties. BNNTs
possess excellent mechanical and thermal properties, making them a favourable nanomate-
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rial to be incorporated in the polymer matrix [40]. Several previous experimental studies on
BNNTs combined with aluminium [41], polycaprolactone [42], gelatin [43], β-TCP [44], and
polyvinyl alcohol [45] have shown significant improvements in the mechanical properties
of the polymers. However, the analytical approaches on predicting BNNTs with polymer
matrix on 3D scaffolds are limited. Therefore, the present study aims to create a simulation
model and perform a mechanical test on the BNNTs-reinforced gelatin and alginate. A
customised library composed of material properties was created for the scaffold model to
analyse the tensile properties. A random distribution of BNNTs in gelatin and alginate was
developed in RVE, and a 3D model was generated using SolidWorks (Dassault Systèmes,
USA). The geometry and engineering data generated through RVE were analysed using
ANSYS (ANSYS, Inc., USA) software. The FEA of the scaffold model subjected to static
loading was evaluated to predict the mechanical properties.

2. Materials and Methods
2.1. Basic Properties of BNNTs with Gelatin and Alginate Scaffold

The computer-aided design model of a quadrilateral lattice structure was designed
using SolidWorks modelling software. The scaffold was designed with a pore size of
2 × 2 mm2 and strands spaced 1 mm apart. The strands with 0◦ and 90◦ in the X and Z
direction were considered for the scaffold design. Subsequently, the model was imported
into ANSYS for simulation. In addition, a custom library of material properties, such as
elastic modulus and Poisson’s ratio, was created based on literature reports (Table 1) as
properties of raw materials. The raw materials properties were furtherly used in RVE to
generate a scaffold of BNNTs-reinforced alginate and gelatin properties. The BNNTs with
gelatin and alginate scaffold was considered linearly elastic, isotropic, and homogeneous
for the simulation.

Table 1. Properties of raw materials.

Properties Alginate (A) Gelatin (G) Boron Nitride Nanotubes

Young’s modulus 30 kPa [46] 39 kPa [47] 1300 kPa [44]

Poisson’s ratio 0.4 0.33 0.35

2.2. Representative Volume Elements (RVE)

The random distribution of BNNTs in the matrix was developed using RVE through a
random sequential algorithm (RSA). RSA was based on adding fibres (diameter of 85 nm)
to a predefined space by randomly generating the coordinates (xy, yz, and xz planes) and
orientation angles [44]. Through this technique, the fibres are not allowed to overlap with
the former fibres, and the cycle lasts until the desired volume fractions (5%) of the fibres
are obtained. BNNTs are assumed to be a solid cylindrical bar, as shown in Figure 1a. The
polymer matrix is shown in Figure 1b. The combination of polymer matrix and BNNTs
is shown in Figure 1c, which was isotropic, elastic, and homogenous. The aspect ratio of
BNNTs was considered to be 40 based on previous studies [44], and contact between matrix
and BNNTs was predicted to be perfectly bonded, and 100% load interchanging occurred.
After generating the RVE, all the required data (Table 2) for an elastic analysis was attached
to the engineering data of the analysis system. The generated RVE model was exported as
static structural into ANSYS software for analysis of mechanical properties.
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Figure 1. The RVE model and its details: (a) BNNTs; (b) polymer matrix; and (c) the combination of
polymer matrix and BNNTs.

Table 2. Material properties of the scaffold.

Young’s modulus X-direction 0.14 MPa

Young’s modulus Y-direction 0.12 MPa

Young’s modulus Z-direction 0.16 MPa

Poisson’s ratio 0.33

2.3. Finite Element Analysis (FEA)

The RVE and scaffold model (Figure 2a) with characteristics listed in Table 3 were
imported into the ANSYS as material designer and geometry. The material designer was
connected to the engineering data in the FEA analysis system. The homogenous isotropic
properties with the scaffold model were related to the geometry of the FEA analysis.
Therefore, a scaffold featuring randomly distributed BNNTs was generated to analyse the
mechanical properties.
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(c) 3D-bioprinted lattice structured scaffold of BNNTs reinforced alginate and gelatin.

2.4. Boundary Conditions

The investigation was carried in static load conditions with increase in load for each
second up to 5 s on the scaffold. For the simulation, a transient plugin in ANSYS was used
for the tension test. The displacement rate was kept at 2 mm/min based on a typical quasi-
static loading rate for testing bone and biomaterials for tissue-engineering applications.
The Poisson’s ratio was kept constant throughout the FEA. To predict the tensile properties,
one end of the scaffold was fixed (blue arrow, Figure 2b), and the other end (green arrow,
Figure 2b) was applied with load. The maximum von Mises stress required for deformation
of the scaffold was calculated.
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Table 3. Characterisation of the scaffold.

Parameter Scaffold

Cell size L = 2 mm d = 2.82 mm

Pore area (mm2) 8

Porous volume (mm3) 4

Total volume (mm3) 100

Surface area (mm2) 240

Porosity (%) 84
L, length of a pore area; d, diameter of the square pore.

The porosity of the scaffold was calculated using Equation (1) as follows:

Porosity = (porous volume/total volume)× 100% (1)

2.5. Experimental

According to previous report [48], the alginate, gelatin, and BNNTs hydrogel compos-
ite scaffolds were produced. Briefly, alginate (5 w/v%) and gelatin (6 w/v%) were mixed
in deionised water through constantly stirring for 1 h. Later, BNNTs (1 w/v%) was slowly
added into the alginate and gelatin solution and stirred for another 1 h at 60 ◦C. The
obtained solution was loaded into a 3-mL syringe with attached 22-gauge nozzle. The
syringe was fixed to a 3D bioprinter (Cellink INKREDIBLE+, Sweden). Afterwards, the
scaffold was printed with 105 ± 5 kPa pressure (Figure 2c). The obtained grid-like, porous
scaffold was crosslinked with 100 Mm calcium chloride solution and freeze-dried prior to
the tension test. The freeze-dried samples were tested according to Oladapo et al.’s [49]
described method for universal testing machine. The test was carried out in the tensile
test method using INSTRON 5982 (INSTRON, USA) with a constant displacement of 0.5
mm/min at room temperature. The engineering stress and strain values obtained in the
experiment were transformed into the true stress and true strain values corresponding to
Equations (2) and (3).

σtrue = σengineering ×
(
1+ ∈engineering

)
(2)

∈true= ln
(
1+ ∈engineering

)
(3)

where σ and ∈ represent the stress and strain of the material. The deformation rate was
kept to be the same as in the simulation. However, the mesh relevance and element size
were modified to obtain the most precise results.

3. Results
3.1. Mesh Generation

Mesh convergence is one of the concerns in the simulation process, as it can affect the
accuracy of the results. Therefore, Solid 95 soft mesh was selected to mimic the scaffold
structure, as it creates a smooth mesh and avoids simulation stress-convergence errors.
The soft mesh automatically generates higher node elements in higher curvature areas
without the need for mesh control. The element size of 0.2 mm (Figure 3) was used to
obtain accurate results closer to the mechanical test results.
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3.2. Mechanical properties

The von Mises distribution was shown in Figure 4a. The maximum (red arrows) and
minimum stress (yellow arrows) concentration on the scaffolds when it was stretched are
shown in Figure 4a. It is vital to recognize the stress concentration of a structure, as it will
aid in suggesting areas of failures within the structure. The FEM results demonstrated
that the scaffold underwent maximum stress at 2.7 MPa (Figure 4a). The corresponding
moderate equivalent strain (Figure 4b) in the scaffold was shown at a higher rate of 6%.
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Additionally, the stress-strain curves were compared with the experimental data. The
plot graph of stress and strain in Figure 5 demonstrated the maximum experimental stress
compared to the FEA predictions. However, both practical and simulation showed the
maximum stress rate was attained at approximately 6%. Both FEA and experimental results
showed the elastic region corresponding to the pore edge bending or face stretching. The
second region was a plastic region corresponding to the progressive pore collapse due
to the load applied. The fracture region corresponds to the pore’s failure at maximum
stress of 2.7 MPa for FEA and 2.8 MPa for experimental data. The FEA and experimental
plots showed a variation in plastic and fracture regions due to the variation of the load.
Furthermore, in FEA, the material was considered isotropic. The percentage of error for
FEA and experimental was approximately 4%. Li et al. [50] demonstrated sodium alginate,
gelatin, and carbon nanotubes mechanical testing of circular scaffolds mechanical strength
of 1.24 MPa. Serrano-Aroca et al. [51] reported alginate-graphene oxide composite hydrogel
maximum stress at 8.98 ± 0.35 MPa. Similarly, the BNNTs-reinforced alginate and gelatin
showed 2.8 MPa maximum stress. Additionally, the maximum strength of human soft
tissues and hard tissues range between 0.01 MPa to 150 MPa [52–54]. Thus, it was evident
that BNNTs-reinforced gelatin and alginate could be a potential scaffold for regenerating



J. Compos. Sci. 2022, 6, 46 7 of 10

tissue with good pore interconnectivity as well as a good agreement between experimental
and analysis.
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According to studies conducted by Ambu et al. [55], Smith et al. [56], and Maskery
et al. [57], the smaller pore areas are adequate for FEA simulation compared with larger
pore size. Hence, in this study, 2 × 2 mm2 pore areas were considered for simulation.
The BNNTs-reinforced gelatin and alginate scaffold results indicated that the stress in
the scaffold showed a homogeneous distribution at the fixed end and heterogeneous
distribution at the pore area. The areas close to the pores have higher stress (Figure 6a, red
arrows) concentration by default due to soft spots. The areas at the edges and corners have
less stress concentration (Figure 6a, yellow arrows). The fracture occurred at the maximum
stress point, as shown in Figure 6b (red arrow). The porous BNNTs-reinforced gelatin
and alginate scaffold with the smallest pore size was an excellent combination to produce
a scaffold with high mechanical properties while providing an excellent porosity (84%).
Furthermore, an adequate pore size and porosity are important factors to the scaffold’s
properties because the pores aid in cell proliferation and differentiation as well as encourage
development of tissue structures [17,58,59].
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4. Conclusions

In this paper, a FEM model combined with geometry and RVE was developed to
analyse the mechanical behaviour of the porous scaffold for tissue-engineering applica-
tions. The scaffold was designed with regular pore interconnectivity and strand distance.
Additionally, the analysed data were validated with experimental results of a 3D-printed
scaffold. The simulation results showed that 2 × 2 mm2 pore size was found to play a
significant role in determining the maximum stress region. The higher stress concentration
areas were observed at the soft zones close to the pore area, considered default stress
regions. The analysed maximum strength was obtained at 2.7 MPa and experimental at
2.8 MPa. The FEA and experimental stress-strain curves corresponded to each other and
displayed analogous slopes and trends within the range. In addition, the investigation of
lattice models with a random distribution of BNNTs in gelatin and alginate is both novel
and helpful to the designer of 3D bioprinting, particularly in discovering the biomechanical
properties. However, the findings are limited to uniform strand and pore size. Further
work will focus on evaluating a widening type of pore sizes, strand directions, and widths
with FEA and experiments.
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