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ABSTRACT: This study investigates the optimization of 3D printing process parameters for PLA/PCL
filament using the Taguchi method. A Taguchi L9 orthogonal array design was employed to explore the
effects of print speed (40, 60, 80 mm/s), temperature (185,190,200°C), and infill pattern (the Lines, Gyroid,
Triangle) on both mechanical and shape memory properties of the printed parts. The experiments were
conducted using a Fused Deposition Modeling (FDM) 3D printer. The mechanical properties, including
tensile strength, and shape memory properties such as shape recovery ratio, were evaluated for each
combination of process parameters. The experiments revealed that a print speed of 40 mm/s, a nozzle
temperature of 185°C, and the Lines infill pattern produced the best shape memory performance,
achieving the shape recovery rate of 78.60% and the recovery time of 69 seconds. For tensile strength, the
optimal conditions were found to be 40 mm/s, 185°C, and the Gyroid infill pattern, resulting in the highest
tensile strength of 21.985 MPa. However, for simplicity and faster production, the Lines infill pattern is
preferred. This research provides valuable insights for optimizing the 3D printing process of PLA/PCL
filament and enhancing its mechanical and shape memory performance, which is crucial for various
applications in biomedical, textile, and packaging industries.

Keywords: 3D Printing, Mechanical Properties, PLA/PCL Filament, Shape Memory Properties, Taguchi Method
1. INTRODUCTION

Additive manufacturing, commonly known as 3D printing, produces three-dimensional objects by
layering material step by step, following a digital design. The advent of 3D printing technology has
revolutionized various industries, particularly in the medical field, where it enables the production of
patient-specific models, prosthetics, and implants with unparalleled precision and customization. This
cutting-edge technology offers the ability to create complex geometries tailored to individual patient
needs, enhancing surgical planning and improving overall healthcare outcomes [1].

Of the many materials utilized in 3D printing, Polylactic Acid (PLA) and Polycaprolactone (PCL) have
garnered significant attention due to their biodegradability, biocompatibility, and simplicity of
processing. PLA, a thermoplastic derived from renewable resources such as corn starch, is widely
appreciated for its mechanical properties and environmental friendliness, and it is commonly applied in
biomedical fields because of its biodegradability, biocompatibility, and ability to support tissue
regeneration and drug delivery systems [2]. PCL, similarly, is a biodegradable polyester known for its
reduced melting point, high flexibility, and biocompatibility, making it suitable for various medical and
industrial applications [3]. A key drawback of PLA is its brittleness and limited impact resistance, which
may limit its application in certain functional parts. Combining PLA with PCL is a good option to
overcome these limitations, as PCL's flexibility and low melting point enhance the toughness and
durability of the resulting material [4].

Fused deposition modeling (FDM) is an additive manufacturing technique commonly employed to
produce geometrically intricate prototypes and components. FDM works by melting thermoplastic
filament and forcing it through a heated nozzle layer by layer onto a build platform, where each layer
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solidifies to form a three-dimensional object [5]. While it reduces cycle time and eliminates the need for
expensive tools.

Optimizing FDM 3D printing parameters for PLA/PCL material is crucial for achieving high-quality
prints with precise dimensions, superior surface finish, and desired mechanical properties, ensuring
efficiency and reliability in additive manufacturing processes. The Taguchi method has been widely
applied in various fields, including 3D printing and electrospinning, to optimize process parameters and
enhance material properties. By employing a systematic design of experiments (DOE) approach, the
Taguchi method enables efficient parameter selection while minimizing experimental effort. Hasdiansah
et al. [7] optimized FDM 3D printing parameters for TPU using the Taguchi method, identifying layer
thickness as the most significant factor affecting surface roughness. Singh et al. [8] optimized FDM 3D
printing parameters for PLA-nanographene composites using the Taguchi method, identifying
composition as the most significant factor influencing wear resistance. Meyva-Zeybek et al. [9] applied the
Taguchi method to optimize electrospinning parameters for PLA and PLA/POSS nanofibers,
demonstrating that using a Taguchi L9 orthogonal array significantly reduced the number of experiments
while effectively determining the optimal conditions. Nazir et al. [10] applied the Taguchi method to
optimize PA-6 nanofiber electrospinning, identifying polymer concentration as the key factor influencing
fiber diameter and determining optimal conditions for minimal diameter and variation.

Process parameters like nozzle temperature, print speed, infill pattern, infill density, and layer height
influence the final product's dimensional precision, surface quality, and mechanical strength [10].
However, the interplay between these parameters is complex, necessitating a systematic approach to
identify the optimal settings. Researchers have extensively investigated the impact of these parameters on
part characteristics and explored process parameter optimization, focusing primarily on neat
thermoplastic polymers such as PLA, PCL, or ABS. Mohamed et al. [11] examined how factors such as
raster angle, layer thickness, build orientation, air gap, road width, and number of contours affect material
consumption, build time, and dynamic flexural modulus in FDM. Vidakis et al. [12] explored how six
essential 3D printing parameters influence key quality metrics such as surface finish, dimensional
precision, and porosity in material extrusion (MEX) additive manufacturing, utilizing robust experimental
methods and predictive regression models to optimize part quality and performance. Le et al. [13] studied
the optimization of mechanical properties and print time for PLA using FDM, emphasizing the balance
between print speed and ultimate strength by varying parameters such as number of outer shells, nozzle
diameter, nozzle temperature, infill pattern and infill density through DOE and ANOVA. Despite
significant progress, further research in this field remains essential, particularly as each newly developed
material in additive manufacturing requires tailored process parameters to optimize its performance
characteristics. Understanding how key FDM parameters influence the shape recovery rate is crucial for
advancing the practical applications of shape memory materials. Liu et al. [14] focused primarily on
investigating the thermoresponsive shape memory effects and material characteristics of PLA/PCL blends,
rather than conducting an in-depth study of the FDM process conditions. Qui et al. [15] aimed to produce
a PLA/PCL filament, investigating the influence of PCL content on filament geometry, dimensions, surface
roughness, and ultimate tensile strength. However, they did not extensively study specific FDM process
parameters in their research.

Shape memory properties are also crucial aspects to optimize, as they significantly influence the
functionality and responsiveness of the printed structures. Saptaji et al. [16] investigated the activation
and shape recovery properties of 3D printed PLA samples, examining the effects of various printing
parameters such as thickness, infill density, printing speed, deformation temperature, and recovery
temperature, with results showing that the highest recovery ratio of 0.784 was achieved under specific
conditions, and the thickness parameter was identified as the most significant factor influencing shape
memory behavior. Hosseinzadeh et al. [17] examined the impact of deformation temperature, recovery
temperature, and heating rate on the shape recovery of PLA, finding that the optimal conditions
(deformation temperature of 53.31°C, recovery temperature of 59.94°C, and heating rate of 8.05°C/min)
improved shape recovery from 93.03% to 98.14% in 3D-printed rounded rectangle structures, and
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enhanced recovery in diamond and honeycomb structures as well. Eryildiz [18] investigated the effects of
4D printing process parameters, including sample thickness, nozzle temperature, deformation
temperature, and holding time, on the shape recovery of PLA, finding that sample thickness had the
greatest impact and that increasing deformation, holding, and nozzle temperatures enhanced shape
recovery, while greater sample thickness negatively affected it. While various studies have explored the
effects of different process parameters on shape memory and recovery of PLA in 4D printing, further
research is needed to optimize process parameters for various geometries and applications to enhance the
functionality and performance of 4D printed PLA/PCL structures.

In this study, the objective is to optimize the 3D printing process parameters for PLA/PCL filament
using the Taguchi method. The Taguchi method, a robust statistical tool for optimizing process
parameters, offers an efficient approach to address this challenge. By employing a designed set of
experiments, the Taguchi method helps in understanding how various factors impact the quality of 3D-
printed objects. This method not only simplifies the optimization process but also enhances the
reproducibility and reliability of the results [19]. By systematically analyzing the effects of key parameters,
we seek to identify the optimal conditions that yield high-quality prints with improved mechanical
properties and shape memory characteristics. Additionally, statistical analyses, including ANOVA and
regression modeling, were employed to validate the influence of the selected process parameters on the
observed properties. This research will contribute to the growing body of knowledge in the field of
additive manufacturing, especially in medical and 4D printing applications, enriching our understanding
and capabilities in these cutting-edge fields.

2. MATERIAL AND METHODS
2.1. Materials

PLA (Natureworks Ingeo® 4043D from Resinex, Turkey), exhibits a melt flow index (MFI) of 6 g/10
min (at 210°C, 2.16 kg), a density of 1.24 g/cm3, and a melting point ranging from 145 to 160 °C. PCL,
obtained as Perstorp Capa 6500 pellets from Biesterfeld, Turkey has a melt flow index (MFI) of 5.9-7.9 g/10
min (measured at 160°C with a 2.16 kg load), a density of 1.1 g/cm3, and a melting point range of 58-60°C.
Both PLA and PCL pellets were dried at 40°C for 24 hours in a NUVE MF 106 oven prior to melt-blending.

2.2. Fabrication of PLA/PCL Filament

The PLA/PCL blend (80:20 ratio by weight) was processed using a twin-screw extruder (Rondol,
England, L/D=10) at 60 rpm, with the temperature profile from die to feeder set at 150°C, 185°C, 175°C,
165°C, and 80°C. Post-extrusion, the blend was pelletized and dried overnight at 40°C in a NUVE MF 106
oven. 1.75 mm diameter filament was extruded using a Filament Maker-Composer 350 (3devo, Turkey) at
temperatures between 150°C to 170°C, ensuring a filament thickness deviation of only 5 pm.

2.3. 3D Printing Process

The blended PLA/PCL filament was loaded into a desktop FDM 3D printer (Flashforge Creator 3 Pro,
Turkey) to produce the samples. The printer parameters, such as layer height, bed temperature, infill
density, and cooling fan speed, were chosen based on established literature and are listed as fixed
parameters in Table 1 [14-15].
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Table 1. 3D printing parameters for sample fabrication

Printing Parameters  Settings

Nozzle diameter 0.4 mm
Bed temperature 50°C
Layer thickness 0.18 mm
Infill density 60%
Number of shells 3
Top and bottom layers 0
Wall thickness 1.2 mm

Optimization of print speed, nozzle temperature, and infill pattern was conducted using a Taguchi
experimental design to enhance mechanical and shape memory properties. Print speed, nozzle
temperature, and infill pattern are critical parameters in FDM 3D printing that directly influence
mechanical characteristics and shape memory performance of printed parts. Optimizing these parameters
ensures that the prints achieve desired levels of strength, dimensional accuracy, and shape retention,
crucial for applications in fields such as medicine and advanced manufacturing [20]. Infill patterns are
critical for shaping the mechanical properties and shape recovery capabilities in 4D printing. The specific
arrangement and geometry of infill patterns within printed parts directly influence factors such as
structural strength, flexibility, and the ability to achieve desired shape transformations. Optimizing infill
patterns ensures that 4D-printed objects exhibit reliable performance and functionality tailored to their
intended applications [21]. The temperature of the nozzle greatly affects both the process and mechanical
properties of printed objects. It dictates the material flow dynamics and layer adhesion during deposition,
crucial for ensuring structural integrity and dimensional accuracy. Moreover, temperature settings play a
pivotal role in activating shape memory effects in responsive materials, enabling the printed parts to
undergo programmable transformations over time. Thus, optimizing nozzle temperature is essential for
achieving robust mechanical properties and reliable shape-changing capabilities in 4D-printed
components [22]. Printing speed is also a critical parameter that impacts both the mechanical properties
of the printed objects and the efficiency of the printing process. Optimizing print speed ensures precise
deposition of material layers, which is crucial for maintaining dimensional accuracy and structural
integrity. Moreover, the rate at which material is deposited influences the bonding between layers,
affecting the overall strength, durability, and surface finish of the printed parts. Print speed influences
shape recovery in 4D printing by affecting the material's cooling rate and layer adhesion, crucial for
controlling the activation and efficacy of shape memory properties [23].

The print speed, nozzle temperature, and infill patterns were selected based on a combination of
established literature, preliminary trials, and the technical limitations of the FDM printer used in this
study. The print speed range of 40, 60, and 80 mm/s was chosen to explore low, medium, and high-speed
settings, balancing the effects on mechanical and shape memory properties while avoiding excessively
low speeds that increase print times or high speeds that compromise interlayer adhesion. Similarly, the
nozzle temperature range of 185°C, 190°C, and 200°C was determined based on the thermal behavior of
PLA and PCL, ensuring optimal material flow and interlayer bonding without thermal degradation or
insufficient bonding. The selected infill patterns —Lines, Gyroid, and Triangle—were included to study
their distinct mechanical and structural characteristics. Lines were chosen for simplicity and efficiency,
Gyroid for isotropic mechanical properties, and Triangle for its rigidity, allowing for a comprehensive
analysis of their effects on the mechanical and shape memory behavior of the PLA/PCL blends.

2.4. Characterization

Mechanical characteristics like tensile strength and elongation at break, were evaluated using
standard ASTM methods. Tensile tests on the 3D-printed samples were conducted using a Zwick Roell
8497 tensile testing machine equipped with a 20 kN load cell at room temperature, with a crosshead speed
of 5 mm/min. Samples were shaped in a dog bone configuration following ASTM D638 Type IV
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specifications (Figure 1).

Unit: (mm)
33 ,51

QR/— ¢|‘9

Figure 1. Tensile test specimen conforming to ASTM D638 Type IV standards

Differential scanning calorimetry (DSC) was employed with a Perkin Elmer DSC6000 device in a
nitrogen atmosphere at a rate of 10°C/min to characterize the melting behavior of the PLA/PCL material.
The glass transition temperature of the material was determined for conducting shape memory tests.
The shape recovery characteristics of samples printed with FDM were analyzed by programming a
temporary shape: heating the sample beyond its glass transition temperature (Tg) to set the temporary
shape, cooling it below Tg to fix this shape with a constraint, releasing the constraint upon cooling to allow

temporary shape recovery, and heating above Tg to return to the permanent shape, maintaining stability
until reprogramming [18].

Figure 2. Shape memory sample dimensions (units in mm)

During the programming step, shape recovery samples (Figure 2) were exposed to heat in a water
bath at the glass transition temperature. The samples were then bent to 90° (6u) and held in place for a
specified duration. After cooling to 25°C, the external force was removed, allowing the specimen to deform
freely due to internal stress (6f). Upon reheating to Tg, the recovery angle 8r was recorded (Figure 3). The
shape recovery ratio (Rr) was determined using Equation (1) [24]:

R, (%) = [(6; — 6,)/6;] x 100 1)

Permanent Temporary Recovered
shape shape shape

Furce Farcg

an Heat Deform v Cool v Unload Heat

Free
Flat Sample 8,=0° Bent 8,90 deformation 8

Shape recovery '

Programming Shape rEcuvery process

Figure 3. The sequential steps of shape-memory-based 4D printing.
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Mechanical testing ! Shape memory programming

Figure 4. Experimental setup and workflow of the study

Figure 4 provides a comprehensive visual representation of the experimental procedures and
applications conducted in this study.

2.5. Methodology

In this experimental study, the Taguchi method using Minitab R16 software was utilized,
incorporating print speed, nozzle temperature, and infill pattern as control factors, while tensile strength
and shape recovery rate were chosen as the response variables. Each factor was tested at three levels, as
specified in Table 2, and the experimental design was structured using an L9 factorial design as depicted
in Table 3. Additionally, statistical analyses including ANOVA, regression modeling, and probability plots
were performed to evaluate the significance and influence of the selected parameters on the observed
mechanical and shape memory properties, ensuring a comprehensive understanding of the process

optimization.
Table 2. Control factor levels.
Symbol Control Factor Level 1 Level 2 Level 3
A Print Speed (mm/s) 40 60 80
B ljozzle Temperature 185 190 200
(°C)
C Infill Pattern Lines Gyroid Triangle

The 'larger is better' criterion was used in the Taguchi method to identify optimal process conditions
aimed at achieving the highest tensile strength and shape recovery ratio.
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Table 3. L9 Orthogonal Array Used in the Experimental Study.

No Print Speed (mm/s) (A) Nozzle Temperature (°C) (B) Infill Pattern (C)

1 40 185 Lines

2 40 190 Gyroid
3 40 200 Triangle
4 60 185 Gyroid
5 60 190 Triangle
6 60 200 Lines

7 80 185 Triangle
8 80 190 Lines

9 80 200 Gyroid

3. RESULTS AND DISCUSSION
3.1. Thermal Behavior of PLA/PCL Blend

Figure 5 displays the differential scanning calorimetry (DSC) results for the PLA/PCL blend, showing
values for the glass transition temperature (Tg), cold crystallization temperature (Tc), melting temperature
(Tm), and melting enthalpy (AHm) as 46.57°C, 122.90°C, 150.67°C, and 66.519 J/g, respectively.

Endo—

Tc

Heat Flow (mW)

20 40 60 80 100 120 140 160 180 200
Temperature (°C)

Figure 5. Second heating DSC thermogram for the PLA/PCL filament

The glass transition temperature (Tg) of neat PLA was 48.40°C, which decreased to 46.57°C with the
addition of 20% PCL by weight resulting in improved flexibility and altered thermal characteristics of the
PLA/PCL blend [25-26]. In 4D printing processes, Tg is critical as it affects molecular stability under
deformation conditions [18]. The Tg derived from DSC data was determined to guide shape recovery and
deformation temperatures.

3.2. Analysis of Mean

The Taguchi method is a reliable statistical approach for optimizing process parameters to achieve the
best possible performance with minimal variability. This method employs an orthogonal array to
systematically vary the levels of each factor and evaluate their effects on the desired outcomes [27]. In this
study, the Taguchi L9 factorial design was utilized to optimize the 3D printing parameters for PLA/PCL
filament, focusing on print speed, nozzle temperature, and infill pattern. The objective was to enhance the
tensile strength of the printed parts, with the optimization process guided by the Signal-to-Noise (SN)
ratio using the 'larger is better' criterion. The primary factors investigated were print speed (A), nozzle
temperature (B), and infill pattern (C). The tensile stress and shape recover rate measurements for each
experimental run are summarized in Table 4.
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Table 4. Tensile stress and shape recovery rate measurements for each experimental run

Print Speed Terlr\lll:(:ezrzzifure Infill Tensile Stress Recovery Time

(mm/s) (A) °C) (B) Pattern (C) (MPa) Rate (%) (s)
1 40 185 Lines 20.596 78.60 69
2 40 190 Gyroid 21.678 58.22 43
3 40 200 Triangle 18.196 79.66 53
4 60 185 Gyroid 21.985 70.56 29
5 60 190 Triangle 17.849 61.07 44
6 60 200 Lines 19.572 83.00 43
7 80 185 Triangle 17.563 73.18 75
8 80 190 Lines 20.429 73.89 100
9 80 200 Gyroid 21.724 55.85 120

The Signal-to-Noise (SN) ratio has an essential role in determining the optimal parameter settings,

particularly when applying the 'larger is better' criterion to optimize a response variable, such as tensile

strength and shape memory rate. Based on the SN ratios calculated for each experimental run (Figure 6),

the optimal parameter combinations were identified as A1B1C2 —where Al corresponds to a print speed
of 40 mm/s, B1 to a nozzle temperature of 185°C, and C2 to the Gyroid infill pattern for mechanical test
results—and A1B1Cl1—where C1 is the Lines infill pattern—for shape recovery test results. These
combinations yielded the highest SN ratios, indicating the most favorable conditions for maximizing

tensile strength and shape recovery.

a) 27.00
26.50

26.00

25.50

S/N Ratio (dB)

24.50

24.00

b) 38.50

37.50
37.00
36.50

36.00

S/N Ratio (dB)

35.50

35.00

34.50

Figure 6. SN ratios for a) tensile test, b) shape recovery rate.
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3.3. Mechanical properties optimization
3.3.1. Impact of print speed on tensile mechanical properties

The print speed did not show a significant effect on the tensile strength of the printed samples. Lower
print speeds, particularly at 40 mm/s, generally resulted in higher tensile stress values. For instance, Run
2 (40 mm/s, 190°C, Gyroid) achieved a tensile stress of 21.678 MPa, whereas Run 7 (80 mm/s, 185°C,
Triangle) registered 17.563 MPa (Figure 7, Table 4).

A slower print speed allows the extruded filament more time to fuse with the preceding layers,
enhancing interlayer adhesion [28]. Enhanced adhesion contributes to improved mechanical properties,
as evidenced by the higher tensile stress values. Conversely, higher print speeds can result in inadequate
bonding due to rapid deposition, which can lead to weaker mechanical performance [29].

25

Tensile Stress (MPa)

—Run1 Run 2 —Run3

Run 4 —Run 5 Run 6
—Run7 —Run 8 —Run 9
0
0 0.005 0.01 0.015 0.02

Strain (%)

Figure 7. Stress-strain curves of printed PLA/PCL blends for each experimental run.

3.3.2. Impact of Nozzle Temperature on Tensile Mechanical Properties

Nozzle temperature affects the viscosity of the extruded filament, the degree of layer adhesion, and
the overall print quality. In this study, nozzle temperature (185°C, 190°C, and 200°C) did not show a
significant effect on the tensile strength of the printed PLA/PCL parts.

A lower nozzle temperature of 185°C was identified as optimal for achieving higher tensile strength.
This is because at 185°C, the PCL in the blend, which has a lower melting point, is sufficiently melted to
enhance flexibility and interlayer adhesion without degrading its structural integrity. This temperature
allows the PLA to bond effectively while maintaining the elastic properties provided by the PCL, resulting
in superior mechanical performance. For example, at 185°C, combined with a print speed of 60 mm/s and
a Gyroid infill pattern, the tensile strength reached 21.985 MPa. This suggests that the balance between
PLA’s rigidity and PCL'’s flexibility is best maintained at this temperature, leading to improved tensile
properties [30].

At higher temperatures, such as 200°C, the tensile strength decreased. The increased temperature
improves the flow and bonding of PLA but may lead to thermal degradation of PCL, reducing the overall
mechanical performance of the blend. The study found that higher temperatures tend to weaken the
material's mechanical properties, as evidenced by a tensile strength of only 17.849 MPa at 200°C.

3.3.3. Impact of Infill Pattern on Tensile Mechanical Properties

The infill pattern is a vital factor in 3D printing that greatly affects the tensile mechanical properties
of the printed parts. Different infill patterns distribute stress and strain differently throughout the printed
structure, affecting the overall strength and durability of the part. In this study, three infill patterns—
Lines, Gyroid, and Triangle —were analyzed to assess their impact on the tensile strength of PLA/PCL
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blends.

The lines infill pattern emerged as one of the most effective for maximizing tensile strength. This
pattern, consisting of straight lines oriented at alternating angles in each layer, provides a uniform
distribution of stress along the primary loading direction. The simplicity of this pattern reduces print time
while ensuring sufficient interlayer bonding. At a print speed of 40 mm/s and a nozzle temperature of
185°C, the Lines pattern achieved a tensile strength of 20.596 MPa, indicating its effectiveness in enhancing
mechanical properties without compromising print efficiency. In accordance with our study, Mishra et al.
[31] demonstrated that the Lines infill pattern provided maximum mechanical properties, highlighting its
effectiveness in enhancing impact resistance and overall structural integrity in 3D-printed components.

The Lines infill pattern is often favored for its simplicity and efficiency. It consists of straight lines
printed at alternating angles in each layer. This pattern is not only quick to print but also provides decent
mechanical strength, particularly in one direction (usually the direction of the lines). The alternating
pattern of the lines helps distribute stress more evenly across the part, enhancing its ability to withstand
tensile forces. Compared to more intricate infill patterns like the Gyroid or the Triangle, the Lines infill
pattern may not offer multidirectional strength, but in this specific case, it likely provided sufficient
strength in the direction where it was most needed, contributing to the highest tensile stress observed.
Additionally, the simplicity of the Lines pattern means less print head movement, which can reduce the
risk of defects and inconsistencies, further improving print quality [32, 33].

The Gyroid infill pattern, known for its complex 3D structure, provided the highest tensile strength in
certain configurations. The continuous, curved surfaces of the Gyroid pattern allow for isotropic stress
distribution, reducing stress concentration points and improving overall mechanical performance [34].
For example, when printed at 60 mm/s and 185°C, the Gyroid pattern produced a tensile strength of 21.985
MPa, the highest observed in this study (Figure 7, Table 4). This pattern is particularly beneficial in
applications requiring balanced mechanical properties in multiple directions. The best parameter
combination to maximize the tensile strength of PLA/PCL 3D-printed parts, as determined by the Taguchi
optimization, is a print speed of 40 mmy/s, a nozzle temperature of 185°C, and the Gyroid infill pattern.
This setup achieved the highest tensile strength, demonstrating optimal conditions for creating strong,
durable parts with consistent mechanical properties. Kadhum et al. [35] also found that the Gyroid infill
pattern delivered the best mechanical performance, consistent with our findings that it enhances tensile
strength and durability. Similarly, Birosz et al. [36] showed that the Gyroid infill patterns excel in
mechanical resistance, supporting our results on their effectiveness in enhancing tensile strength.

The Triangle infill pattern, while structurally robust, did not perform as well as the Lines or Gyroid
infill patterns in terms of tensile strength. The angular geometry of this pattern can lead to localized stress
concentrations, which may contribute to lower mechanical strength under tensile loads, a similar
observation made by Jasim et al. [37].

3.4. Shape Memory Properties Optimization
3.4.1. Impact of Print Speed on Shape Recovery Rate

The shape recovery rate varied significantly with changes in print speed. Print speed directly affects
the material deposition rate and cooling dynamics during the FDM printing process [38]. Based on the
Taguchi optimization, the optimal parameter combination (A1B1C1: 40 mm/s, 185°C, Lines pattern)
yielded a high shape recovery rate of 78.60%, reinforcing the importance of lower print speeds in achieving
better shape recovery performance.

As seen in Table 4 and Figure 8, at 40 mm/s (Runs 1-3), the shape recovery rates varied depending on
the infill pattern and nozzle temperature. The highest recovery rate at this speed was 79.66% (Run 3, 200°C,
Triangle pattern), while the lowest was 58.22% (Run 2, 190°C, Gyroid pattern). This indicates that lower
print speeds generally enhance layer bonding and reduce residual stress, but the influence of other
parameters, such as infill pattern and nozzle temperature, remains significant. At a lower print speed, the
extruded material has more time to cool and bond properly between layers, leading to stronger interlayer
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adhesion and less residual stress within the printed part. This stronger bonding is crucial for the shape
memory effect, as it allows the material to store and release elastic energy more efficiently when
undergoing shape transformations. Similar observations were reported by $Sahin and Mardini [39] who
found that interlayer adhesion depends heavily on printing speed and interlayer interval time, which
significantly influence the mechanical characteristics of 3D-printed structures. Additionally, Weng et al.
[40] observed that printing speed, along with factors such as superplasticizer dosage and curing
conditions, plays a crucial role in enhancing bond strength between layers in extrusion-based 3D printing
processes, further emphasizing the importance of controlling these parameters to enhance the structural
integrity of printed components.

At a moderate print speed of 60 mm/s (Runs 4-6), the highest overall shape recovery rate (83.00%)
was achieved in Run 6 (200°C, Lines pattern), likely due to a balanced material consistency, thermal
history, and interlayer bonding. Additionally, Run 4 (185°C, Gyroid pattern) recorded the fastest shape
recovery time (29 seconds), suggesting that moderate speeds allow for efficient elastic energy storage and
rapid shape recovery.

At higher print speeds (80 mm/s, Runs 7-9), recovery times increased, and shape recovery rates
generally declined. The lowest shape recovery rate (55.85%) was observed in Run 9 (200°C, Gyroid
pattern), while Run 8 (190°C, Lines pattern) achieved 73.89%, maintaining a relatively stable performance.
This decline at higher speeds is likely due to insufficient cooling time between layers, weaker interlayer
adhesion, and increased porosity, which introduce residual stresses that hinder shape recovery. Yang et
al. (2020) have demonstrated that lower print speeds can enhance mechanical properties and shape
memory performance because of better layer fusion and reduced thermal gradients in the printed part,
supporting the findings in this study [41].

These findings confirm that lower to moderate print speeds (40-60 mm/s) yield better shape recovery
performance, while higher speeds (80 mm/s) introduce structural inconsistencies. The Taguchi analysis
identified 40 mm/s as the optimal print speed, reinforcing previous studies that highlight the importance
of deposition rate in controlling shape memory behavior. Achieving an optimal balance between
structural integrity and recovery efficiency requires careful parameter selection, particularly in
applications where precise shape recovery is critical.

The shape recovery rate is significantly influenced by print speed, as seen in Table 4, where variations
in recovery rates align with changes in deposition speed. The highest recovery rate (83.00%) was observed
in Run 6 (60 mmy/s, 200°C, Lines pattern), while the lowest (55.85%) occurred in Run 9 (80 mm/s, 200°C,
Gyroid pattern). However, a single high recovery rate does not necessarily indicate optimal conditions;
instead, the overall trend must be considered. The optimal parameter combination (A1B1C1: 40 mm/s,
185°C, Lines) yielded a high recovery rate (78.60%), reinforcing the importance of lower print speeds in
achieving better shape memory performance. At higher print speeds (60 mm/s and 80 mm/s), the rapid
deposition reduces cooling time between layers, potentially weakening interlayer adhesion and
introducing residual stress, which negatively impacts the material's ability to recover its original shape.
In contrast, at lower print speeds (40 mm/s), the extended cooling time promotes stronger bonding and
better layer fusion, leading to more efficient shape recovery. These findings align with previous studies
that highlight the critical role of deposition rate in shape memory behavior, emphasizing that moderate
print speeds offer the best balance between structural integrity and recovery efficiency [39,40].

3.4.2. Impact of Nozzle Temperature on Shape Recovery Rate

As shown in Table 4, nozzle temperature significantly influences the shape recovery rate by affecting
material viscosity, interlayer bonding, and internal stress distribution during printing. The Taguchi
analysis identifies the optimal parameter combination as A1B1C1 (40 mm/s print speed, 185°C nozzle
temperature, and Lines infill pattern), meaning that the highest shape recovery rate is not necessarily
achieved in a single run but rather through the optimal balance of all parameters.
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Figure 8. Shape recovery rates for all nine experimental runs.

Across the tested conditions, higher nozzle temperatures (200°C) showed inconsistent recovery
results, where Run 6 (200°C) exhibited the highest individual recovery rate (83.00%), but Run 9 (200°C)
had the lowest (55.85%). This suggests that while increased temperature can improve layer bonding and
polymer chain mobility, it may also lead to thermal degradation or excessive fluidity at higher speeds,
reducing overall recovery performance. The inconsistency in shape recovery rate at 200°C can be
attributed to the combined effects of polymer chain mobility, thermal degradation, and print speed. At
this higher temperature, polymer chains gain increased mobility, which can enhance interlayer diffusion
[42] and improve shape recovery, as observed in Run 6 (200°C, 60 mm/s, Lines, 83.00%). However,
excessive heat can also lead to thermal degradation, causing polymer chain scission and reducing
molecular weight [43], which weakens the material’s ability to recover its original shape. This effect is
particularly pronounced when combined with high print speeds, as seen in Run 9 (200°C, 80 mm/s,
Gyroid, 55.85%), where rapid extrusion may have resulted in poor layer adhesion, internal defects, and
increased residual stresses that hindered shape recovery. Additionally, at high temperatures, excessive
material fluidity can lead to poor layer deposition and structural inconsistencies, further affecting the
recovery performance. The infill pattern also plays a role, as the Lines pattern in Run 6 may have facilitated
better thermal distribution, while the Gyroid pattern in Run 9 could have contributed to localized stress
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concentrations, reducing recovery efficiency. These findings suggest that while a higher nozzle
temperature can improve layer bonding, it must be carefully optimized in conjunction with print speed
and infill pattern to prevent excessive softening and degradation, ensuring consistent shape memory
performance.

Nozzle temperature is crucial in determining the viscosity of the extruded material and its adhesion
between layers during the FDM printing process [44]. At the optimal nozzle temperature of 185°C (Runs
1, 4, and 7), the recovery rates remained relatively stable, with Run 1 (40 mm/s, 185°C, Lines) achieving
78.60% and Run 4 (60 mm/s, 185°C, Gyroid) reaching 70.56%. This indicates that 185°C maintains good
molecular integrity and adhesion, supporting efficient shape recovery without excessive softening or
degradation. The PLA/PCL blend achieves a balance where the material flow is smooth enough to ensure
strong interlayer bonding but not so high that it leads to overheating or thermal degradation [45]. This
balance is essential for effective shape recovery, as it allows the material to maintain its integrity and
undergo elastic deformation, enabling it to revert to its original form when the temperature exceeds its
glass transition point. Issabayeva and Shishkovsky [46] observed similar effects, noting that lower
temperatures improved shape recovery of PLA by reducing residual stress.

For 190°C (Runs 2, 5, and 8), recovery rates showed more variability, ranging from 58.22% (Run 2, 40
mm/s, Gyroid) to 73.89% (Run 8, 80 mm/s, Lines). This suggests that 190°C may not always provide
consistent benefits for shape memory performance, especially when combined with infill patterns that do
not optimize thermal diffusion. At higher nozzle temperatures (200°C), the material may become overly
fluid, causing poor layer deposition and potential sagging, which can weaken the part's overall structure.
This weakened structure negatively impacts the shape recovery rate, as internal defects and weakened
bonds hinder the material's capacity to revert to its initial shape [46-47].

The shape recovery rate and time are influenced by nozzle temperature. At 185°C (Runs 1, 4, and 7),
recovery rates remained stable (70.56%-78.60%) with moderate recovery times (29-75 s), indicating
optimal viscosity and strong interlayer bonding. At 190°C (Runs 2, 5, and 8), recovery rates varied more
(58.22%-73.89%) with longer times in some cases (up to 100 s), likely due to increased fluidity affecting
layer adhesion. At200°C (Runs 3, 6, and 9), results were inconsistent —Run 6 achieved the highest recovery
rate (83.00%) in 43 s, while Run 9 had the lowest (55.85%) with the longest recovery time (120 s), suggesting
that excessive heat can enhance chain mobility [48] but also lead to thermal degradation or weak structural
integrity. These findings highlight 185°C as the most stable temperature, while higher temperatures
require careful optimization to avoid excessive softening and prolonged recovery times.

3.4.3. Effect of Infill Pattern on The Shape Recovery Rate

The infill pattern plays a crucial role in determining the shape recovery rate, as it influences internal
stress distribution, energy storage, and deformation behavior. As seen in Table 4, the Lines, Gyroid, and
Triangle patterns exhibited varying recovery performances under different conditions, highlighting the
importance of selecting the appropriate infill structure. The infill pattern determines the internal geometry
and distribution of material within a printed part, affecting its mechanical properties and shape recovery
capabilities [46].

Among the tested patterns, the Lines pattern demonstrated the most consistent and favorable results,
particularly in Run 6 (60 mm/s, 200°C, Lines) where the highest individual shape recovery rate of 83.00%
was observed. Additionally, Run 1 (40 mmy/s, 185°C, Lines) achieved a recovery rate of 78.60%, further
supporting the effectiveness of this pattern. The superior performance of the Lines pattern can be
attributed to its uniform stress distribution and efficient load transfer, which enhances elastic energy
storage and release during shape recovery.

The Lines infill pattern creates a continuous path of material that allows for consistent stress
distribution and efficient storage and release of elastic energy. This uniform stress distribution is crucial
for effective shape recovery, as it minimizes internal stress concentrations that could hinder the material’s
capacity to revert to its initial shape. Aloyaydi et al. [49] found similar effects in their study, highlighting
that optimized infill strategies contribute to enhanced mechanical performance and shape memory
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behavior by ensuring even stress distribution and reducing potential deformation-induced stress
concentrations.

More complex patterns like the Gyroid and the Triangle may introduce more variability in internal
stress distribution, leading to areas of high stress concentration that can adversely affect shape recovery
performance. The study by Liu et al. (2020) indicated that simpler infill patterns, such as the Lines, tend
to perform better in shape memory applications due to their predictable internal structure and consistent
bonding characteristics [21]. The Gyroid pattern, while known for its excellent mechanical stability,
showed more variability in recovery performance. In Run 9 (80 mmy/s, 200°C, Gyroid), the lowest recovery
rate (55.85%) was recorded, whereas Run 4 (60 mmy/s, 185°C, Gyroid) achieved a moderate recovery rate
of 70.56%. The reduced performance in certain cases may be due to inconsistent energy storage within the
complex, curved structure of the Gyroid pattern, which can lead to localized stress concentrations and
hinder full shape recovery. The Triangle pattern exhibited intermediate recovery rates, with Run 3 (40
mm/s, 200°C, Triangle) achieving 79.66%, while Run 5 (60 mm/s, 190°C, Triangle) showed a lower recovery
rate of 61.07%. The performance variability suggests that while the Triangle pattern provides good
structural support, it may not allow for optimal elastic energy release, affecting the efficiency of shape
memory behavior.

The shape recovery time varies significantly across different experimental runs, highlighting the
influence of processing parameters on the recovery dynamics of the printed structures. As seen in Table
4, the shortest recovery time was observed in Run 4 (29 seconds, 70.56% recovery rate), while the longest
was in Run 9 (120 seconds, 55.85% recovery rate). Generally, shorter recovery times indicate faster energy
release and efficient structural recovery, whereas longer times suggest delayed response due to weaker
interlayer bonding or internal stresses. The optimal combination (A1B1C1: 40 mm/s, 185°C, Lines) not only
yielded a high shape recovery rate but also maintained a moderate recovery time (69 seconds), balancing
structural integrity and response efficiency. Notably, longer recovery times in Runs 8 and 9 (100s and 120s,
respectively) may be attributed to weaker adhesion or increased internal resistance to shape change,
further reinforcing the importance of optimized print parameters for enhanced shape memory
performance.

3.5. Statistical Analysis

To understand the statistical significance of the selected 3D printing parameters on the mechanical
and shape memory properties of the PLA/PCL blends, an Analysis of Variance (ANOVA) was performed.
The evaluated parameters included print speed (A), nozzle temperature (B), and infill pattern (C), with
tensile strength and shape recovery rate chosen as response variables. The results of the ANOVA are
summarized in Table 6 and Table 7.

Regression analysis was also conducted to further understand the influence of print speed, nozzle
temperature, and infill pattern on tensile stress and shape recovery rate. The regression models provide a
quantitative representation of the contributions of these factors to the observed properties of the PLA/PCL
blends.

3.5.1. Tensile Strength

The ANOVA results for tensile strength, presented in Table 6, indicate that the infill pattern (C) was
the most significant factor affecting the tensile properties, with a p-value < 0.05. This suggests that the
geometric arrangement of the infill pattern plays a critical role in determining the mechanical strength of
the printed parts. In contrast, print speed (A) and nozzle temperature (B) exhibited less significant effects
(p > 0.05). The results align with previous studies [50], where infill patterns significantly influenced stress
distribution and interlayer adhesion.
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Table 5. ANOVA results for tensile strength

Control factor DF Sum of Squares Mean Square F-Value p-value Contribution (%)
Print speed (mm/s) [A] 2 0.1994 0.0997 0.34 0.746 0.82
Nozzle temperature (°C) [B] 2 0.0751 0.0375 0.13  0.886 0.31
Infill pattern [C] 2 23.3980 11.6990 40.01  0.024 96.45
Error 2 0.5847 0.2924 241
Total 8 24.2572

The relationship between tensile stress and the 3D printing parameters was further explored through
regression analysis, as shown in Equation (2):

Tensile Stress (MPa) = 22.8 — 0.126A — 0.109B — 1.16C 2)
where A represents print speed, B represents nozzle temperature, and C represents infill pattern.

The regression analysis highlights that the infill pattern (C) exerts the most significant influence on tensile
stress, consistent with the ANOV A results where it was found to be statistically significant (p <0.05). The
coefficients for print speed (4) and nozzle temperature (B) are smaller, indicating their relatively lower
impact on tensile stress within the studied parameter ranges. The coefficient of determination (R?) was
found to be 84.6%, indicating that the model explains a substantial portion of the variation in tensile stress.
This suggests that the model provides a reasonably good fit for predicting tensile stress based on the
selected process parameters. Infill pattern (C) contributes the most (96.45%) to tensile strength, making it
the dominant factor, as shown in Table 7. Print speed (A) and nozzle temperature (B) have minimal
contributions (0.82% and 0.31%), indicating that they do not significantly influence tensile strength. The
error contribution is low (2.41%), meaning the model explains almost all of the variability in the data.
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Figure 9. The residual plots for tensile stress

The residual plots for tensile stress, as shown in Figure 9, provide a graphical evaluation of the
regression model's assumptions and the quality of the fit. The normal probability plot indicates that the
residuals follow an approximately linear trend, suggesting that the normality assumption is reasonably
satisfied. The residuals versus fitted values plot shows a random scatter with no discernible patterns,
indicating that the variance of the residuals is constant and there is no evidence of heteroscedasticity. The
histogram of residuals appears symmetric, further supporting the assumption of normality. Lastly, the
residuals versus order plot shows no significant trends or patterns, suggesting that the residuals are
independent and do not exhibit autocorrelation. These observations confirm that the regression model
assumptions are adequately met, and the results can be considered reliable within the tested parameter
range.
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3.5.2. Shape Recovery Rate

The ANOVA analysis for shape recovery (Table 7) indicates that the three studied parameters—print
speed, nozzle temperature, and infill pattern —each contribute to variations in the shape recovery rate.
Among these, the infill pattern shows a relatively stronger influence, with nozzle temperature also
contributing moderately, compared to print speed. While none of the parameters demonstrated a
statistically significant effect (p > 0.05), their contributions highlight trends that can guide optimization
efforts. These results suggest that shape memory performance is influenced by a combination of
parameters, and additional factors, such as material composition or layer height, may further enhance
optimization strategies for achieving improved recovery rates.

Table 6. ANOVA results for shape recovery rate

Control factor DF Sum of Squares Mean Square F-Value p-value Contribution (%)
Print speed (mm/s) [A] 2 36.02 18.01 0.26 0.796 4.63
Nozzle temperature (°C) [B] 2 167.37 83.68 1.19 0.457 21.49
Infill pattern [C] 2 434.53 217.27 3.09 0245 55.79
Error 2 140.85 70.43 18.09
Total 8 778.78

The regression equation for shape recovery rate (SRR) is shown in Equation (3):
SRR (%) = 83.4 — 2.26A — 0.64B — 3.60C 3)

where A represents the print speed in millimeters per second (mm/s), B represents the nozzle
temperature in degrees Celsius (°C), and C represents the infill pattern used during 3D printing.

The regression analysis indicates that the infill pattern (C) has the most noticeable effect on shape
recovery rate, as reflected in its coefficient magnitude (-3.60). Print speed (A) and nozzle temperature (B)
also influence the shape recovery rate, but their effects are smaller, as indicated by their respective
coefficients of -2.26 and -0.64. The coefficient of determination (R?) was found to be 62.3%, indicating that
the model provides a moderate fit for predicting the shape recovery rate based on the selected process
parameters. These results indicate that the selected 3D printing parameters have varying impacts on shape
memory performance. The infill pattern (C) is the most influential factor, contributing 55.79% to shape
recovery, followed by nozzle temperature (B) with 21.49%, indicating a moderate effect. Print speed (A)
has a lower impact at 4.63%. The error term accounts for 18.09%, suggesting some variability that may be
influenced by additional factors not considered in the model.

The residual plots for shape recovery rate, as presented in Figure 10, offer insights into the adequacy
of the regression model. The normal probability plot shows an approximate linear trend, indicating that
the residuals are reasonably normally distributed. The residuals versus fitted values plot exhibits a
random dispersion, with no evident patterns or systematic bias, suggesting that the assumption of
homoscedasticity is met. The histogram of residuals displays a roughly balanced distribution, supporting
the normality of residuals. The residuals versus order plot does not show any consistent trends or
repetitive patterns, indicating that the residuals are independent over the sequence of observations. These
results suggest that the regression model appropriately fits the shape recovery rate data and fulfills the
underlying assumptions, providing confidence in the analysis within the tested parameter range.
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Figure 10. The residual plots for tensile stress

Probability Plot of Tensile Stress; Shape Recovery
Normal - 95% CI

40 60 80 100
Tensile Stress Shape Recovery

Percent

150 17,5 20,0 22,5 25,0

Figure 11. The residual plots for tensile stress and shape recovery ratio

The probability plots for tensile stress and shape recovery, as shown in Figure 11, illustrate how well
the data follow a normal distribution. For tensile stress, the mean value is 19.95 MPa with a standard
deviation of 1.741 MPa, while for shape recovery, the mean is 70.45% with a standard deviation of 9.866%.
The Anderson-Darling (AD) test results for tensile stress (AD = 0.408, p = 0.272) and shape recovery (AD
=0.352, p=0.379) confirm that the residuals for both responses align well with the normal distribution, as
the p-values are greater than 0.05. The red data points in both plots fall within the confidence intervals,
further validating the assumption of normality. These results suggest that the models for tensile stress and
shape recovery are statistically sound, and the residuals do not exhibit significant deviations from
normality, supporting the reliability of the analyses.

4. CONCLUSIONS

In this study 3D printing process parameters such as print speed, nozzle temperature, and infill
pattern were successfully optimized using the Taguchi method to enhance the mechanical and shape
memory properties of PLA/PCL blends printed via Fused Deposition Modeling (FDM). The results
indicate that the infill pattern was the most influential factor for tensile strength, while both infill pattern
and nozzle temperature had a greater impact on shape recovery rate. In contrast, print speed showed a
relatively lower effect on both responses. These findings provide valuable insights for optimizing material
performance in applications such as biomedical devices, textiles, and aerospace.

The optimal combination for maximizing shape recovery performance was identified as a print speed
of 40 mm/s, a nozzle temperature of 185°C, and a Lines infill pattern. Under these conditions, the shape
recovery rate of 78.60% and the recovery time of 69 s were achieved, demonstrating the importance of
slower print speeds, optimal thermal control, and simpler infill geometries for enhanced shape memory
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capabilities. Conversely, higher nozzle temperatures (190°C and 200°C) and more complex infill patterns,
such as the Gyroid, resulted in lower recovery rates and longer recovery times due to weakened interlayer
bonding and increased internal stresses.

For mechanical properties, the study revealed that a lower print speed and a nozzle temperature of
185°C, along with a Gyroid infill pattern, resulted in the greatest tensile strength. However, for simplicity
and faster production, the Lines infill pattern could be preferred over the Gyroid, as it offers sufficient
tensile strength while reducing print time and complexity.

Statistical analysis, including ANOVA and regression modeling, validated the influence of the studied
parameters on both tensile strength and shape memory performance. The ANOVA results identified the
infill pattern as the most significant factor for tensile strength, while regression analysis quantified the
impact of print speed, nozzle temperature, and infill pattern. Residual and probability plots confirmed the
reliability of the models, ensuring their accuracy in predicting PLA/PCL blend performance under
different 3D printing conditions.

These findings contribute valuable insights into optimizing FDM parameters for PLA/PCL blends,
supporting the development of advanced materials for biomedical and 4D printing applications. The
Taguchi method proved effective in identifying optimal print parameter combinations, enhancing
reproducibility and reliability in process optimization.
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