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Purpose: The design of three-dimensional scaffolds for bone regeneration poses challenges in balancing mechanical strength, porosity
and degradability. This study aimed to optimize the geometric parameters of polylactic acid (PLA) scaffolds fabricated via 3D printing, focusing
on pore size, porosity, and geometric configurations to enhance mechanical performance and biological functionality. Methods: Two geo-
metric configurations – orthogonal and offset orthogonal – were evaluated with pore sizes ranging from 400–1000 µm and porosities
between 55–70%. Finite element analysis (FEA) in ANSYS Workbench was used to simulate mechanical behavior, while the Taguchi
experimental design determined the optimal parameter combinations. Statistical analyses, including ANOVA, assessed the significance
of each factor. Results: The study identified a pore size of 400 µm as optimal for structural strength, while a porosity of 70% provided
a balance between stability and cell growth. Orthogonal geometries distributed stress more uniformly, reducing critical stress concentra-
tions compared to offset configurations. ANOVA revealed that pore size was the most significant factor, followed by porosity and ge-
ometry, achieving a model reliability of R2 = 98.42%. Conclusions: The findings highlight the importance of geometric optimization for
improving scaffold mechanical properties while maintaining biological functionality. This study offers a robust framework for designing
patient-specific scaffolds tailored to bone tissue engineering applications.
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1. Introduction

Tissue engineering is an interdisciplinary field that
has gained significant relevance in recent years due to
its potential to provide solutions to complex medical
problems, such as regeneration of damaged tissues and
the replacement of body parts. One of the major chal-
lenges in regenerative medicine is the development of
three-dimensional scaffolds capable of reproducing the
properties and structure of natural tissue, ensuring ef-
fective integration into the human body and supporting
the growth of new cells [13], [27].

Scaffolds in tissue engineering act as temporary ma-
trices that support cellular growth, enabling the regen-
eration of damaged or lost tissue. In the case of bone

regeneration, an appropriate scaffold must not only pro-
vide mechanical support but also facilitate cellular in-
filtration and vascularization, which are critical for cell
survival and proliferation. Bone regeneration scaffolds
are particularly complex due to the mechanical and
biological demands they must meet, such as strength,
biocompatibility, and the ability to integrate with sur-
rounding tissue [14], [18]. Specifically, this integration
can develop through mechanical adhesion, where the
scaffold provides structural continuity with the host
tissue, or through biological integration, which involves
cellular interaction, bioactivity and eventual remodeling
by osteogenic cells. As bone tissue regenerates, the scaf-
fold should gradually degrade, allowing the new tissue
to replace it without leaving toxic residues in the body
[11]. Achieving this balance between strength and deg-
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radation requires careful selection and optimization of
scaffold materials and geometries.

The 3D printing technology has transformed scaf-
fold fabrication, facilitating the creation of highly cus-
tomized structures precisely tailored to meet the unique
requirements of individual patients. Fused deposition
modeling (FDM) has become one of the most used
techniques in these applications [25], [30]. This tech-
nique is also environmentally friendly, as it reduces
material waste during production [32]. Unlike tradi-
tional manufacturing methods, 3D printing allows for
the design of scaffolds with complex geometries and
specific internal structures that align with the required
mechanical and biological properties. Furthermore, this
technology facilitates small-scale production, making
it ideal for personalized medical devices that require
individual adjustments for each patient [26].

Among the most used biomaterials in scaffold struc-
tures, polymers and their composites stand out due to
their excellent manufacturing stability, biocompatibil-
ity, hypoallergenic response, and the ability to be pro-
duced with a wide range of porosities and pore sizes,
allowing precise control of their mechanical properties
[28]. Within this context, polylactic acid (PLA) has
emerged as an ideal material for scaffold fabrication
owing to its biodegradable and biocompatible proper-
ties, enabling its degradation within the body without
eliciting adverse inflammatory responses [12]. Addition-
ally, the degradation rate of PLA can be tuned through
modifications in its molecular structure, allowing it to
degrade at a rate compatible with the bone healing
process [15]. However, for PLA scaffolds to be effec-
tive, it is crucial to optimize their geometric para-
meters, including pore size, porosity and structural con-
figuration, as these factors directly affect permeability,
stiffness, and the scaffold’s load-bearing capacity [31].

The scaffold geometry and its structural properties
play a critical role in its mechanical performance and
its ability to promote tissue growing. Geometry deter-
mines the distribution of stress within the scaffold, which
is essential for its stability and durability. Additionally,
pore size and porosity influence permeability and the
scaffold’s ability to facilitate nutrient transport and
oxygen flow, both of which are critical for cell survival
in the scaffold environment. While increased porosity
reduces mechanical properties, it is crucial for ena-
bling cell growth and vascularization within the scaf-
fold [8], [17], [34].

A significant discussion exists regarding the optimal
porosity and pore size for scaffolds, primarily due to
the heterogeneity of bone tissue depending on the
anatomical location. Conventional guidelines recom-
mend a porosity exceeding 50% for scaffold design [4].

Regarding pore size, a wide variability is observed,
with studies indicating ranges between 100 μm and
1250 μm [21].

Conversely, a dilemma arises in the optimization
of these parameters: increasing porosity and pore size
can enhance nutrient flow but may simultaneously
reduce the mechanical strength of the scaffold. This
trade-off is particularly critical in applications such as
bone regeneration, where scaffolds must bear specific
loads while supporting cellular proliferation. Conse-
quently, the selection of geometry, pore size, and po-
rosity must balance permeability and strength, ensuring
that the scaffold can withstand physiological loads with-
out compromising its functionality in promoting tissue
growth [31].

In this study, scaffold configurations are optimized
using two key tools: structural analysis through the finite
element method (FEA) and the Taguchi experimental
design. FEA, a widely adopted engineering technique,
simulates the mechanical behavior of structures under
various loading conditions. This approach enables the
prediction of scaffold responses to physiological loads,
facilitating design optimization prior to fabrication [7].
On the other hand, the Taguchi experimental design is
a statistical methodology used to optimize the design
of complex systems using orthogonal arrays. In addi-
tion, a Taguchi L16 orthogonal array is employed to
evaluate the influence of geometry, pore size and poros-
ity on the mechanical performance of PLA scaffolds.
This technique allows for the identification of optimal
parameter combinations, reducing experimentation time
and costs, while providing a robust foundation for the
design of patient-specific devices [14].

The geometric optimization of 3D-printed scaffolds
is essential for their success in clinical applications, as
an adequate design ensures the structural integrity of the
scaffold while enhancing cellular proliferation and tissue
integration at the regeneration site [11].

The creation of effective scaffolds for bone regen-
eration presents a challenge due to the requirement to
balance factors such as stiffness, porosity and degrad-
ability. This study aims to evaluate the mechanical
behavior of PLA scaffolds fabricated with orthogonal
and offset orthogonal configurations, varying pore size
and porosity to identify the optimal combination of pa-
rameters. FEA simulations are conducted in ANSYS
Workbench [3] to determine the maximum stresses
experienced by the scaffolds under uniform displace-
ment conditions, while the Taguchi design is employed
to structure the experimental combinations of design
parameters. Statistical techniques are applied to analyze
the results and identify the variables with the greatest
influence on stress outcomes.
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2. Materials and methods

2.1. Materials
and mechanical properties

of PLA

Polylactic acid (PLA) was selected as the base ma-
terial for scaffold fabrication due to its superior biode-
gradability, biocompatibility and suitability for tissue
engineering applications. PLA is a thermoplastic poly-
mer synthesized from renewable resources, such as corn,
further enhancing its sustainability for medical use. Its
high mechanical strength and tunable degradation rate
make it particularly well-suited for scaffolds designed
to support tissue growth over a controlled timeframe
before undergoing degradation and bioresorption within
the body [12], [15].

The mechanical properties of PLA utilized in this
study are detailed in Table 1. These properties were
benchmarked against those of cortical and trabecular
bone to ensure the material’s capability to provide ade-
quate mechanical support during the regeneration proc-
ess, depending on the specific type of bone tissue be-
ing replaced.

Table 1. Mechanical properties of PLA [23], cortical bone [9],
and trabecular bone [22]

Material Cortical bone PLA Trabecular
bone

Density [kg/m3] 1600–2000 1230 –
Strength [MPa] 71.56 ± 10.19 55 1.5–6.7
Young’s modulus [GPa] 18.2 ± 1.9 3.6 0.1–5.0
Poisson’s ratio 0.38 ± 0.02 0.38 –

2.2. Geometric modeling
of scaffolds

Two geometric configurations of scaffolds were de-
signed using Autodesk Inventor 2024© [5], specifically
orthogonal and offset orthogonal configurations (Fig. 1).
These configurations were developed based on research
conducted by Tajbakhsh [29]. Each configuration offers
distinct load distribution and resistance levels, making
them suitable for evaluating the influence of geomet-
ric parameters on the mechanical performance of the
scaffolds. The choice of these configurations was guided
by previous research indicating that the arrangement of

pores and the internal structure significantly influence
the strength, stability, and biological functionality of
scaffolds [10], [26].

Based on the reviewed literature [4], [21], pore
sizes ranging from 400 µm to 1000 µm and porosities
exceeding 50% were selected.

The area and volume values of the scaffolds were
directly obtained from Autodesk Inventor 2024©. The
porosity percentage (PA) was calculated using Eq. (1):
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where:
Vporosity is the volume of the porous scaffold.
Vsolid is the volume of the solid scaffold (the ex-

truded geometry without internal porosity).

(a) (b)

(c) (d)

Fig. 1. Orthogonal and offset orthogonal representation of scaffold
geometries: (a) top view of orthogonal design, (b) lateral view of
orthogonal design, (c) top view of offset orthogonal design, (d)

lateral view of offset orthogonal design

Three design factors were proposed for the evalua-
tion: geometry, pore size and porosity. The geometric
configurations included orthogonal and offset orthogo-
nal designs. Pore size levels were set at 400, 600, 800
and 1000 µm, while porosity levels were defined as
55, 60, 65 and 70%. The porosity was calculated using
Eq. (1). In Table 2, the 32 resulting combinations, con-
sidering all factors and levels, are listed.
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Table 2. Geometric characteristics
of the scaffolds studied

Scaffold Pore size [mm] Volume [mm3] Porosity [%]

Offset orthogonal scaffolds
OD 1a 0.4 31.10 55
OD 1b 21.78 60
OD 1c 14.40 65
OD 1d 8.75 70
OD 2a 0.6 104.98 55
OD 2b 64.51 60
OD 2c 48.60 65
OD 2d 29.52 70
OD 3a 0.8 248.83 55
OD 3b 174.24 60
OD 3c 115.20 65
OD 3d 69.98 70
OD 4a 1.0 486.00 55
OD 4b 314.90 60
OD 4c 225.00 65
OD 4d 152.35 70

Orthogonal scaffolds
OR 1a 0.4 34.17 55
OR 1b 27.78 60
OR 1c 23.28 65
OR 1d 19.20 70
OR 2a 0.6 113.79 55
OR 2b 93.76 60
OR 2c 81.00 65
OR 2d 69.44 70
OR 3a 0.8 273.37 55
OR 3b 222.26 60
OR 3c 188.42 65
OR 3d 158.20 70
OR 4a 1.0 521.22 55
OR 4b 441.59 60
OR 4c 370.51 65
OR 4d 307.50 70

2.3. Finite element analysis (FEA)

Finite element analysis (FEA) was performed us-
ing the Static Structural tool in ANSYS Workbench©
[3] to evaluate the mechanical behavior of the scaffolds
under uniform tensile loads.

To simplify the model geometry and reduce com-
putational costs, the scaffolds were represented as regu-
lar three-dimensional structures. In clinical applications,
scaffolds often exhibit cylindrical or spherical shapes,
which facilitate their insertion into bone and integra-
tion with surrounding tissue [11]. However, for this
study, a representative cube was utilized for each com-
bination of pore size and porosity percentage. This cube

was created by replicating a unit cell nine times along
the vertical axis and three times along the horizontal
axes, ensuring that it accurately represented the scaf-
fold structure’s volume (Fig. 2).

     

(a) (b)

Fig. 2. Offset orthogonal structures (a)
and orthogonal structures (b)

A mesh convergence analysis was performed to
determine the element size at which further mesh re-
finement leads to minimal changes in the results. While
refining the mesh reduces errors, it is important to ac-
knowledge that the mesh always has some influence on
the results, rather than becoming completely independ-
ent of mesh size. Tetrahedral meshes with varying ele-
ment sizes were generated, progressively reducing the
element size in each iteration. The convergence crite-
rion was set as a relative variation in the maximum von
Mises stress of less than 2% between consecutive itera-
tions. To ensure a representative assessment, the offset
orthogonal model (OD1c model) and the orthogonal
model (OR1d model) were selected for the respective
convergence analyses. The iterations and the selected
element sizes for each model are presented in Table 3.
A progressive reduction of the elements throughout the
mesh is observed until the desired relative error is
achieved.

To ensure standardized criteria and reproducibility
across all geometries in the experiment, an element
size was chosen to guarantee that at least two elements
were present along the shortest edge of each geome-
try. For the OR1d geometry, iteration 2 (element size
of 0.11 mm) was chosen, as the shortest dimension of
the geometry is 0.22 mm. Similarly, for the OD1c ge-
ometry, iteration 6 (element size of 0.1 mm) was
selected, corresponding to the shortest edge dimen-
sion of 0.2 mm. All geometries were meshed accord-
ing to this criterion.
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2.4. Boundary conditions
and simulation

After defining the mesh, the necessary boundary
conditions were applied to simulate a tensile test on
the scaffolds. A displacement of 0.025 mm was im-
posed along the positive direction of the “y” axis at
the top of the scaffold, while the base was fixed using
a clamping condition (Fig. 3). These boundary condi-
tions replicate the physiological environment in which
scaffolds may experience tensile forces, simulating
conditions found in both cortical and trabecular tis-
sues. The applied displacement results in stress values
that remain below the material’s yield strength.

This configuration was applied to all 32 possible
combinations of pore size, porosity, and geometry. The
von Mises stress was selected as the output variable
because it serves as a reliable metric for comparing the

mechanical performance of the scaffolds to the prop-
erties of cortical or trabecular bone [12]. Two key re-
sponse values were defined: the first is a “probe” con-
trol point, representing the von Mises stress measured
as close as possible to the geometric center of the
specimen to ensure a representative value. This loca-
tion was designated as the control point. The second
value corresponds to the maximum von Mises stress
observed across the entire scaffold structure.

2.5. Parameter influence

A combined methodology employing the Taguchi
method and analysis of variance (ANOVA) was pro-
posed to assess the sensitivity of design parameters
influencing the mechanical behavior of scaffolds. This
approach enables the identification of the optimal com-

Table 3. Mesh convergence for OR1d (orthogonal) and OD1c (offset orthogonal) geometries

Mesh Iteration Element size Number of elements Max von Mises stress [MPa] Relative error [%]
1 0.2200 7347 22.91 –
2 0.1100 41918 22.48 –1.9%
3 0.0550 304871  22.35 –0.6%

OR1d

4 0.0275 2334948   22.31 –0.2%
1 0.2000  3714 23.26 –
2 0.1500 17130 28.86 24.1%
3 0.1425 18212 28.19 –2.3%
4 0.1375 22287 28.11 –2.6%
5 0.1250 29479 28.47 1.3%

OD1c

6 0.1000 48618 28.67 0.7%

Fig. 3. Boundary condition configuration for the simulation: (a) imposed displacement, (b) fixed support
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bination of factors and levels, maximizing desired re-
sponses while minimizing variability within a compu-
tational framework [16].

Three primary factors were considered for evalua-
tion: pore size, porosity and scaffold geometry. Pore size
was assessed at four levels: 400, 600, 800 and 1000 µm,
while porosity was examined at levels of 55, 60, 65
and 70%. The geometric configurations included two
types: orthogonal (OR) and offset orthogonal (OD).
These factors were selected due to their significant
influence on the mechanical performance of scaffolds.
Specifically, pore size and porosity directly affect the
scaffold’s strength and ability to support cellular growth,
while geometry plays a crucial role in stress distribution
within the structure. The responses analyzed included
maximum von Mises stress, which indicates the scaf-
fold’s structural strength, and the stress at the midpoint
(probe), which serves as a measure of stress distribu-
tion throughout the scaffold.

To reduce the number of required experiments,
a Taguchi L16 orthogonal array was selected. This
design reduces the number of experimental configu-
rations from 32 to 16 while maintaining a statistical
balance that facilitates the identification of main ef-
fects and potential interactions between factors. Sub-
sequently, the signal-to-noise (S/N) ratio is calculated
for each result to evaluate the proximity of the values
to the desired targets and the variability in the data.

To identify the combination of levels that maximized
the maximum von Mises stress and optimized the stress
at the midpoint, the signal-to-noise (S/N) ratio was cal-
culated using the formula for the “larger is better” crite-
rion, as maximizing the maximum stress of the scaf-
folds is desirable.

Additionally, an analysis of variance (ANOVA) was
performed on the signal-to-noise (S/N) ratio, enabling
the determination of the statistical significance of the
studied factors, the identification of the most influen-
tial factors, and the quantification of their relative con-
tributions. Minitab® 21.4.1 [20] software was used for
this evaluation. The general outline of the procedure is
shown in Fig. 4, which details each stage of the analysis.

Fig. 4. Procedural flowchart for sensitivity analysis

3. Results and discussion

3.1. Simulation results

Tensile simulations were conducted to analyze the
mechanical behavior of PLA scaffolds in two primary
geometric configurations: orthogonal and offset ortho-
gonal. A displacement of 0.025 mm was applied to
evaluate stress, with von Mises stress serving as the
indicator of mechanical strength. The results for all
32 combinations are summarized in Table 4. The find-
ings derived from these results provide insights into the
influence of each design parameter.

Table 4. Results of the computational evaluation

Scaffold Porosity [%] Pore size [mm] Control point [MPa] Max von Mises stress [MPa]
1a 55 0.4 59.538 27.433
1b 60 0.4 76.278 28.969
1c 65 0.4 8.586 28 .670
1d 70 0.4 88.379 29.540
2a 55 0.6 42.305 19.198
2b 60 0.6 55.541 19.369
2c 65 0.6 66.191 19.063
2d 70 0.6 79.187 19.687
3a 55 0.8 51.362 14.527
3b 60 0.8 60.163 14.488
3c 65 0.8 73.606 14.297
3d 70 0.8 82.208 14.771
4a 55 1.0 41.076 11.391
4b 60 1.0 50.198 11.604
4c 65 1.0 58.885 11.438

OD

4d 70 1.0 58.122 12.014
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Following the computational analysis presented in
Table 4, subsequent sections detail the mechanical be-
havior of PLA scaffolds through comprehensive analysis
and visualization. This methodological approach facili-
tates the understanding of design parameter effects on
scaffold performance and stress distribution patterns.

Porosity variation and stress behavior

For both geometric configurations, an incremental
increase in von Mises stress is observed as porosity
levels rise. This behavior is attributed to the reduction
in the effective cross-sectional area, which results in
elevated stress concentrations within the structure.
The trend is consistently evident in both the stress
measured at the control point and the maximum von
Mises stress recorded across the scaffold.

Fig. 5. Maximum von Mises stress variation
for a pore size of 400 µm and different porosities.

The behavior of orthogonal geometry
and offset orthogonal geometry is illustrated

A detailed illustration of the porosity variation in
orthogonal and offset orthogonal geometries, maintain-
ing a fixed pore size of 400 µm and porosities ranging
from 55% to 70%, highlighting the impact on maxi-
mum von Mises stress is provided in Fig. 5. Similarly,
the relationship of these parameters to stress at the con-
trol point is depicted in Fig. 6.

Fig. 6. Stress variation at the control point
for a pore size of 400 µm and different porosities.

The behavior of orthogonal geometry
and offset orthogonal geometry is illustrated

In Figures 5 and 6, an increase in stress for both
geometries as porosity increases is illustrated. These
findings are consistent with those experimentally ob-
tained by Zhuo et al. [33] and Barzgar Torghabeh et al.
[6], where compressive tests on square specimens with
gyroid patterns and Kelvin geometries demonstrated
that stress concentrations within the scaffold become
more pronounced as porosity increases.

Table 4 continued

Scaffold Porosity [%] Pore size [mm] Control point [MPa] Max von Mises stress [MPa]
1a 55 0.4 14.198 21.457
1b 60 0.4 14.663 22.230
1c 65 0.4 15.840 22.250
1d 70 0.4 16.802 22.480
2a 55 0.6 10.518 14.310
2b 60 0.6 10.730 16.120
2c 65 0.6 10.994 14.830
2d 70 0.6 11.034 15.270
3a 55 0.8 7.222 10.731
3b 60 0.8 79.639 11.167
3c 65 0.8 83.426 11.291
3d 70 0.8 62.359 11.250
4a 55 1.0 62.359 8.636
4b 60 1.0 63.162 9.444
4c 65 1.0 66.523 9.065

OR

4d 70 1.0 6.817 9.410
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Pore size variation and stress behavior

Like porosity, both geometric configurations ex-
hibit comparable trends. In this case, an increase in
pore size results in a reduction in the maximum von
Mises stresses. This behavior suggests that as pore size
increases, the material density (in terms of the solid
volume) decreases, thereby reducing the stresses the
structure can support. Illustratively, In Figure 7 it is
demonstrated how, with a fixed porosity of 55%, vary-
ing the pore size from 400 µm to 1000 µm leads to
a decrease in maximum stress for both orthogonal and
offset orthogonal geometries.

Fig. 7. Maximum stress variation
for a fixed porosity of 55% and different pore sizes.

The behavior of orthogonal geometry
and offset orthogonal geometry is illustrated

The evolution of pore size (from 400 to 1000 µm)
in relation to the stress measured at the control point
is shown in Fig. 8. Both orthogonal and offset or-
thogonal geometries are evaluated with a fixed porosity
of 55%.

Fig. 8. Stress variation at the control point
for a fixed porosity of 55% and different pore sizes.

The behavior of orthogonal geometry
and offset orthogonal geometry is illustrated

A decrease in stress concentration as the effective
cross-sectional area of the scaffold increases is shown
in Figs. 7 and 8. This result is expected when scaling
the specimen and is consistent with the tests conducted
by Alizadeh-Osgouei et al. [2], where the mechanical
properties of lattice-type structures subjected to ex-
perimental tensile tests exhibited similar behavior.

Effect of geometry type on stress

Regarding the stress at the control point, the or-
thogonal geometry consistently exhibits higher stress
values compared to the offset orthogonal geometry
across all pore sizes and porosity levels. This suggests
that the orthogonal structure distributes loads more
efficiently, albeit with higher stress concentrations at
certain points. This trend for all 32 scaffold configura-
tions studied is illustrated in Fig. 9. The orthogonal and
offset orthogonal geometries were extensively studied
by Puppi et al. [24] and Serra et al. [26]. In both cases,
the compressive modulus exhibited higher stiffness in
orthogonal geometries compared to offset orthogonal
ones. It can be inferred that the reduction in me-
chanical stability of offset geometries is attributed to
the displaced disposition of the struts, which generates
a combination of compressive and flexural stresses. In
contrast, orthogonal geometries demonstrate higher av-
erage mechanical strength.

Fig. 9. Stress variation at control points
for orthogonal and offset orthogonal geometries

Regarding the maximum von Mises stress, the off-
set orthogonal geometry exhibits higher stress values
compared to orthogonal geometry. These stress con-
centrations under tensile loads result from geometric
variations at the strut joints. The offset geometry has
a higher number of geometric variations, leading to
undesirable stress concentrations in applications that
require uniform load distribution. This trend is illus-
trated in Fig. 10 across the 32 scaffold configurations
studied.
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Fig. 10. Variation of maximum stresses
for orthogonal and offset orthogonal geometries

A numerical-computational evaluation of the scaf-
folds was conducted, with a controlled displacement
established as the loading condition. Based on this dis-
placement, the structural response was analyzed in terms
of maximum and average stress values. The results
obtained were compared with previous experimental
studies, where the loading condition was represented
in terms of forces, and the responses were expressed
as resistance modules. The comparison of results dem-
onstrates a strong correlation with experimental stud-
ies, suggesting that numerical evaluation is a valid and
effective tool, providing significant advantages in terms
of cost and time efficiency.

3.2. Sensitivity of pore size,
porosity and geometry

on mechanical behavior

The analysis presented in this section highlights the
critical influence of pore size, porosity, and geometry
on the mechanical performance of PLA scaffolds. The
findings derived from Taguchi L16 experimental de-
sign (Table 5) and ANOVA analysis provide valuable
insights into the structural behavior of scaffolds and their
optimization for biomedical applications.

The results clearly indicate that pore size is the most
influential factor in the mechanical strength of the scaf-
fold. As presented in Table 6, the highest delta value
(Δ = 4.76) among the main effects corresponds to
pore size, confirming its dominant role in structural
performance. The signal-to-noise (S/N) ratio plot
(Fig. 11) further supports this conclusion, displaying
a pronounced gradient for pore size. This finding is
consistent with previous studies [1], [19], where
smaller pores have been associated with an increase
in mechanical strength, attributed to a higher solid
volume fraction, which enhances load-bearing ca-
pacity.

Table 5. Taguchi L16 orthogonal array

Scaffold Pore size
[mm]

Porosity
[%] Geometry

OD 1a 0.4 55 offset orthogonal (OD)
OD 1b 0.4 60 offset orthogonal (OD)
OR 1c 0.4 65 orthogonal (OR)
OR 1d 0.4 70 orthogonal (OR)
OD 2a 0.6 55 offset orthogonal (OD)
OD 2b 0.6 60 offset orthogonal (OD)
OR 2c 0.6 65 orthogonal (OR)
OR 2d 0.6 70 orthogonal (OR)
OR 3a 0.8 55 orthogonal (OR)
OR 3b 0.8 60 orthogonal (OR)
OD 3c 0.8 65 offset orthogonal (OD)
OD 3d 0.8 70 offset orthogonal (OD)
OR 4a 1.0 55 orthogonal (OR)
OR 4b 1.0 60 orthogonal (OR)
OD 4c 1.0 65 offset orthogonal (OD)
OD 4d 1.0 70 offset orthogonal (OD)

Porosity was identified as the second most signifi-
cant factor in scaffold strength (Δ = 4.46 in Table 6).
The trend observed in Fig. 11 indicates that as po-
rosity increases, stress levels also rise, suggesting
that higher porosity scaffolds experience greater stress
concentrations due to the reduction in the effective
cross-sectional area. This behavior aligns with previ-
ous research [31], [34], which has demonstrated that
while higher porosity enhances cell infiltration and
nutrient diffusion, it also increases von Mises stress
values, potentially compromising scaffold durability.

Although geometry exhibited a lower delta value
(Δ = 3.80 in Table 6) compared to pore size and po-
rosity, its impact on stress distribution remains relevant.
The orthogonal configuration was identified as the most
favorable for optimizing von Mises stress distribution,
as it reduces stress concentrations in critical regions.

Table 6. Summary of main effects
for signal-to-noise (S/N) ratios

Level Pore size Porosity [%] Geometry
1 20.41 15.27 15.86
2 17.27 16.64 19.66
3 17.71 19.39 –
4 15.65 19.74 –

Delta (Δ) 4.76 4.46 3.80

A better visualization is provided in Fig. 11, which
displays the main effects plot for signal-to-noise (S/N)
ratios.

The gradient displayed in the plot for the pore size
factor shows that it is the most significant factor. Il-
lustratively, if the goal is to maximize the response
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variable, the optimal combination involves a pore
size of 400 µm, 70% porosity and a fully orthogonal
pattern.

To evaluate the influence of the parameters, an
analysis of variance (ANOVA) was performed, estab-
lishing a minimum confidence level of 95%. A statis-

Fig. 11. Main effects plots for S/N ratios

Table 7. Variance Analysis (ANOVA) for S/N Ratios

Source DF Sum of Squares (SS) Mean Square (MS) F-value P-value
Pore Size 3 46.912 15.6372 48.46 0.000018
Porosity Percentage 3 55.977 18.6590 57.82 0.000009
Geometry 1 57.755 57.7553 178.97 0.000001
Residual Error 8 2.582 0.3227 – –
Total 15 163.22 – – –

Fig. 12. Residual plots for S/N ratios

(a) (b)

(c) (d)
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tical significance level of 0.05 ( p = 0.05) was applied
to determine the influence of pore size, porosity and
geometry on the mechanical properties. The signifi-
cance level was used to ensure that the observed differ-
ences were not due to random variation but rather re-
flected meaningful effects of the design parameters.

This analysis revealed p-values below 0.05 for all
three factors (pore size, porosity, and geometry),
showing for each factor significantly impacts the scaf-
fold’s strength (Table 7). The model’s R2 value was
98.42%, suggesting that the model is reliable in ex-
plaining the variability of the results based on the fac-
tors considered.

Finally, the residual plots provide important evidence
regarding the normality of the experimental data. In
Figure 12a, the residuals closely follow the central line,
indicating a normal distribution. In Figure 12b, it is fur-
ther illustrated how the residuals are distributed around
the mean line, demonstrating that they are symmetri-
cally spread above and below it. Additionally, the his-
togram in Figure 12c visually confirms this normal dis-
tribution pattern. Establishing that the residuals behave
normally is crucial, as it validates the assumptions un-
derlying our statistical analyses and enhances the reli-
ability of our findings.

The residual analysis confirms the reliability of
the experimental model and underscores the neces-
sity of meeting statistical assumptions when evalu-
ating scaffold performance. The normality of residu-
als supports the validity of the findings, ensuring that
the conclusions drawn are statistically sound. This
analysis provides a rigorous assessment of the data,
offering insights that can inform future research and
optimize scaffold design for bone regeneration appli-
cations.

4. Conclusions

Based on the bibliographic review conducted, it is
evident that it is not possible to finally determine a spe-
cific geometry, pore size, and porosity percentage that
would provide optimal conditions for osseointegration
and vascularization in bone regeneration. The variabil-
ity is due to numerous factors, including the patient’s
age, nutritional status, the location of the bone defect,
the scaffold manufacturing process, and the intrinsic
characteristics of the materials used.

However, a design zone can be identified where
encouraging results have been achieved regarding cell
proliferation in in vitro scaffold assays. This zone in-
volves a spectrum ranging from a pore size from 200 µm

to 1000 µm and porosity percentages exceeding 50%,
reaching up to 90% in selected cases.

From the mechanical response derived from the
three factors evaluated in this study, the following con-
clusions can be drawn:
• pore size was found to be the most critical factor

influencing the strength of PLA scaffolds. A pore
size of 400 µm was shown to be optimal for maxi-
mizing structural strength without compromising the
scaffold’s functionality, underscoring the importance
of this parameter in optimizing structures for tissue
engineering;

• the analysis revealed that a porosity of 70% pro-
vides an optimal balance between mechanical sta-
bility and the ability to promote cell growth. The
results also confirm that as porosity increases, von
Mises stress values increase, which must be care-
fully considered when designing scaffolds for load-
-bearing applications;

• the orthogonal geometry achieved a more uniform
stress distribution compared to the offset orthogo-
nal configuration, resulting in reduced stress con-
centrations at specific points. This suggests that, for
tissue engineering applications, the orthogonal con-
figuration may be more advantageous in terms of
strength and structural stability;

• statistical analysis confirmed the reliability of the
model. ANOVA results showed p-values below 0.05
for all three parameters (pore size, porosity, and
geometry), confirming their significant influence
on mechanical performance. The model achieved
a high R2 value of 98.42%, indicating a strong pre-
dictive capability and reliability in explaining re-
sult variability;

• comparison with experimental studies demonstrated
a strong correlation, suggesting that numerical evalu-
ation methods, such as FEA, are valid tools for
scaffold design and optimization. The numerical ap-
proach provides significant advantages in cost and
time efficiency compared to purely experimental
methods.
The results of this study highlight the significance

of geometric optimization in designing PLA scaffolds
for bone regeneration. The optimal parameters identi-
fied – a pore size of 400 µm and a porosity of 70%
– demonstrate a favorable balance between mechanical
strength and biological functionality. Future research
should explore additional materials beyond PLA, such
as composites that may offer enhanced properties or
degradation profiles. Investigating the long-term per-
formance of these optimized scaffolds in vivo will be
essential for validating their effectiveness in clinical
applications. Moreover, integrating bioactive agents into
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the scaffold design could further improve cellular inter-
actions and tissue regeneration outcomes. By address-
ing these areas, future studies can build upon these
findings to develop more effective scaffolds tailored for
specific tissue engineering needs.
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