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ARTICLE INFO ABSTRACT
Keywords: Cancellous bone implants require materials that not only exhibit adequate mechanical strength but also possess
Fused filament fabrication (FFF) suitable elasticity to minimize stress shielding and ensure efficient osseointegration. This study addresses these

Super tough polylactic acid (ST-PLA)
Cancellous bone implants

Surface roughness

Compressive strength

3D printing optimization

challenges by optimizing the 3D printing parameters and cellular lattice configurations of Super Tough Polylactic
Acid (ST-PLA), targeting improved mechanical properties and suitability for cancellous bone regeneration. The
optimization process employed Response Surface Methodology (RSM) in combination with a multi-input, multi-
output (MIMO) predictive model, with a Box-Behnken Design (BBD) utilized to assess the effects of layer
thickness, print speed, and cellular wall thickness across 17 experimental conditions. The results demonstrated a
compressive strength range from 0.25 MPa to 1.41 MPa, with an optimal predicted strength of 1.38 MPa. Surface
roughness was found to be 6.98 ym (Sa) and 8.38 pm (Sq), suitable for enhancing osseointegration. The elastic
modulus of the fabricated ST-PLA scaffolds was measured at 0.075 GPa, which is remarkably close to the lower
range of human cancellous bone (0.1-0.5GPa), significantly reducing the potential for stress shielding.
Compared to previous studies, this work showed approximately 28 % improvement in compressive strength and
around 25 % improvement in getting near cancellous bone elastic modulus, highlighting the potential of ST-PLA
scaffolds as a viable solution for bone grafting. Scanning Electron Microscopy (SEM) confirmed the optimized
lattice structures exhibited reduced porosity, minimized microstructural defects, and improved interlayer
bonding, ensuring enhanced mechanical integrity. These findings demonstrate that ST-PLA scaffolds offer a
promising balance between mechanical performance, surface finish, and compliance, making them ideal can-
didates for biomedical implants. This work not only advances the design of bone grafting materials but also has
significant clinical applications for improving surgical outcomes and accelerating patient recovery.
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1. Introduction

Cancellous bone grafting is an important surgical intervention when
an injury, a congenital disability, or a disease has compromised the
structural integrity or regenerative capacity of bones, particularly in
regions requiring porosity and vascularization [1]. It is essential for
restoring those with impaired mastication, speech, respiration, and
aesthetic improvement related to psychological well-being. In cancel-
lous bone grafting, the materials must have a unique combination of
mechanical strength, biocompatibility, and the ability to integrate well
with the surrounding bony tissues [2]. Due to the complex anatomy of
the cancellous region, wherein high functionality is demanded from
these bones, developing appropriate bone graft materials becomes
paramount [3,4].

In recent years, 3D printing has provided new frontiers in cancellous
reconstruction. It allows one to fabricate patient-specific implants and
scaffolds with precision and conformation to the intricate anatomy [5].
Additive manufacturing (AM) builds parts in layers from an electronic
model capable of making complex structures [6,7] similar to the natural
architecture of bone. Mojaver et al. [8] explored innovative auxetic
megastructures fabricated from thermoplastic polyurethane, high-
lighting their enhanced deformation and load-distribution capabilities.
Such advancements demonstrate the potential of these structures in
achieving tailored mechanical properties for biomedical applications.
Among different AM techniques, Fused Filament Fabrication (FFF) is the
most widely used, especially for providing a thorough account of pro-
cessing in the case of polymer-based materials such as Polylactic Acid
(PLA) [9-11]. PLA is one of the most preferred biomaterials due to its
biodegradable nature, easy processing, and good mechanical properties
that make it suitable for biomedical applications [12].

PLA is a polymer derived from renewable resources, which has
become a benchmark material in 3D printing for biomedical uses due to
its biocompatibility and ease of use. However, at standard conditions
[13], PLA presents mechanical strength issues, especially in load-
bearing applications. Nevertheless, several enhanced variants were
produced to overcome such limitations: for example, the Super-Tough
Polylactic acid (ST-PLA), featuring improved toughness and flexibility
properties highly wanted in cancellous applications because of the dy-
namic mechanical stress’s implants have to resist [14]. Further devel-
opment in porous lattice structures has extended their application areas
into bone grafting. The design of these structures aims to mimic natural
bone’s porosity, providing scaffolds that support mechanical loads and
help in tissue ingrowth and vascularization [15]. Aghaiee et al. [16]
combined 3D printing with gas foaming to create hierarchical scaffolds
that effectively balance porosity and mechanical strength, optimizing
the conditions for bone tissue engineering applications. Their findings
highlight the importance of multi-objective optimization for scaffold
design in cancellous reconstruction. Recent studies have demonstrated
the potential of PLA-based composites with bioactive reinforcements
like Mg and TCP for enhanced mechanical strength, osseointegration,
and antibacterial properties [17-19]. These advancements highlight the
promise of ST-PLA scaffolds in orthopaedic and wound healing appli-
cations, warranting further bio-functionalization to improve clinical
performance.

One of the areas most investigated when performing 3D printing in
porous scaffolds is bone grafting. Cox et al. [20] demonstrated that PLA
scaffolds with controlled porosity can have compressive strengths as low
as 0.88 MPa, depending on the structural design and porosity level. This
study again shows that structural design features meet the desired me-
chanical properties for specific applications. Hassanajili et al. [21]
further expanded on this by optimizing PLA-based scaffolds with com-
posite materials to obtain compressive strengths suitable for low-load-
bearing applications, such as cancellous reconstruction. Their findings
underline the importance of material composition in determining the
mechanical performance of scaffolds. Dussault et al. [22] showed that
PLLA scaffolds fabricated for bone defect repair can be fabricated to
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achieve selected mechanical properties. This focuses on optimizing
structures to balance mechanical performance and biological function-
ality. In addition, Hasanzadeh [23] utilized machine learning algorithms
to optimize hybrid auxetic structures fabricated through FFF, achieving
significant improvements in energy absorption and compressive
strength. These contributions emphasize the transformative role of
computational techniques in scaffold design for biomedical applications.
Until now, much advancement has been done in scaffold construction;
the main challenges remain in ensuring that scaffold designs meet the
load-bearing requirements of the region of interest and provide
adequate porosity to allow appropriate tissue integration. Table 1 has
depicted the overview of the existing literature evaluations of the pre-
sent study and comparable research.

The challenge with cancellous bone grafting is developing scaffolds
that will provide the required mechanical load of the cancellous region
while encouraging bone regeneration [27]. Traditional materials are
strong yet often inflexible and incompatible with proper integration of
host bone. Conversely, scaffolds such as PLA might be biocompatible but
usually result in inadequate mechanical strength if designed at high
porosity, a feature considered necessary for facilitating the ingrowth of
tissues. This mechanical performance-biological functionality trade-off
represents one of the most critical challenges when designing and
optimizing 3D-printed scaffolds for cancellous applications [28].

Thus, the current study proposed undertaking the structural and
parametric optimization of 3D-printed ST-PLA porous lattice structures
for cancellous bone grafting applications to fill the existing research gap.
This study contributes by optimizing key 3D printing parameters for ST-
PLA scaffolds and integrating a response surface methodology to achieve
targeted mechanical and surface properties, addressing gaps in scaffold
design for cancellous applications. This work has incorporated the
scaffold design’s mechanical and surface roughness into a single study

Table 1
Summary of literature comparison of other research with our study.
Reference Material Compressive Key findings
studied strength (MPa)
Cox et al. PLA with 0.88 Demonstrated that
[20] controlled controlled porosity
porosity significantly affects
compressive strength.
Hassanajili PLA-based Suitable for low- Emphasized the role of
et al. [21] scaffolds with load-bearing material composition in
composites applications achieving desired
mechanical properties.
Dussault PLA scaffolds Tailored to Highlighted the
et al. [22] for bone defect specific importance of structural
repair requirements optimization to balance
mechanical performance
and biological
functionality.
Elhattab PLA lattice 0.5-2.0 Low compressive strength
et al. [24] structures was reported in simple
cubic lattice designs.
Zhang et al. PLA 1.0-2.0 Observed low

[25] compressive strength in
PLA scaffolds tailored for
specific applications.

Rosso & PLA 1.2-3.0 Analyzed compressive
Tannucci response of PLA, noting
[26] structural influence on

strength.

Current ST-PLA with 0.253-1.40 Achieved competitive
study optimized compressive strengths

porous lattice without the use of
design composite materials.

Employed a systematic
optimization approach
using Box-Behnken
Design (BBD) for
cancellous bone grafting
applications.
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through a systematic optimization process using an algorithm. The
capability to proceed with in-depth research on how layer thickness,
print speed, and cellular wall thickness changes would impact the me-
chanical and microstructural properties of the ST-PLA scaffolds. The
results of this study significantly add value to the development of better
bone graft materials for improved surgical outcomes and patient re-
covery in cancellous reconstruction. This study explores the optimiza-
tion of 3D printing parameters for ST-PLA, focusing on enhancing
compressive strength and surface roughness for cancellous bone implant
applications. The paper is structured as follows: materials and methods
are presented, detailing material selection and experimental procedures;
results and discussion highlight statistical analysis, parameter effects on
responses, and Scanning Electron Microscopy (SEM) analysis; experi-
mental validation demonstrates the effectiveness of Multi-Input Multi-
Output (MIMO) modeling for optimization; and conclusions provide a
summary of findings and outline future research directions.

2. Experiments: materials and methods
2.1. Materials

The material used in this study was ST-PLA, bought from Creality
company in China, which is a bio-based, ST-PLA filament derived from
renewable corn starch feedstock and modified with proprietary addi-
tives to enhance its mechanical toughness and ductility. This modifica-
tion improves material compatibility, thermal stability, and processing
ease compared to standard PLA, making it ideal for applications
requiring durability and resilience [29]. The choice of ST-PLA was
deliberate, as its carbohydrate-based modification aligns with the ob-
jectives of this study, which is to evaluate high-performance, sustainable
materials with improved mechanical properties. Moreover, it allows for
higher quality and versatility in products while maintaining PLA’s
environmental benefits [30,31]. Detailed information on the utilized ST-
PLA filament is given in Table (in supplementary material).

2.2. Response surface methodology

This study systematically investigated and optimized the relation-
ships between the critical process parameters and mechanical properties
of the 3D-printed ST-PLA samples using RSM. RSM is a powerful sta-
tistical method comprising mathematical and statistical tools that enable
modeling and analyzing problems where several independent variables
influence a dependent variable or response [32,33]. RSM is a powerful
mathematical tool used to evaluate the relationships between multiple
process parameters and one or more outcome variables. It has proven
effective in material optimization, particularly in applications requiring
trade-offs between mechanical strength, surface quality, and thermal
behavior [34,35]. Therefore, the main aim of RSM in this work was to
identify the best settings of layer thickness, print speed, and cellular wall
thickness to maximize the mechanical performance of the printed parts
and improve the surface roughness [36].

The experimental design consisted of a BBD, one of the most efficient
RSMs for the response surfaces. The BBD was chosen over the Central
Composite Design (CCD) for its efficiency in reducing the number of
experimental runs while maintaining a robust framework for modeling.
BBD explores the experimental domain uniformly, providing reliable
results with fewer trials. Unlike CCD, which includes factorial, axial, and
centre points, BBD avoids extreme factor levels, minimizing the risk of
experimental failure or compromised 3D printing quality. Its ability to
handle non-linear interactions between variables without extensive
modifications to the experimental setup further supports its suitability
for this study [37]. These input parameters are shown in Table S2 (in
supplementary material). This experimental design gave a total of 17
runs with the addition of 5 center points to ensure the precision and
replicability of the results. The center points also provided an estimate of
the inherent variability in the process and, thus, a basis for checking the
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model’s lack of fit and the presence of any curvature in the response
surface. The approach helped find conditions for optimal printing. It
provided an understanding of complex interactions between printing
parameters, which is essential for developing more advanced and
effective 3D printing processes with ST-PLA.

Fig. 1(a-d) has demonstrated the overview of testing methods. Fig. 1
(a) displays samples printed from ST-PLA. The authors produced three
samples for each test, measured three Ra values, and averaged the re-
sults. The selection of parameters in this study, namely layer thickness,
print Speed, and cellular wall thickness, is based on their significant
impact on ST-PLA performance in FFF 3D printing. These parameters
were specifically chosen due to their direct influence on printed parts’
mechanical properties, structural integrity, and surface quality [38].

The authors chose between 45 mm/s and 80 mm/s for print speed.
That was a well-calculated move to balance print quality with efficiency.
A print speed below 45mm/s is unnecessary; long print times are
impracticable. On the other hand, speeds over 80 mm/s can lower the
layer adhesion since there will not be enough time to cool down between
layers. Three levels were considered for layer thickness: 0.1, 0.2, and
0.3 mm. Thus, it is possible to analyze the compromise between printing
resolution by considering smaller layer thickness and the mechanical
performance of parts. This range is standard for ST-PLA. It will provide
insight into how layer thickness influences the printed samples’ me-
chanical strength and surface finish.

Cellular wall thicknesses were tested at 0.4 mm, 0.7 mm, and
1.0 mm. Initial attempts to print cellular wall thicknesses below 0.4 mm
were unsuccessful because prints could not be completed with sufficient
structural integrity. Cellular wall thicknesses greater than 1.0 mm are
well documented in the literature; however, resultant structures created
using such a thickness tend to possess less overall porosity than desired
for this study. The chosen range thus presents an optimum for investi-
gating the balance of porosity-structural strength, which is of primary
importance for applications where lightweight and simultaneously
strong components are used. In the present study, these three input
parameters are systematically investigated for their influence on the
mechanical properties of ST-PLA using the BBD approach. Through a
BBD method, the response surfaces can be effectively explored by con-
ducting a manageable number of experimental runs. Seventeen experi-
mental runs were conducted to ensure that the interactions between
parameters were thoroughly analyzed without requiring an exhaustive
number of tests.

By focusing on these specific ranges and incorporating the BBD
approach, the methodology herein provides a holistic framework for
optimizing conditions using 3D printing with ST-PLA, further extending
the advances in high-performance applications of the material.

2.3. Measurement procedure

It can be observed from Fig. 1(b) that the compression test of the 3D
printed ST-PLA samples, with their 36-mm by 36-mm dimensions, was
carried out in this work by using the GTM 2500 Instrument. Tests were
carried out at a cross-head speed of 1.3 mm/min, which was chosen by
the requirement to make accurate and comparable measures of
compressive strength for the different samples. Each specimen was
compressed to failure, which allowed for an exact determination of the
material’s compressive strength and deformation characteristics for
strains up to as high as 60 %. The tests were performed at a controlled
temperature of 25 °C to simulate standard conditions and ensure con-
sistency throughout different experiments. These results give the ability
to value the ST-PLA material’s structural integrity and load-bearing
capabilities under changed printing conditions, thus providing essen-
tial treads for a complete understanding of its mechanical properties
illustrated through the [39].
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Fig. 1. Overview of testing methods: (a) Modified novel primitive structures, (b) Compression testing setup for evaluating mechanical properties, (c) 3D surface
roughness testing for assessing surface topography, and (d) SEM analysis for detailed examination of microstructural features and surface roughness distribution.

2.4. Surface roughness and SEM analysis

3D surface topography analysis was utilized for each printed sample
to measure the arithmetic mean of surface roughness (Sa) and root mean
square of surface roughness (Sq), with the help of Sensofar optical
profilometer shown below in Fig. 1c. In this 3D surface profiling, three
different measurement points within each lattice structure were
measured to find the average value of Sa and Sq for a better under-
standing of the characteristics of the surface. The COXEM SEM testing
machine was used to investigate the porosity and crack propagation, and
microstructure analysis was also presented, as shown in Fig. 1d below.
The specimens were cleaned using an air blower, and the sputtering
coating was applied. The magnification of the carried-out SEM analyses
was done at 70x, 150x, and 200x.

2.5. Analysis of TPMS structures in 3D printing: mathematical expression
and impact of boundary conditions

The current Triply Periodic Minimal Surfaces (TPMS), exemplified
by the Primitive (P-type) model, are studied for their application in 3D
printing, guided by the mathematical expression shown in Fig. 2. This
equation defines their structure and ensures minimal surface area and

periodicity in three dimensions, making them ideal for optimizing ma-
terial use and structural integrity in manufactured objects.

This work imposes different boundary conditions on properties and
performance in TPMS. The original structure, whose boundary condi-
tions are set at (0, 0, 0), retains a configuration with heightened
sharpness and rigidity. It is fit for applications involving resistance to
fracture and hence requires a significant amount of structural integrity.
This will serve as the benchmark upon which changes in boundary
conditions and their influence on the TPMS structures are compared.

In the modified pink model, the boundary conditions are changed
from 0.9, 0.3, and 0.3, respectively, which causes a significant difference
in the geometrical structure and physical properties of this structure.
Due to this setting, all features are rounder and smoother; this means
more capability for flexibility and distribution of stresses within the
model. Such changes presuppose enhanced resistance to dynamic loads
and a reduced probability of failure during mechanical stress, which
enhances the implementability of the pink model in cases where high
strength is combined with good adaptability.

Comparing the two models puts into perspective how essential
boundary conditions are to TPMS. The white model is perfect for static
applications, with its sharp, rigid features, while the enhanced flexibility
and improved handling of stresses in the pink model open up
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Transformed
Original Equation is cos(x)+cos(y)+cos(z)=0, This results in a balanced minimal surface with zero mean curvature and equal voids..
Modification with Boundary Conditions: e.g.: cos(x)+cos(y)+cos(z)=t, For asymmetric or symmetric boundary conditions, say Boundary
1 and Boundary 2, this modifies the scaling of the cosine terms differently for each axis: a - cos(x)+b - cos(y)+cos(z)=t

Modified

Boundary Condition
(a,b) =(0,0)

Boundary Condition
(a,b) =(0.5,0.5)

Boundary Condition
(a,b) =(0.9,0.3)

(Manual Customized)

With boundaries increased to
0.5, the mathematical equation
representing the TPMS
becomes more pronounced,
with each point on the surface
extending further away from

When both boundaries are set
to 0, the TPMS surface is in a
basic configuration, showing a
balanced and symmetric
minimal surface with zero s ;
mean curvature. Represents a e, ol
classic Primitive TPMS, with a
mathematically balanced,

deeper, well-defined channels.
This reflects a parametric
amplification of the basic

symmetric configuration. Low i p
shape, where increasing

curvature implies minimal
boundary parameters leads to

deviation from the reference ce "
greater deviations from the

equation of the P-type surface. =
mean curvature, resulting in

larger pores or openings.

Differentiated boundary values
cause asymmetric deformation of
the surface. The TPMS equation is
modified with different scaling
factors for different axes, leading to
a structure with both sharp features
and less uniform porosity.
Asymmetric scaling of boundary
conditions leads to a non-
homogeneous TPMS shape,
resulting in different mechanical
and fluid flow properties across the
scaffold. This approach can be
useful in optimizing regions for
targeted performance.

This structure represents a more
complex modification of the TPMS,
characterized by asymmetric surface

features with flat faces and sharp

corners. The porosity and void
structure of the pink TPMS are also
altered, with larger and more
irregular voids compared to the
original, indicating non-uniform
porosity caused by uneven scaling.
These changes significantly impact
mechanical and flow properties,
leading to a structure with varying
mechanical stiffness across different
axes and anisotropic fluid flow.

[ ———————————

—— — ————————————————————————————————— ]

Fig. 2. Reason and mechanism of selection of modified primitive structure.

possibilities of using TPMS within more dynamic environments. This
constitutes a possible direction of research that this kind of TPMS could
take in adaptive manufacturing scenarios, whereby it can tailor material
properties toward specific functional requirements.

This pays for peering at mathematical control through the design and
customization of TPMS for 3D printing. By changing the values along the
boundary, the engineers and designers are thus able to have a significant
influence on the mechanical properties of the print, enabling them to
optimize structures across a wide range of applications. Being able to
fine-tune properties by mathematical parameters indicates that theo-
retical mathematics has met practical engineering, and there is an
expansive possibility for innovations in AM well into the future.

3. Results and discussion
3.1. Statistical analysis using analysis of variance (ANOVA)

3.1.1. ANOVA for surface roughness

Statistical analysis is crucial for identifying significant factors and
their interactions in experimental studies, ensuring data-driven insights
and the reliability of results. It validates models, optimizes processes,
and provides a foundation for informed decision-making. The surface
roughness parameters Sa and Sq were analyzed using ANOVA via Design
Expert 13.0.5 software. The quadratic model for both responses was
found statistically significant, with an F-value of 7.27 (p-value = 0.0031)
for Sa and 7.45 (p-value = 0.0028) for Sq. Significant model terms were
identified based on p-values less than 0.05. For Sa, the terms A (Layer
Thickness), AB (Interaction between Layer Thickness and Print Speed),
and A? (Quadratic term of Layer Thickness) were significant. Similarly,
for Sq, the terms AB and AZ were substantial. Table S3 and Table S4 (in
supplementary materials) summarized the ANOVA results for Sa and Sq,

respectively.

3.1.2. Mathematical model for Sa

The quadratic regression models derived from RSM provide a
comprehensive understanding of the influence of 3D printing parame-
ters on surface roughness (Sa and Sq). These models, expressed in coded
and actual factors, help establish relationships between layer thickness,
print speed, and the corresponding responses. The regression equations
for Sa and Sq are presented below, representing the effect of individual
parameters and their interactions on surface quality.

The interaction effects between layer thickness, print speed, and the
resulting surface roughness metrics (Sa and Sq) are visualized using 3D
surface plots. These plots illustrate the influence of each factor and their
combinations on the response values.

The regression equations in coded factors for predicting Sa and Sq
are as follows:

Sa = 15.67 +1.69A — 0.0143B — 2.59AB — 4.97A% 4 1.78B* (€D)]

Sq =21.16 +1.91A — 0.3357B — 3.59AB — 7.56A% + 2.13B> 2

Fig. 3a and b illustrates the 3D surface plots for Sa and Sq, showing
how the interaction between layer thickness and print speed affects
surface roughness. These visualizations help identify optimal parameter
ranges for achieving the desired surface finish.

Residuals’ analysis further substantiates the validity of the model.
Fig. 4(a) displays that the residuals for Sa are typically distributed, as
shown by a normality distribution plot. A smaller residual value in-
dicates the model’s predictions are acceptably accurate. Fig. 4(b)
showcases the correlation between predicted and actual values for Sa. In
contrast, Fig. 4(c) evaluates the residuals against their expected values,
demonstrating the adequacy and validity of the regression model.
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Fig. 4. Residual plots of Sa and Sq: (a) a percentile-based probability plot for Sa, (b) a graph depicting the relationship between predicted and actual values for Sa, (c)
a chart displaying residuals vs. predicted values for Sa, (d) a probability plot centered on percentiles for Sq, (€) a graph contrasting actual vs. predicted values for Sq,
and (f) a plot outlining residuals vs. predicted values for Sq.
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Similarly, for Sq, Fig. 4(d) confirms the normality of residuals, Fig. 4(e)
illustrates the relationship between actual and predicted values, and
Fig. 4(f) evaluates residuals against their predicted values, ensuring the
model’s reliability and accuracy.

3.1.3. ANOVA for compression testing

Table S5 (in supplementary material) outlines the ANOVA results for
compression testing. While the model is robust, a significant lack of fit
(p-value = 0.0003) was observed, indicating potential limitations or
data inconsistencies. Compression testing results were analyzed using
the ANOVA technique via Design Expert 13.0.5 software. The analysis
showed a significant quadratic model with an F-value of 18.29 and a p-
value of 0.0005, indicating the model’s statistical relevance. Among the
studied factors, C (Cellular Wall Thickness), AC (Interaction between
Layer Thickness and Cellular Wall Thickness), and c? (Quadratic term of
Cellular Wall Thickness) were identified as significant, with p-values
below 0.05. Other terms, including A (Layer Thickness) and B (Print
Speed), were not statistically significant.

3.1.4. Mathematical model for compression testing

For set levels of every variable, utilizing actual variable expressions
aids in making precise projections. It’s pivotal to specify levels in orig-
inal units for each factor. The linear regression models derived from
RSM show the relationship in code with the input parameters. The
Regression equation for compression testing is as follows;

Compression Strength = 1.06 +0.0589A + 0.0423B +0.4176C
+0.0055AB + 0.1413AC + 0.0450BC 3)
—0.0668 A% 4-0.0664 B> — 0.3388C

Fig. 5 validates the compression testing model. Fig. 5(a) confirms the
normality of residuals, Fig. 5(b) shows strong agreement between pre-
dicted and actual values, and Fig. 5(c) demonstrates no evident patterns
in residuals, ensuring model reliability.

The interaction effects between print speed and layer thickness on
compression testing are visualized using 3d surface plots, as shown in
Fig. S1 (in supplementary material). The primary and secondary hori-
zontal axes represent the input variables, with the vertical axis showing
the resultant TS and FS.

3.2. Parametric effect on mechanical properties

Several studies have shown that major 3D printing parameters such
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as layer thickness, infill density, and print speed affect the mechanical
properties of printed parts, as shown in Figs. 6 and 7. For example, Cox
et al. [20] demonstrated a compressive strength as low as 0.88 MPa in
PLA scaffolds of controlled porosity, depending on structural design and
porosity levels. Similarly, Hassanajili [21] et al. emphasized the material
composition and structure that can be achieved to obtain mechanical
properties suitable for applications that deal with low-load bearing.
These results indicate a crucial relationship between process parameters
and the final mechanical performance of materials 3D-printed.

The cell wall thickness proved to be the most relevant factor in
compressive strength for this work, as explained by Dussault et al. [22],
since increasing thickness leads to improved mechanical properties
because of higher structural rigidity, as shown in Fig. 7a. Another
relevant parameter for optimum mechanical performance is the inter-
action between layer thickness and cell wall thickness Fig. 7b shows an
increase in the cellular wall thickness significantly enhances the
compressive strength, whereas print speed has a relatively limited in-
fluence. The maximum load and compressive strength recorded from
each standard run are plotted in Fig. 6. Among them, Standard Run 12,
having a compressive strength of 1.405MPa, showed the highest
compressive strength since the layer thickness is in the middle and
cellular wall thickness is high. On the contrary, Standard Run 9
possessed the lowest compressive strength of 0.253 MPa, probably due
to its low cell wall thickness and printing speed. This agrees with find-
ings by Cox et al. [20] since wall thickness and, subsequently, porosity
play a decisive role in the integrity of structures and the mechanical
performance of printed parts [40].

Chang et al. [41] have identified cellular wall thickness optimization
in 3D-printed scaffolds or parts as essential in achieving a better load-
carrying capacity. Cellular wall thickness, in the present study shown
in Fig. 7c, was the dominant parameter and highly influenced me-
chanical strength, whereas the contribution of print speed was minimal.
These findings illustrate that wall thickness has to be cautiously opti-
mized for applications that demand high compressive strength, like bone
grafting [42].

Fig. 7(d) shows the contour graph of compressive strength as a
function of cellular wall thickness and print speed. This plot indicates
that the scaffolds’ compressive strength increases with cellular wall
thickness but is independent of print speed. As the cellular wall thickness
increases toward 1.0 mm, the compressive strength increases to a
maximum, whereas strength is almost unaffected over the print speed
range between 45 and 80 mm/s. Fig. 7(e) represents the dependence on
cellular wall thickness and layer thickness. It is observed that an increase
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Fig. 6. Graphical representation of compressive strength by a standard run.

in layer thickness causes a limited increase in strength. With a maximum
value of cellular wall and layer thickness, a maximum compressive
strength of 1.4 MPa is attained.

Fig. 7(f) Contour plot of the interaction between layer thickness and
print speed on the response of compressive strength: From this figure,
the main effect of layer thickness is more significant to compressive
strength than the speed of printing. It can be seen from the plot that with
the increase in the layer thickness, the compressive strength increases,
whereas the change in print speed insignificantly affects it.

Fig. 8 presents the SEM analyses, which further confirm that cellular
wall thickness determines the mechanical properties of ST-PLA lattice
structures. In Exp 8, its cellular wall thickness was 1.0 mm, contributing
to the relatively high compressive strength of 1.253 MPa. From the SEM
image shown in Fig. 8(a), a compact and homogeneous cellular structure
exists with only several tiny defects, such as cracks or voids. This may be
due to thicker walls, allowing for better dispersion of compressive forces
within the material’s internal structure. In addition, lattice structures
with thicker walls have been said by [43,44] to increase compressive
strength by improving load-bearing capabilities and reducing problems
associated with localized stress concentrations leading to material fail-
ure. The experiment using a thickness of 1.0 mm exhibited the highest
compressive strengths obtained from the study at 1.253 MPa. The SEM
image, Fig. 8(a), which corresponds to this experiment, showed a dense
and consistent cellular structure with few defects. Thicker walls will
distribute the load better and reduce the risk of stress concentration and
structure failure. This agrees with the established principles in material
science: the denser the wall, the higher the mechanical stability due to
better material resistance against compressive forces without
deformation.

In contrast, the cellular wall thickness in Experiment 9 was 0.4 mm;
hence, it showed a very low compressive strength of 0.253 MPa. Micro-
cracks and voids presumably accounted for this in the corresponding

SEM. Fig. 8(b), which demonstrates why the thin walls were more sus-
ceptible/suited to stress concentration/structural weaknesses. Since the
thinner walls contain less material volume, the structure could not
support the compressive load, resulting in premature failure. These
findings agree with the general understanding that thinner-walled
structures are more prone to mechanical failure when under load,
owing to their lower capability to distribute stress effectively [45].

3.2.1. Simulation and experimental comparison

A comparison between the simulated and accurate responses of ST-
PLA subjected to strain provides insight into the model’s predictive
capability, as shown in Fig. 9. The results indicated congruences and
disparities at different strains up to a maximum of 60 %. This compar-
ison suggests that FEA is effective in establishing an approximation of
the mechanical behavior of ST-PLA under stress, especially on how
reliable the same material will be for applications needing high accuracy
in performance prediction. The data includes experimental and simu-
lated stress measurements recorded at discreet strain intervals,
including points at 7.5 %, 20 %, 25 %, 34 %, 42 %, 48 %, and 60 %. Note
that this FEA model represents idealized conditions and thus will always
predict a slightly higher stress response than that obtained experimen-
tally, especially at the lower strain values. For instance, at a strain of
7.5 %, experimental measurements have a stress of 1.37 MPa, while the
simulated model achieves 1.69 MPa. This can be achieved through
inherent assumptions regarding homogeneity and isotropy in the FEA
model, most of the time for simplification, which does not account for
possible microstructural irregularities in ST-PLA. These minor differ-
ences point to material properties, which can be minor anisotropy or
microscopic imperfections that reduce stress more than in actual sam-
ples at lower strains.

In comparison, at higher strains, the model captures better alignment
between experimental and simulated stress responses [46]. For 42 % and
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thickness and print speed.

48 % strain values, experimental stresses are around 0.97 MPa and
0.83 MPa, while the simulated corresponding results remain constant at
1.20 MPa. This convergence conveys that the assumptions considered in
the FEA model are that all elasticity and plasticity properties correspond
well with actual material behavior in the case of moderate strain. With
these intermediate strain levels, the material is likely to exhibit behavior
in which the FEA model captures strain hardening or stiffness
enhancement.

The highest strain levels analyzed include 60 % strain, which also
shows a strong agreement between simulation and experiment, in which
the experimental stress was recorded at 1.40 MPa and simulated stress
was 1.73 MPa. This close correspondence at high strains proves that the
material model’s parameters are correct, especially those related to yield
strength and ultimate tensile characteristics. This would imply that the
FEA simulation is a good representative of the structural behavior of the
material in the high-strain domain, where deformations become more
linear and predictable.

Results of this comparison show good agreement for the FEA model
throughout most of the strain levels, with further refinement possible at
the lower level of strains. The deviation at the lower strain level can be
improved by refining the material modeling methodology to capture the
microstructural characteristics peculiar to stereolithographic polymers
like ST-PLA. For example, the incorporation of anisotropic behavior or,
even more so, viscoelastic effects could yield a simulation that is closer

to the actual material behavior because these attributes are usually very
significant in accurate polymeric materials [47]. In addition, even
boundary conditions are idealized in simulations for easier calculation
compared to an experiment where load-shared distribution or alignment
of the sample may not be perfect. Such changes to the boundary con-
ditions in the simulation environment could easily make the simulated
displacements compare better at the beginning of the deformation
process.

Although the FEA model has been reliable in capturing the me-
chanical response of the ST-PLA material, data obtained from this study
indicated that refinement of some simulation parameters could be done
to enhance prediction accuracy for most of the spectrum of strain.
Fig. S2 (in supplementary material) reiterates that any simulation result
should always be checked against experimental data where meaningful
and accurate predictions are expected, but in particular, high material
performance accuracy, for instance.

3.3. Parameteric effects on surface roughness

The surface roughness of 3D-printed samples was quantified by Sa,
representing average surface roughness, and Sq, under the name root
mean square surface roughness, both calculated from 3D surface
roughness maps. This analysis demonstrated that layer thickness and
print speed are the most relevant parameters affecting surface texture.
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Thinner layers and low printing speed produced generally smoother
surfaces, while increasing the layer thickness or printing speed tended to
raise the surface roughness.

3.3.1. Effect of layer thickness on surface roughness
Layer thickness was one of the main determinants of surface
roughness [48]. The thinner the layers applied, the smoother the surface

10

they produced because a smaller height difference between successive
layers produced fewer surface irregularities. Thicker layers developed
into more exaggerated ridges between and valleys within layers, pro-
ducing correspondingly rougher surfaces.

Fig. S3 (a-h) (in supplementary materials) has portrayed the 3D
profilometry of different samples. Taking a layer of 0.1 mm with a print
speed of 45mm/s in Experiment 1, the surface roughness resulted in
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relatively low values: Sa=11.78 pm and Sq =16.1 pm. Thinner layers
can provide better precision in material deposition, resulting in mini-
mum ridge formation between the layers. The 3D roughness map clearly
shows this is a much smoother surface, with a very flat profile and few
peaks and valleys. For Example, 5, the layer thickness was maintained at
0.1 mm, while the print speed was varied at 62.5mm/s; the surface
roughness values came to be even lower: Sa=7.09pm and
Sq =8.59 um. These observations are again visually realized from the
SEM image of Experiment 5, which shows a smooth and uniform surface
with only a few defects. A reduction in the height difference of succes-
sive layers due to the presence of thin layers decreases surface defects,
developing a finer surface texture [49].

Meanwhile, with the increase in thickness, the surface roughness
increased significantly. In Experiment 2, when layer thickness was
increased to 0.3 mm, and the print speed was kept at 45 mm/s, the
surface roughness values increased significantly to Sa=16.16 pm and
Sq=22.47 pm. The 3D roughness map of Experiment 2 had more
accentuated ridges and valleys than Experiment 1, showing that the
thicker layers introduced more significant height discrepancies among
adjacent layers. Further, this resulted in a higher roughness of the
texture. The step effect increases when a larger volume of material is
deposited per layer, which enhances these surface imperfections. This
was continued in Experiment 6, with the layer thickness being 0.3 mm
and a print speed of 62.5 mm/s. The values for the surface roughness
were high, showing that Sa=14.17 pm and Sq =17.03 pm, confirming
again that with thicker layers, increased surface roughness is achieved
independent of print speed. The 3-D roughness map for Experiment 6 is
shown to identify a similar pattern compared to Experiment 2 with
pronounced surface defects of peaks and valleys.

3.3.2. Effect of print speed on surface roughness

Print speed also significantly influenced surface roughness, mainly
due to its effect on the precision of material deposition. Slower print
speeds had much better control over the deposition process, giving
smoother surfaces. In contrast, with increasing speeds, the surfaces
normally became more and more disturbed since the bonding between
layers was imperfect, and more defects appeared on the surface [50,51].

In the case of Experiment 3, the layer thickness retained its former
value of 0.1 mm, but the printing speed increased; the surface roughness
values were higher than in Experiment 1, with Sa=13.61 ym and
Sq=17.77 pm. With increased print speed, the accuracy of material
placement is reduced; hence, the undulations on the surface are more
evident from the 3D roughness map. With the faster speed, although the
layer thickness was still thin, it introduced surface imperfections.
Theoretically, thinner layers reduce surface roughness, but an increased
print speed counters this effect by reducing the time the material cools
between layers, which causes the material to bulge.

Also, Experiment 10, which deals with the layer thickness of 0.2 mm
at a printing speed of 80 mm/s, gave the maximum surface roughness
values for the entire study: Sa =19.03 pm and Sq = 24.58 pm. A higher
speed increased the height difference between layers, creating more ir-
regularities on the surface that raised the surface roughness. The 3D
roughness map for experiment 10 shows significant peaks and valleys,
proving that combining thicker layers with faster print speed results in
inferior surface quality. The faster deposition reduced the cooling time
between layers, which caused less accurate bonding between layers and,
hence, sharp ridges and valleys [52].

In cases of slower printing speed, the material deposited was better,
offering finer surface quality. For example, Experiment 11, with a
0.2 mm layer thickness and printing speed of 45 mm/s, had lower sur-
face roughness values than Experiment 10: Sa=15.73pm and
Sq =20.423 pm. SEM images as depicted in the Fig. S4(a-c) (in supple-
mentary material) shows more pronounced ridges and undulations than
thinner-layered experiments. The reduced print speed in this run
somewhat controlled the deposition process and reduced roughness.
Although thicker layers developed a rougher surface, as one might
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anticipate, slowing the speed mitigated the negative effect of layer
thickness on surface roughness to some degree. This agrees with the
literature in that most argue that with low speeds, material deposition
becomes more controlled, resulting in a better surface finish, even
though these layers can be thicker [53].

This corresponded to the following roughness values for Experiment
13, using a layer thickness of 0.2mm and a print speed of 62.5 mm/s:
Sa=15.72 pm and Sq =21.08 pm. The SEM image from Exp 13 c pre-
sents a surface with bulging and pronounced ridges, hence quite rough.
The material deposition was somewhat controlled, given that this test
had a moderate print speed. However, because this test has a higher
layer thickness compared with other tests and a relevantly higher print
speed, surface irregularities are greater than those acquired in tests with
thinner layers. The 3D roughness map of Exp 13 affirms these obser-
vations visually. From this, one can see that there exist remarkable
ridges and valleys on the surface, which means there is a higher surface
roughness [54].

Surface roughness analyses across the experiments evidence that,
among others, the layer thickness and print speed were the most
determining factors regarding the final surface quality of 3D-printed
parts. Thin layers, as in Experiments 1 and 5, always produced
smoother surfaces with lower Sa and Sq values when combined with
medium print speeds. Thicker layers, such as in Experiments 2, 6, and
10, resulted in rough surfaces with the step effect between layers, which
became larger upon increasing print speed. SEM images for Experiments
5, 11, and 13 validate these observations by visually showing that the
surface defects were less severe in thinner-layer experiments. At the
same time, the ridges and bulging were more pronounced in thicker-
layer experiments at higher speeds. These large format 3-D surface
roughness maps provided a clear visualization of these trends and
showed how layer thickness and print speed interact in influencing
surface quality.

Layer thickness and print speed will need to be optimized for 3D-
printed parts with smoother surfaces since the best results on surface
finish are achieved with thinner layers at slower speeds. These findings
are expected to support established research regarding parameter se-
lection to control surface roughness by additive manufacturing.

4. Multi-input multi-output optimization method

In the context of the mechanical properties of lattice structures, the
authors proposed a multi-input multi-output (MIMO) model to predict
compressive strength and surface roughness. This model can aid in the
parametric optimization of lattice structures and guide the design for
improved cancellous bone graft applications.

4.1. Mathematical model for predicting compressive strength and surface
roughness

To accurately predict the mechanical performance of 3D-printed
scaffolds, it is essential to develop a mathematical model that can
integrate multiple process parameters and output physical properties
such as compressive strength and surface roughness. The MIMO model
proposed here considers key parameters (layer thickness, print speed,
and cellular wall thickness) to provide insight into the resultant me-
chanical properties, as shown in Fig. S5 (in supplementary material).

The formulation of the MIMO model is expressed as follows:

n

01 =Y o[hwp, ]
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(2)

where, 0; is the first output, h; is the internal state, w,o,) is the weight
parameter between the internal state h; and output 07 and n is the total
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number of hidden states. The mth output is defined as:

n
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where, o, € .7 is the output response, corresponding to different me-
chanical properties like compressive strength and surface roughness, h;
represents the hidden states within the model, which capture internal
dynamics based on input variables. w,,) denotes the weight connect-
ing the hidden state.

This approach allows for the accurate prediction of multiple per-
formance metrics based on the same input conditions, offering an inte-
grated perspective on scaffold performance. The integration of multiple
input variables ensures the model is highly adaptable for predicting a
range of mechanical properties under various printing conditions. The
hidden state h; is defined as:
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where [; is the jth input of the model such thatj = {1,2,..,1}, wj, is the
weight of jth input for the state h;. In general, the state h, is defined as:

he= o ltwm] ®
=1
From Egs. (5) and (6) we can get:
Om = i c |:W(hia,,,) i o[[iWin] } @)
i—1 =1
where sigmoid function, (x), is defined as
o) =1 ®

The model defined in Eq. (7) is trained using the swarm optimization
technique. The model parameter identification is achieved by following
the minimization problem:

J=[0-0p ©)

where O is the augmented output, and O is the output measured from
the actual system, defined as,

01
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The objective function is solved as a minimization problem to find
the weight matrix Q, € #™ and Q, € .#"*:

Win Win1
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Winn Winn
Wihyo,) Wihgo,)
Q= : : (12)
L Wihyom) Wi(hyiom)

where H is the number of hidden states, I is the number of inputs of the
mathematical model, and M is the number of outputs.
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4.2. Applications of the Model to ST-PLA Lattice Structures

By applying this model to the dataset generated in our study, we can
predict how different combinations of layer thickness, print speed, and
cellular wall thickness will affect the mechanical performance of the ST-
PLA lattice structures. The model provides a predictive tool for opti-
mizing the 3D printing process, reducing the need for exhaustive trial-
and-error experimentation, and enabling more precise control over
scaffold properties. The effect of Layer thickness and print speed on
compressive testing, Sa, and Sq are shown in Fig. S6 (in supplementary
material).

The model confirmed that for surface roughness, minimum values of
6.98 ym for Sa and 8.38 um for Sq were obtained when the layer
thickness was set to 0.1 mm and the printing speed to 61 mm/s. This
confirmed the general intuition that smaller layer thicknesses lead to
smoother surfaces, as the thin layer thickness reduces the “stair-step-
ping” effect responsible for surface irregularities. Often, higher print
speeds tend to increase surface roughness due to insufficient time for
material settlement; however, combined with finer layer thickness, it
worked oppositely to decrease roughness. The same concept was evident
in literature reviews: Ursini [55] similarly noted that thinner layers
improve surface smoothness, which is crucial for applications requiring
high surface quality.

In contrast, the maximum values for Sa, 21.76 pm, and Sq, 24.68 pm,
were obtained with a layer thickness of 0.28 mm and a print speed of
53 mm/s. The coarse surface generated by a larger layer size was due to
increased step layering, which enhanced roughness. While lower print
speeds allowed better layer fusion when combined with a larger layer
thickness, a pronounced surface texture resulted.

The model predicted the minimum strength for compressive strength
with a layer thickness of 0.3 mm, print speed of 59.5 mm/s, and cellular
wall thickness of 0.4 mm. This was explained by thin walls not providing
sufficient material to resist compressive forces, and the higher print
speed contributed to weaker bonding between layers, further reducing
strength. Ergene et al. [56] similarly found that structures with thinner
walls generally exhibited lower compressive capabilities due to reduced
material available to resist stress.

The highest compressive strength, 1.38 MPa, was obtained with the
same layer thickness of 0.3 mm but with a lower print speed of 45 mm/s
and a cellular wall thickness of 0.93 mm. In this case, the thicker cellular
walls provided more significant cross-sectional areas, which effectively
distributed compressive loads, thus improving strength. The slower
printing speed allowed for better adhesion between layers, enhancing
the structural integrity of the printed object. This finding is consistent
with those of Netto [57] and Kumar [58], who demonstrated that, in
similar lattice structures, increasing wall thickness enhances load-
bearing capacity.

This model revealed transparent relationships between process pa-
rameters and the structural properties of specimens. Applications
requiring smoother surfaces, therefore, utilized finer layers at moderate
print speeds, while applications needing higher strength levels
employed thicker cellular walls and optimized print speeds. By pre-
dicting these relationships, the model significantly reduced the need for
trial-and-error testing, helping researchers achieve the desired struc-
tural properties efficiently.

The model’s flexibility allows it to optimize outputs by increasing or
decreasing predicted values based on the application’s requirements as
exhibited in the Table S6 (in supplementary material). The model can
enhance surface roughness or mechanical properties by adjusting layer
thickness, print speed, and wall thickness. For instance, if a smoother
surface finish is required, the model can suggest parameter adjustments
like a finer layer thickness, potentially lowering surface roughness
values. Conversely, if greater compressive strength is needed, the model
can recommend increasing wall thickness or adjusting print speed to
achieve higher strength outputs. This adaptability makes the model
valuable, as it can predict and suggest the best parameter combinations
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to meet diverse performance goals, reducing the need for extensive trial
and error in 3D printing optimization [55]. The future of scaffold
manufacturing increasingly hinges on 4D printing, with biocompatible
polymers being tailored to react to dynamic physiological stimuli like
temperature, pH, or stress. Such materials have smart shape-memory
properties, allowing time-programmable transformations and stimuli-
activated drug release. ST-PLA, a modified PLA-based material, is a
promising candidate owing to its compatibility with programmable
printing and responsiveness [59,60]. Incorporating this functionality in
ST-PLA architecture will potentially make the material more adaptable
in the in vivo environment, particularly when applied to anatomically
dynamic load-bearing sites.

5. Conclusions and prospects

This work was performed to investigate the potential of bio-based
super tough Polylactic Acid (ST-PLA), derived from renewable corn
starch feedstock and modified with mechanical toughening agents, as a
promising material for cancellous bone implants. By leveraging its
enhanced mechanical strength and surface smoothness, ST-PLA showed
excellent compatibility for biomedical applications requiring light-
weight, porous structures that mimic natural bone properties. Through
Box-Behnken Design (BBD) optimization and a Multi-Input Multi-Output
(MIMO) predictive model, the study systematically investigated and
optimized critical 3D printing parameters, including layer thickness,
print speed, and cellular wall thickness. The specific conclusions made
from this simulation and Experimental study include:

i. The use of bio-based ST-PLA, derived from renewable corn starch
feedstock and modified with mechanical toughening agents
significantly improved its mechanical properties, achieving
around 28 % improvement in compressive strength (1.405 MPa)
and approximately 25 % increase in elastic modulus (0.075 GPa)
compared to previously published ST-PLA-based materials,
making it highly suitable for cancellous bone implants.

ii. The optimized ST-PLA scaffolds exhibited surface roughness
values of 6.98 um (Sa) and 8.38 um (Sq), ideal for promoting
osseointegration and minimizing the risk of failure at the
material-bone interface. SEM analysis confirmed reduced
porosity and improved interlayer bonding, contributing to
enhanced mechanical stability and biological compatibility.
While the elastic modulus of the ST-PLA scaffolds is lower than
that of human cancellous bone, it effectively reduces stress
shielding, which is crucial for ensuring better long-term inte-
gration with surrounding tissues. This finding positions ST-PLA as
a promising candidate for low-load-bearing bone grafts.
The study highlighted the potential of ST-PLA as a customizable
material for patient-specific implants. Its ability to be tailored
through 3D printing techniques offers the possibility of achieving
highly precise and optimized grafts that enhance surgical out-
comes and promote faster patient recovery.
v. This work was limited to in vitro testing, and further, in vivo
studies are necessary to validate the performance of ST-PLA
under dynamic physiological conditions. Additionally, scalabil-
ity for industrial production and the integration of bioactive
molecules for enhanced tissue regeneration requires further
investigation.
Future work should focus on advancing bio-functionalization
techniques to improve tissue integration and incorporating
growth factors to enhance osteointegration. Expanding the
application of ST-PLA to other biomedical fields, such as spinal
and orthopaedic implants, is crucial for exploring its broader
potential. Furthermore, bio-printing and 3D printing advance-
ments could further optimize the scalability and manufacturing
of ST-PLA scaffolds for clinical use.

iii.

iv.

Vi.
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