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Abstract
Utilising finite element analyses and experimental testing, this study investigates the influence of scaffold porosity on mechan-
ical behaviour and evaluates the potential of polylactic acid (PLA) and polyvinylidine fluoride (PVDF) as bone substitute 
materials. Scaffold geometries were devised using design parameters adapted from extant literature and then generated using 
computer-aided engineering tools. Methodical variations in strand thickness were applied, maintaining other design criteria 
constant for robust analysis. Results, derived under varied loading conditions, suggest that scaffold mechanical properties 
are influenced significantly by geometry, strand diameter and porosity. Cubic scaffolds exhibited marked strength. Structures 
with reduced porosity demonstrated heightened mechanical characteristics, while facilitating bone cell proliferation. For 
a comparative context, PVDF scaffolds were benchmarked against human femur bone properties, revealing a mechanical 
behaviour alignment, particularly in their Young’s modulus.

Keywords  Bone tissue scaffold · Finite element analysis · Geometrical design · Polylactic acid (PLA) · Polyvinylidine 
fluoride (PVDF)

1  Introduction

Bones possess the inherent ability to heal minor damages. 
However, severe clinical conditions can impede this natural 
healing process [1–3]. While autogenous bone grafts remain 
the preferred treatment in such situations, they present chal-
lenges including donor site complications and limited graft 
availability [4]. As a result, the focus has shifted to bone 
tissue engineering (BTE) techniques. These techniques inte-
grate osteogenic cells, biological factors, and 3D scaffolds 
to promote enhanced bone growth [5, 6]. The scaffolds, 
typically made of materials such as polymers, ceramics and 
composites, are integral to the process [5, 7, 8]. Despite their 
robust mechanical properties, these materials might disrupt 
essential signaling pathways vital for bone remodeling. This 
has led to a rising interest in bio-inspired materials, espe-
cially piezoelectric ones akin to bones. Such materials gen-
erate charges when subjected to pressure, strengthening the 
impacted region [9, 10].

Polylactic acid (PLA) and polyvinylidine fluoride (PVDF) 
stand out as frontrunners in the realm of bio-inspired materi-
als. PLA, known for its biocompatibility, biodegradability, 
absorbability and robust mechanical properties, has gained 
prominence in medical devices and bone replacements [11, 
12]. Moreover, its cost-effectiveness and adaptability with 
commercial 3D printers have bolstered its widespread use 
in large-scale applications [13]. On the other hand, PVDF, 
among piezoelectric polymers, boasts the most fitting 
mechanical attributes for BTE. Its processability and bio-
compatibility further enhance its appeal [14, 15]. Notably, 
PVDF exhibits five distinct crystalline polymorphic phases, 
with �-phase having the highest piezoelectric coefficient, 
reaching 20 pC/N [14]. The electroactive environment cre-
ated by PVDF scaffolds enhances collagen mineralisation, 
leading to stimulated bone regeneration [16].

Choosing the appropriate material and fabrication method 
for scaffolding are not the only challenge. The design of 
the scaffold, from its geometric shape to the dimensions of 
its pores, plays a pivotal role in determining its effective-
ness [17]. While there exist general guidelines for porosity 
and pore size [18, 19], maintaining an equilibrium between 
structural integrity and biological performance is complex. 
Notably, scaffolds with concave surfaces have been observed 
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to promote higher cell proliferation than those with flat or 
convex surfaces [18]. Additionally, a high degree of inter-
connectedness among the pores is vital to encourage cell 
movement and ensure the seamless flow of nutrients [7]. 
While the most commonly recommended range of pore size 
for bone tissue scaffolds is 100–300 μ m [18, 19], studies 
have demonstrated successful osteoconduction in scaffolds 
with pores as large as 650 μ m [20]. It is noted that while high 
porosity and interconnectivity can enhance biological per-
formance, they might compromise the scaffold’s mechanical 
stability, particularly in situations demanding load-bearing. 
Hence, it is imperative to maintain a balance between the 
scaffold’s porosity and its mechanical strength.

For the fabrication of bone scaffolds, a high porosity in 
the range of 40–90% is recommended [21–23]. However, a 
study conducted by Gregor et al. [24] found that scaffolds 
with 30–50% porosity demonstrated cell attachment and 
proliferation comparable to scaffolds with 90% porosity. 
Additionally, these scaffolds retained optimal mechanical 
properties, indicating that compliance with 90% porosity 
might not be essential for achieving osteoconduction. Dur-
ing the fabrication phase, achieving consistent control over 
aspects such as porosity, pore dimensions, pore morphol-
ogy, and interconnectivity proves challenging. Modifying 

one attribute often inadvertently affects others, complicat-
ing the task of studying the independent impact of a single 
parameter using traditional techniques [18].

The intricacies of biological processes in BTE, coupled 
with the high costs of experimental tests and challenges in 
evaluating each design parameter in isolation, have led to 
the adoption of computer-aided design and computational 
modelling. These tools offer a deeper understanding and 
more precise predictions about the effects of design param-
eter modifications on scaffold mechanical performance [25]. 
Utilising these tools, Noordin et al. [26] designed a series of 
geometries with cubic base shape and porosities above 80%, 
while maintaining optimal mechanical properties. Numerical 
analysis showed a direct correlation between Young’s modu-
lus and surface area, where the scaffold with highest surface 
area and smallest pore sizes possessed the highest Young’s 
modulus, a finding corroborated by subsequent studies [27] 
and [28].

Whulanza et al. [30] explored the influence of geometry 
and porosity on bone scaffolds, designing a range with cubic 
bases and diverse pore sizes. Their finite element analysis 
(FEA) results showed that scaffolds with smaller pores pos-
sessed superior elastic modulus and yield strength, affirming 
that more compact scaffolds will result in stronger scaffolds. 

Fig. 1   Comparison of natural 
bone ECM and multi-layered 
scaffold designs from lit-
erature: a anatomy of human 
long bone in transverse plane 
(image adapted from [29]), b 
Layer-by-layer printed cubic 
scaffold featuring square lattice 
layers, showcasing different 
lay-down angles and associ-
ated unit cells in the XY plane 
(image adapted from [28]), and 
(c) Cylindrical scaffold with an 
approximate porosity of 30% 
and 50% (image adapted from 
[24])

(a) Natural bone ECM highlighting the high porosity of human bones

(b) Cubic scaffolds

(c) Cylindrical scaffolds
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Figure 1 displays natural extracellular matrix (ECM) of long 
bones compared to cubic and cylindrical scaffolds proposed 
by Zhang et al. [28] and Gregor et al. [24]. In their designs, 
the strands are placed next to and on top one another to 
form the geometry, but every strand is not connected to the 
ones parallel to it. This paper introduces geometries where 
each scaffold layer consists of a continuous strand, enhanc-
ing scaffold stiffness.

Despite the advancements in this field, a clear under-
standing of how varying porosities influence the mechani-
cal performance of polylactic acid (PLA) and polyvinylidine 
fluoride (PVDF) bone scaffolds remains elusive. While PLA 
and PVDF have been individually studied for their poten-
tial as bone scaffold materials, comprehensive compara-
tive analyses investigating their relative suitability across 
varying scaffold geometries, porosity levels and under dif-
ferent loading conditions, seem to be largely absent from 
the current body of literature. Such a comparison is crucial 
to fully understand their potential and limitations as bone 
substitutes, and to ascertain how design parameters can be 
optimised to leverage their individual strengths. The spe-
cific effects of parameters such as scaffold geometry, strand 
diameter and pore size on the mechanical properties of these 
scaffolds appear to be inadequately explored. Therefore, a 
precise characterisation of these parameters is needed to 
predict how these scaffolds might behave post-implantation 
and to optimise their design for enhanced compatibility and 
function.

In this paper, FEA is utilised to explore the impact of 
porosity on the mechanical behaviour of polylactic acid 
(PLA) and polyvinylidine fluoride (PVDF) bone scaffolds. A 
series of experimental tests have been conducted to validate 
the findings from the FEA. Scaffolds with various porosi-
ties are obtained by maintaining all design parameters con-
stant and altering the thickness of strands. The suitability 
of PLA and PVDF as bone substitutes is evaluated through 
stress analysis, with the results compared to the mechanical 
properties of human femoral bones. Findings indicate that 
the geometry, strand diameter, and pore size significantly 
enhance the mechanical properties of PLA and PVDF bone 
scaffolds.

2 � Methodology

The applicability of cubic scaffolds has been proven in previ-
ous studies focusing on BTE purposes [26–28, 31, 32]. In 
other investigations addressing large defects of femur bone, 
cylindrical scaffolds have demonstrated their potential as 
bone substitutes [13, 24, 33–35]. Based on experimental 

data and FEA studies, the recommended dimensions for 
the scaffold’s radius, length, and height are 10 mm, 10 mm, 
and 10–12 mm, respectively [13, 31, 33–36]. Hence, in this 
paper, cubic and cylindrical base shapes are adapted.

Using design parameters sourced from the existing lit-
erature, scaffold geometries have been formulated. These 
parameters play a key role in ensuring that the scaffolds 
align with contemporary research and established norms. 
Utilising the SolidWorks computer-aided design software, 
these geometries are meticulously crafted. A visual repre-
sentation of this process is presented in Fig. 2.

Eight distinct geometries are modeled as depicted in 
Fig. 3. The cubic model has a square dimension of 10 mm 
× 10 mm, while the cylinder has a diameter of 10 mm. Both 
geometries have a height of 10.5 mm. Four strand thick-
nesses are investigated: 350, 525, 700, and 875 μ m. These 
variations lead to different pore sizes and porosities. The 
following equation has been used to determine the porosity 
of the scaffolds [37]:

where V solid is the volume of the solid part, and V total is the 
total volume of the scaffold.

Finite element analysis (FEA) is performed using 
the Ansys finite element software package to assess the 
mechanical behaviour of the scaffolds under various load-
ing conditions.

(1)Porosity% = 1 −
VSolid

VTotal

× 100

(a) Top view (b) Side view (c) 3D view

Fig. 2   Geometric construction of multi-layered strand-based cubic 
and cylindrical scaffolds. The construction begins with the creation 
of a unique strand using the sweep function in SolidWorks. This pro-
cess ensures uniformity and precision in the strand’s formation. Sub-
sequent layers are then stacked with orientation angles of 90◦ , 180◦ 
and 270◦ , showcasing the intricate interplay of the strands in the third 
dimension
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3 � Results and discussion

To identify materials that mimic the mechanical proper-
ties of natural bones, results are compared with those from 
structures having properties similar to human femoral bones. 
This study evaluated scaffolds made from PLA, PVDF, and 

actual human femoral bones. The material properties used 
are detailed in Table 1.

Boundary conditions are chosen to reflect the natural 
stresses on human femoral bones. The scaffold’s bottom 
surface is anchored, while a 700 N force is applied at its top 
surface, simulating the stress from an average 70 kg adult’s 
body weight. This force mirrors the stress exerted on the 
femur due to the body weight of an average 70 kg adult. The 
number of elements used in the FEA ranged between 30,623 
and 196,385.

To validate the FEA findings, a series of experimental 
tests was executed, assessing the scaffold’s mechanical 
strength under compression. All eight geometries were fab-
ricated using an FDM printer with PLA RS Pro 1.75 mm 
filament. The TA.XTPlus Texture Analyzer by Stable Micro 
Systems, fitted with a 35 mm cylindrical probe, was used for 
compression testing.

Fig. 3   Designed scaffold mod-
els. These models were crafted 
keeping in mind varied applica-
tions and the need for structural 
versatility

Model 1 Model 2 Model 3 Model 4

Model 5 Model 6 Model 7 Model 8

Table 1   Material properties of femur bone, PLA, and PVDF used in 
the FEA

Material Density  
(kg m −3)

Young’s 
modulus 
(GPa)

Poisson’s 
ratio

References

Femur bone 2000 2.13 0.3 [38, 39]
PLA 1240 3.35 0.33 [40]
PVDF 1780 2.30 0.35 [41]
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3.1 � Porosity and pore size

While the recommended porosity for bone scaffolds is in 
the range of 40–90% [23], the porosity of scaffolds in this 
study were found ranging from 16.90 to 68.35%, varying by 
structure and strand thickness. The average porosity of the 
cubic and cylindrical models are calculated to be 41.92% and 
44.61%, respectively. As detailed in Table 2, strand thick-
ness of 350 μ m resulted in the highest porosity while as 
expected, 875 μ m strand thickness produced lowest poros-
ity. The respective pore sizes for strand thicknesses of 350, 
525, 700, and 875 μ m were 650, 475, 300, and 125 μ m, 
respectively.

As noted by Muthu et al. [37], thinner strands lead to 
larger pore size, providing suitable environment and space 
for new cell formation. Therefore, scaffolds with higher 
porosity are preferred for TE applications. However, pore 
size should remain within practical bounds to maintain the 
scaffold’s mechanical stability. Comparing porosity with 

stress analysis can pinpoint the ideal balance between pore 
size and mechanical robustness for BTE use. The correlation 
between strand thickness and scaffold porosity is illustrated 
in Fig. 4.

3.2 � Experimental validation

The designed scaffolds were effectively 3D printed and 
subsequently tested using a texture analyser, as depicted 
in Fig. 5. The outcomes from these experimental testings 
closely mirrored the results derived from FEA, underscor-
ing the accuracy of our simulations. Notably, the variance 
between the simulation predictions and actual experimental 
data averaged 2.6%, confirming their close alignment. The 
force-deformation relationship for models 4 and 8 is pre-
sented in Fig. 6. 

3.3 � Stress analysis

FEA findings indicate the most deformation in cylindrical 
scaffolds with the thinnest strands and the least in cubic ones 
with the thickest strands. Cubic scaffolds consistently show 
less deformation than their cylindrical equivalents across all 

Table 2   Relationship between strand diameter, pore size, and scaffold 
porosity for cubic and cylinder bone scaffolds

Model Strand 
thickness 
( μm)

Pore size 
( μm)

V
Solid

 
(mm3)

Porosity%

Cube 1 350 650 347.52 66.90
2 525 475 522.02 50.28
3 700 300 697.03 33.61
4 875 125 872.54 16.90

Cylinder 5 350 650 260.99 68.35
6 525 475 391.67 52.50
7 700 300 521.99 36.70
8 875 125 652.19 20.91

Fig. 4   Relationship between porosity and scaffold architecture

(a) Before compression

(b) After compression

Fig. 5   3D printed scaffold models (4 and 8) used for validating simu-
lation outcomes
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strand thicknesses, implying superior mechanical strength in 
the cubic geometry (Table 3). This could be attributed to the 
lower porosity of cubic scaffolds, irrespective of strand size, 
when contrasted with cylindrical ones. Comparing PLA and 
PVDF, the deformation in PVDF scaffolds is more akin to 
that in femur bone, while PLA shows the least deformation 
among the three. This lower deformation observed in PLA 
can be ascribed to its higher Young’s modulus, leading to 

stiffer scaffolds. Figure 7 visually contrasts deformation in 
cubic and cylindrical scaffolds under 700 N across different 
strand sizes.

Table 4 lists the value of equivalent stress for the eight 
geometries under a 700 N force. The stress values range 
from 26.61–851.49 MPa for bone, 26.08–850.88 MPa for 
PLA, and 25.70–850.12 MPa for PVDF. Notably, the stress 
in PLA scaffolds is more akin to that of femur bones. When 

Fig. 6   Comparison of deforma-
tion responses under a 700 N 
force: Model 4—a Experimen-
tal and b FEA results; Model 
8—c Experimental and d FEA 
results. The experimental and 
FEA results for these models 
show a close agreement with an 
average accuracy of 2.6%

(a) Deformation of 0.035 mm (b) Deformation of 0.036 mm

(c) Deformation of 0.119 mm (d) Deformation of 0.116 mm
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assessing the percentage difference in stress values, cubic 
geometries more closely mirror bone stress, averaging 1.27% 
and 2.18% differences for PLA and PVDF, respectively. In 
contrast, cylindrical geometries show larger deviations, aver-
aging 2.87% for PLA and 4.96% for PVDF. Both PLA and 
PVDF have stress values lower than that of the femur bone.

Figures 8, 9, 10, 11 depict the contour plot of equivalent 
stress results of both cubic and cylindrical models under 
700 N mechanical loading. Comparison of equivalent stress 
results for eight models with three assigned materials indi-
cates reveals that geometries with greater porosity experi-
ence higher stress. This is consistent with findings from 
previous studies in the literature [13, 28], which indicates 
that scaffolds with higher porosity exhibit lower mechanical 
performance. Notably, the stress in PLA scaffolds is more 
comparable to femur bones, with PVDF scaffolds showing 
the least stress and femur bones the most. This difference 
can be attributed to the PVDF’s high Poisson’s ratio and the 
lower ratios of femur bone and PLA. Additionally, cylindri-
cal geometries undergo more stress than cubic ones under 
identical mechanical loads, which can be linked to the cubic 
scaffolds’ enhanced strength and reduced porosity.

4 � Discussion

While earlier studies advocate for higher porosity in bone 
scaffold fabrication [21–23], the current study indicates 
that even scaffolds with porosities as low as 16.9–20.91% 
can demonstrate favorable mechanical properties. Consid-
ering the parameters and measurements of design of these 

Table 3   Relationship between strand diameter ( μ m) and deformation 
(mm) for cubic and cylindrical bone scaffolds under 700 N loading

Model Strand thick-
ness ( μm)

Bone PLA PVDF

Cube 1 350 0.725 0.460 0.669
2 525 0.157 0.099 0.144
3 700 0.096 0.060 0.088
4 875 0.057 0.036 0.052

Cylinder 5 350 2.187 1.387 2.015
6 525 0.549 0.346 0.502
7 700 0.304 0.192 0.277
8 875 0.185 0.116 0.169

(a)

(b)

Fig. 7   Plot of deformation obtained for eight geometries under 700 N 
force: a cubic scaffolds, b cylindrical scaffolds

Table 4   Relationship between strand diameter ( μ m) and equivalent 
stress (MPa) for cubic and cylindrical bone scaffolds under 700 N 
loading

Model Strand thick-
ness ( μm)

Bone PLA PVDF

Cube 1 350 353.26 352.18 351.39
2 525 87.51 86.16 85.21
3 700 44.69 44.14 43.77
4 875 26.61 26.08 25.70

Cylinder 5 350 851.49 850.88 850.12
6 525 293.84 281.28 272.92
7 700 89.37 84.57 81.15
8 875 50.06 49.28 48.74
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Fig. 8   Equivalent stress (MPa) 
of cubic and cylindrical scaf-
folds with 350 μ m strand thick-
ness and porosity of 66.90% and 
68.35%, respectively (models 
1 and 5)

(a) Bone scaffolds

(b) PLA scaffolds

(c) PVDF scaffolds
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Fig. 9   Equivalent stress (MPa) 
of cubic and cylindrical scaf-
folds with 525 μ m strand thick-
ness and porosity of 50.28% and 
52.50%, respectively (models 
2 and 6)

(a) Bone scaffolds

(b) PLA scaffolds

(c) PVDF scaffolds
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Fig. 10   Equivalent stress (MPa) 
of cubic and cylindrical scaf-
folds with 700 μ m strand thick-
ness and porosity of 33.61% and 
36.70%, respectively (models 
3 and 7)

(a) Bone scaffolds

(b) PLA scaffolds

(c) PVDF scaffolds
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geometries, the obtained results suggest that models with 
thickest strands and lower porosities can produce pore sizes 
within the acceptable range for osteoconduction, and can 
be expected to provide suitable environment for osteocyte 
attachment and proliferation. The study by Gregor et al. [24] 
supports this finding, demonstrating that scaffolds with a 
porosity range of 30–50% exhibit cell attachment and growth 

rates comparable to those observed in scaffolds with 90% 
porosity. Prior research has identified the minimum pore size 
for osteoinduction as 100 μ m [42], with peak bone formation 
in implants having pore sizes between 150 and 200 μ m [43]. 
Therefore, the proposed designs meet the necessary porosity 
criteria while offering optimal mechanical strength.

Fig. 11   Equivalent stress (MPa) 
of cubic and cylindrical scaf-
folds with 875 μ m strand thick-
ness and porosity of 16.90% and 
20.91%, respectively (models 
4 and 8)

(a) Bone scaffolds

(b) PLA scaffolds

(c) PVDF scaffolds
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5 � Conclusion

This study examined the behaviour of bone, PLA and 
PVDF scaffolds in cubic and cylindrical shapes with vary-
ing porosities under load. The primary objectives were to 
compare the mechanical responses of structures based on 
their porosity and to assess the suitability of PLA and PVDF 
as bone scaffold materials. Porosity effects were explored 
by adjusting strand thickness while keeping other design 
parameters constant. The performance of PLA and PVDF 
was gauged by comparing their deformation and stress to 
that of femur bone. These findings can help predict scaf-
fold mechanical responses post-implantation due to patient 
body weight. It was found that structures with as low as 
16.9% porosity showcase enhanced mechanical properties 
while preserving optimal pore sizes for bone cell growth. 
The cubic scaffolds with the thickest strands showed the least 
total deformation, while cylindrical scaffolds with the largest 
strand diameters exhibited the lowest equivalent stress val-
ues. PVDF’s mechanical behaviour closely mirrored that of 
femur bones, attributed to its Young’s modulus being more 
akin to bones. Future studies will encompass additional geo-
metrical designs and optimization of the proposed designs.

Data availability  The authors declare that the data supporting the find-
ings of this study are available within the paper.
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