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Abstract

This research utilizes stereolithography (SLA) technology to analyze the mechanical proper-
ties of the fabricated parts. SLA operates by precisely hardening liquid resin layer by layer
with a focused ultraviolet (UV) light, enabling the creation of precise shapes and intricate
details. Plant-based resins are becoming increasingly popular as alternatives to conven-
tional polymer resins. However, the mechanical performance of SLA-printed parts made
from bio-based materials can vary significantly depending on the printing parameters. To
achieve acceptable performance, the optimization of the printing parameters is crucial. This
study investigates the impact of print parameters on the mechanical and morphological
characteristics through the use of L27 Taguchi’s orthogonal array. For this purpose, a com-
bination of the most influential controlled parameters, including layer thickness, exposure
time, bottom layer count, bottom exposure time, lifting distance, lifting speed, and print
orientation, was assessed. The mechanical properties of the samples were evaluated after
washing and UV curing. The optimal parameter combination was identified using the
signal-to-noise (S/N) ratio, and analysis of variance (ANOVA) identified the significant
parameters affecting the mechanical properties. The findings confirmed by the morphology
analysis revealed that layer thickness, followed by bottom exposure time and exposure
time, strongly influenced interlayer bonding and mechanical performance.

Keywords: SLA 3D printing; plant-based resin; tensile strength; optimization; Taguchi

1. Introduction

3D printing, also known as additive manufacturing, is a technology for fabricating 3D
objects. It has the ability to create complex and geometric pieces in a single process. Unlike
traditional manufacturing methods, 3D printing builds objects layer by layer using plastic,
resin, metal, and composites. This layer-wise building enables sophisticated designs, less
material waste, and rapid prototyping [1-3].

Among the different types of additive manufacturing, vat photopolymerization tech-
nologies, such as SLA and digital light processing (DLP), rapidly entered the ranks of
manufacturing technologies due to their ability to fabricate complex geometries with high
resolution and very good surface quality. These technologies work through the selective
curing of liquid photopolymer resins using a light source. Therefore, the choice of 3D
printing technology plays an important role in applications that require precision, detailed

Eng 2026, 7, 237

https://doi.org/10.3390/eng7050237


https://crossmark.crossref.org/dialog?doi=10.3390/eng7050237&domain=pdf&date_stamp=2026-05-14
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/eng
https://www.mdpi.com
https://orcid.org/0009-0004-3597-9703
https://orcid.org/0000-0002-8403-3840
https://doi.org/10.3390/eng7050237

Eng 2026, 7,237

2 of 20

specifications, and complex geometrical designs [4]. The SLA category is extensively em-
ployed to produce components necessitating precise characteristics. It facilitates accurate
layer management and consistent curing behaviors, crucial for dependable mechanical
properties [5,6].

The mechanical behavior of photopolymerized vat fractions is entirely related to the
properties of the photopolymer resin. Recent studies have demonstrated that modified,
multi-component resin systems can be utilized to adjust and control mechanical properties
according to specific functional demands. These results suggest that resin selection repre-
sents a critical design factor in additive manufacturing, in addition to the optimization of
processing parameters [7,8]. Material compositions play an important role in governing the
mechanical response of photopolymer resin parts produced by SLA. Studies of biological,
chemically modified and reinforced photopolymers show that resin chemistry has large
effects on stiffness, strength and deformation behavior [5,9-11]. Furthermore, studies
related to medical and pharmaceutical applications highlight that SLA continues to be a
widely used resin-based printing technology due to its high dimensional accuracy, smooth
surface quality, and compatibility with various photopolymer materials [12,13].

The mechanical behavior of parts produced by SLA has commonly been assessed using
tensile, flexural, and wear testing methods. Experimental results consistently indicate that
the layer-by-layer fabrication process introduces heterogeneity, with the improvement of
interlayer bond quality playing a dominant influence in strength and failure behavior [14].
Comparative analysis shows that SLA-imprinted polymers often exhibit higher tensile
strength and more-uniform mechanical response than their extrusion-based counterparts,
mainly due to improved curing uniformity [15].

Printing parameters are considered as the main factors for controlling the mechanical
properties. Parameters such as layer thickness, exposure time and printing direction directly
influence curing uniformity, interlayer adhesion and tensile performance. It was shown that
improper parameter selection reduces mechanical properties, whereas optimized settings
greatly enhance both dimensional accuracy and mechanical consistency in SLA-based
fabrication, ensuring a more reliable outcome [16-19]. The printing parameters remain the
influential factor controlling the mechanical performance and manufacturing efficiency in
SLA printing. Studies show that the mentioned parameters, as well as lifting parameters,
affect tensile strength and printing time, confirming the need for systematic parameter
optimization in resin-based printing processes. These studies emphasize that parameter
optimization must consider both treatment behavior and post-processing effects [20-24].

The properties of photopolymer resins play an important role in introducing the me-
chanical and thermal performance of SLA-printed components, emphasizing the need for
improved resin formulations when targeting performance improvements [25,26]. It has
shown that post-curing enhances tensile strength and modulus by increasing cross-linking
density, while after UV curing, laser power and layer thickness collectively control mechani-
cal performance in SLA processes [27,28]. Recent research on SLA-printed parts proves that
the direction of printing and the layer thickness are the important parameters that improve
the tensile strength. Thinner layers (=0.05 mm) and flat orientations improve interlayer
bonding, leading to better tensile strength and stiffness, while thicker layers increase defects
and unevenness [29]. In a study conducted by Badea et al. [30] to compare SLA and FDM in
the fabrication of accurate geometries for parts, it was shown that SLA has good resolution
and surface finish. Similarly, an experimental study conducted by Hozdi¢ [31] to compare
the tensile properties of SLA-printed ABS-like resin and FDM showed that SLA consistently
exhibits higher tensile strength and Young’s modulus. Furthermore, Lube et al. [32] and
Golubovi¢ et al. [33] have confirmed that SLA /DLP technologies are capable of fabricating
in-depth geometries, homogeneity, and microstructure control and are more suitable for
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precision-requiring parts. On the other hand, researchers have extensively studied the effect
of printing parameters on the tensile behavior of printed parts. Temiz [20,34] investigated
the effect of exposure time and layer thickness on tensile strength and tensile behavior.
The effect of layer thickness and printing orientation on tensile properties of SLA dental
resin was evaluated by Farkas et al. [35], and the results showed that lower thickness en-
hances tensile strength, while orientation changes failure behavior. Rao and Neigapula [36]
demonstrated, using the Taguchi method, that exposure time and layer height were the
most important factors affecting the dimensional correctness. These findings highlight the
need for systematic optimization of SLA parameters when targeting mechanically reliable
photopolymer-made components.

Recent research on resin-based additive manufacturing using SLA technology indi-
cated that the mechanical performance of printed parts is governed by the interaction
between printing parameters and by resin formulation. While individual studies often
focus on isolated parameters or specific material systems, the collective literature indicates
that achieving reliable properties of the printed parts requires multi-parameter optimiza-
tion. Despite numerous studies in the areas of SLA-based resin printing, several gaps still
exist. Most current studies on petrochemical photopolymer resins have applied them to
SLA systems, while studies on plant-based UV resins using SLA printers are very scarce. In
addition, previous works have commonly focused on a limited number of printing param-
eters among the wide range of parameters available in SLA technology. Consequently, a
comprehensive understanding of how parameter interactions affect mechanical properties
in continuous resin systems remains lacking.

In this study, the focus is to investigate and optimize the mechanical properties
through tensile testing of printed parts using a desktop SLA printer and an eco-friendly
plant-based UV photopolymer resin that poses no adverse chemical effects to human skin
and does not emit harmful odors during use, considering a combination effect of the seven
most influential printing parameters. An experimental design-based Taguchi method
followed by statistical analysis is used to determine the most effective parameters and their
optimal levels to enhance the tensile properties in resin-based additive manufacturing.
In addition, field emission scanning electron microscopy (FESEM) was used to examine
fracture surfaces and microstructural features, providing insight into failure mechanisms
and interlayer bonding.

2. Materials and Methods
2.1. Materials

The material used in this study was plant-based UV photopolymer resin (PB-UV PR)
ordered from Anycubic, Commerce, CA, USA. The resin is designed for SLA applications
and receives relevant UV radiation in the wavelength range of 365405 nm. The resin
formulation is derived from soybean-based extracts, giving it a bio-based origin. According
to the manufacturer’s technical information, the resin does not produce a strong chem-
ical odor during handling, which reduces laboratory discomfort. Also, this material is
compatible with most commercially available LCD and SLA-based 3D printing systems.
The physical and mechanical properties of the resin, as reported in the manufacturer’s
technical datasheet, are presented in Table 1. These properties provide a general reference
for the material.

2.2. Equipment
2.2.1. SLA 3D Printing

The SLA 3D printer used in this study was the Creality HALOT MAGE PRO as shown
in Figure 1a. It supports a 10.3-inch monochrome LCD that provides an ultra-high resolu-
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tion of 7680 x 4320 pixels, which helps with controlled UV light exposure and accurate
feature reproduction. The printer works with an efficient UV light source at a wavelength
of 405 nm. The available build volume of the printer is 228 x 128 x 230 mm, suitable
for the fabrication of all test specimens in this study. According to the manufacturer’s
technical specifications, the printer is capable of printing speeds of up to 170 mm/h under
appropriate operating conditions.

Table 1. SLA plant-based resin properties.

Property Value Unit
UV wavelength 365-405 nm
Density 1.09-1.1 g/cm3
Viscosity 300-350 mPa-s
Flexural modulus 1400-1600 MPa
Tensile strength 35-40 MPa
Bottom exposure time 25-40 s
Heat deflection temperature 60-65 °C
Elongation at break 18-20 %
Flexural strength 42-48 MPa
Hardness 81-83 HD (Shore D)
Young’s modulus 1300-1500 MPa
Normal exposure time 2-2.5 s
Soybean oil derivatives, acrylate
Resin structure oligomers, reactive monomers, -
photo-initiators and additives
Resin wash Alcohol -

-

_«.GREALITY"®

Base for
holding the

specimens

Figure 1. SLA 3D printing package. (a) 3D printer. (b) Washing unit. (c) UV curing unit.
2.2.2. Washing and Curing

The printed samples’ post-processing was done through the wash-and-cure device
offered by Creality (Houston, TX, USA). The device is capable of performing washing
and UV curing actions in one system. First, a washing process was performed to clean
the printed samples with isopropyl alcohol (IPA, 96%) to remove uncured resin from the
sample surfaces. It supports time control between 5 and 30 min for both washing and
curing processes. The system has two operation modes, normal mode and fast mode, used
for both washing and curing. In the UV curing step, the samples were subjected to a UV
light source of wavelength 405 nm, to perform the post-curing process and ensure sufficient
polymerization within the samples. The washing and curing units are shown in Figure 1b,c.
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2.2.3. Universal Testing Machine

The universal testing machine Cussons Technology Ltd. (Salford, Manchester, UK) is
used to perform uniaxial tensile tests under controlled conditions. The testing system has a
maximum load capacity of 100 kN. The machine and the experimental setup are shown in
Figure 2.

Figure 2. Universal testing machine. (a) The machine. (b) Experimental setup.

2.3. Design of Experiment

In the current work, seven key printing parameters, namely layer thickness (LT),
bottom layer count (BLC), exposure time (ET), bottom exposure time (BET), lifting distance
(LD), lifting speed (LS), and print orientation (PO) of each of three levels, were selected to
study their effect on the tensile properties of the printed specimens. The selected parameters
with their corresponding levels are shown in Table 2. The limits of the parameters were
determined according to the operational capabilities of the SLA 3D printer and the results
of preliminary trials.

Table 2. Process parameters and their corresponding levels.

Level
Parameter Unit
1 2 3
LT 0.05 0.1 0.2 mm
BLC 2 4 6 -
ET 2 3 4
BET 20 30 40
LD 8 10 12 mm
LS 300 400 500 mm /min
PO 0 45 90 degree (°)

To organize systematic experimental runs and reduce the number of trials while
maintaining statistical reliability, Taguchi experimental design was used. The test setup has
been performed according to the Taguchi L27 orthogonal array using Minitab statistical
software 22.4.0, as shown in Table 3, to evaluate the individual and joint effects of the
printing parameters on the tensile properties. All samples were printed using a Halot-Mage
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Pro SLA 3D printer and PB-UV PR, and all non-printing conditions were kept constant
throughout the experimental runs to ensure comparability of results.

Table 3. Taguchi L27 orthogonal array and corresponding process parameters used in the experimen-

tal design.

Run LT BLC ET BET LD LS PO
1 0.05 2 2 20 8 300 0
2 0.05 2 2 20 10 400 45
3 0.05 2 2 20 12 500 90
4 0.05 4 3 30 8 300 0
5 0.05 4 3 30 10 400 45
6 0.05 4 3 30 12 500 90
7 0.05 6 4 40 8 300 0
8 0.05 6 4 40 10 400 45
9 0.05 6 4 40 12 500 90

10 0.1 6 2 30 8 400 90
11 0.1 6 2 30 10 500 0
12 0.1 6 2 30 12 300 45
13 0.1 2 3 40 8 400 90
14 0.1 2 3 40 10 500 0
15 0.1 2 3 40 12 300 45
16 0.1 4 4 20 8 400 90
17 0.1 4 4 20 10 500 0
18 0.1 4 4 20 12 300 45
19 0.2 4 2 40 8 500 45
20 0.2 4 2 40 10 300 90
21 0.2 4 2 40 12 400 0
22 0.2 6 3 20 8 500 45
23 0.2 6 3 20 10 300 90
24 0.2 6 3 20 12 400 0
25 0.2 2 4 30 8 500 45
26 0.2 2 4 30 10 300 90
27 0.2 2 4 30 12 400 0

2.4. Sample Preparation

The tensile test specimens (Figure 3) were prepared according to the ASTM D638-1
standard [37] and designed using AutoCAD 3D modeling software 2026 and then exported
in stereolithography (STL) format for printing process.

19\00 Qoo
‘ k7600 | 50.00 I ‘
| 115.00 |

— —4.00
|

165.00

Figure 3. Tensile test specimen geometry according to ASTM D638-I (dimensions in mm).

Figure 4 shows a schematic diagram of the sample preparation and testing. As shown
in the figure, the STL files were imported into Chitubox-Pro slicing software 3.3.0 in
which printing parameters were first determined based on Taguchi experimental design.
Suitable support structures were then designed to ensure the dimensional stability of the
samples. All samples were printed using the same SLA 3D printer and under the same
processing conditions, so that the differences were only in the printing parameters. Layer
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by layer, the designed samples were shaped by applying UV to cure the resin and solidify
it in an iterative process, depending on the selected printing parameters. Thereafter, the
printed samples were removed from the platform and prepared for washing and curing.
After conducting extensive experiments to identify an appropriate washing and curing
environment, the supports were removed from the specimens immediately after they were
taken from the printer. The specimens were then placed in the washing device for 6 min
using the fast mode. Following this, they underwent UV curing for 5 min at a wavelength
of 405 nm. Each group of specimens was secured in a specially fabricated base made
with a 3D printer (Figure 1c), which held the parts vertically to ensure that the UV light
reached every point on the specimens. After curing, the specimens were removed from
the device and placed in the lab environment for further observation. For each Taguchi
combination three specimens were made and tested to ensure repeatability and reduce test
error. The specimens were subjected to an evaluation of tensile properties using universal
testing machines. A gauge length of 50 mm was used, and the crosshead speed was kept at
5 mm/min. All tensile tests were performed at room temperature.

=

Plant-Based Resin

o
B

1. Resin Selection 2. Specimen design 3. Parameters x Levels
(Plant-based Resin)j (ASTM-D638-I1) / Taguchi L27 /

~

6. Support removal 5. Part removal 4. SLA printing
4 4 4

/ f /9. Universal Testing

7. Washing (IPA) 8. UV post-curing / Machine Y.

Figure 4. Schematic diagram of the sample preparation and testing.

It is worth mentioning that specimens were fabricated with three different orientation
angles of 0°,45°, and 90°. Unlike many previous studies these orientations were determined
by changing directions around the X-axis, rather than the Y-axis, as shown in Figure 5.
These are the deadlines for changing the number of layers, length and width of the layers.
Eighty-one printed specimens (Figure 6), three for each run (combinations of different
printing parameters), were prepared and tested.
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Figure 5. Print orientations of tensile test specimens defined by rotation around the X-axis with
respect to the build platform: (a) 90°, (b) 45°, and (c) 0°.

Figure 6. Printed tensile test specimens fabricated for tensile property evaluation.
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3. Results
3.1. Tensile Properties

Tensile tests were performed on all SLA-printed specimens. For each experimental
condition, three specimens were tested, and mean tensile properties with their standard

deviation (SD) and S/N ratios were calculated to ensure result reliability as shown in
Table 4.

Table 4. Tensile test results, S/N ratios and SD for SLA-printed specimens (bold means the maximum
and minimum values of tensile strength).

Run LT BLC ET BET LD LS PO Mean UTS (MPa) SD S/N (dB)
1 0.05 2 2 20 8 300 0 29.64 0.95 29.43
2 0.05 2 2 20 10 400 45 31.51 1.48 29.95
3 0.05 2 2 20 12 500 90 43.90 1.02 32.84
4 0.05 4 3 30 8 300 0 39.96 1.04 32.03
5 0.05 4 3 30 10 400 45 43.50 1.07 32.77
6 0.05 4 3 30 12 500 90 34.08 0.79 30.65
7 0.05 6 4 40 8 300 0 33.80 1.09 30.57
8 0.05 6 4 40 10 400 45 36.78 0.72 31.31
9 0.05 6 4 40 12 500 90 31.16 1.59 29.85
10 0.1 6 2 30 8 400 90 27.51 1.50 28.76
11 0.1 6 2 30 10 500 0 23.45 0.85 27.39
12 0.1 6 2 30 12 300 45 16.08 1.12 24.09
13 0.1 2 3 40 8 400 90 20.02 0.80 26.01
14 0.1 2 3 40 10 500 0 23.06 0.73 27.25
15 0.1 2 3 40 12 300 45 27.78 0.56 28.87
16 0.1 4 4 20 8 400 90 20.98 0.15 26.43
17 0.1 4 4 20 10 500 0 25.19 1.03 28.01
18 0.1 4 4 20 12 300 45 20.45 0.88 26.20
19 0.2 4 2 40 8 500 45 15.53 0.61 23.81

20 0.2 4 2 40 10 300 90 9.09 0.76 19.11
21 0.2 4 2 40 12 400 0 13.04 0.25 22.30
22 0.2 6 3 20 8 500 45 16.25 0.94 24.19
23 0.2 6 3 20 10 300 90 13.05 0.87 22.27
24 0.2 6 3 20 12 400 0 18.80 0.78 25.47
25 0.2 2 4 30 8 500 45 20.42 0.44 26.20
26 0.2 2 4 30 10 300 90 23.10 0.07 27.27
27 0.2 2 4 30 12 400 0 25.57 1.11 28.14

The tensile properties results showed clear differences between the different printing
conditions, which are related to the selected processing parameters (Table 2). Specimens
printed with lower layer thickness (0.05 mm) generally showed higher tensile strength,
while increasing layer thickness was in most cases accompanied by a decrease in tensile
strength. The highest value of ultimate tensile strength (UTS) was recorded in Run 3,
which reached 43.90 MPa when the specimens were printed with a layer thickness of
0.05 mm. The tensile strength obtained in this study is aligned with the range provided in
the manufacturer’s datasheet and exceeds the stated range of 35-40 MPa. This highlighted
the potential for successfully printing parts with the resin, taking into consideration the
combination of key influential parameters. However, the goal of this work was not just to
establish baseline properties but also to systematically optimize the printing parameters
using plant-based resin. An analysis of 27 runs and 81 printed and tested samples lead to
the identification of the optimal predicted parameters and higher tensile strength than that
mentioned above, which will be demonstrated later in the confirmation test. In contrast, the
lowest UTS value was recorded in Run 20 of only 9.09 MPa printed with a layer thickness
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of 0.2 mm. The increase in tensile strength at a layer thickness of 0.05 mm is due to the
improved interlayer bonding and the uniformity of the curing process. Thinner layers allow
UV rays to penetrate better through the material, which leads to a higher crosslink density,
which helps to improve load transfer between layers, ultimately leading to increased
tensile strength. The opposite is also true, increasing layer thickness leads to incomplete
polymerization and decreases tensile strength. These results are similar to those of previous
studies in vat photopolymerization systems [38,39].

The stress—strain curves associated with the highest and lowest tensile responses are
shown in Figure 7, which clearly show the differences in the mechanical behavior of the
samples. From the curve, a significant difference in stiffness and deformation capacity of
the two conditions can be observed. In Figure 7a, with a layer thickness of 0.05 mm, a strain
at break of 2.97% was recorded, in contrast, in Figure 7b, for 0.2 mm, it was only 0.66%.
This indicates that, under optimized conditions, the specimen has higher strength and load
carrying capacity until before failure. Regarding the elongation at break of 1.48 mm in (a),
compared with 0.33 mm in (b), it confirms that the printed samples have more-sustained
deformation before failure. Based on that, the improved results are not only limited to the
increase in tensile strength but also directly evident in stiffness and ductility, both of which
are hallmarks of credible mechanical performance in SLA-printed plant-based resin.

45 ¢
40 t

98]
S WD
T T

— NN W
S W
| E—

Stress (MPa)
(9]

Ju—
wn O
T T

1 1 1 1 1 )

0 0.5 1 1.5 2 2.5 3
Strain (%)

(a)

Stress (MPa)
S = N W kA 0 N O 0 O
T

1 1 1 1 1 1 J

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain (%)
(b)

Figure 7. Stress—strain curve for (a) Run 3 the maximum tensile strength, (b) Run 20 the minimum

tensile stregth.
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3.2. Signal-to-Noise Ratio Analysis

S/N ratio analysis was used to evaluate the robustness of SLA printing parameters
and to determine the optimal levels for improving tensile properties, following the larger-
is-better criterion. Average performances for S/N ratios at different levels of printing
parameters are summarized in Table 5. The results show that LT has a very significant effect
on tensile properties, as evidenced by the highest delta value and Rank 1, confirming the key
role of this parameter in mechanical performance. BET and ET showed a moderate effect
and hold Rank 2 and Rank 3, respectively, while BLC showed a smaller effect compared
with the mentioned parameters. Against those, LS and PO show a weak effect, while LD
has the least effect among the evaluated parameters. These trends emerged from the S/N
ratio analysis and were confirmed by the main effect plots shown in Figure 8.

Table 5. Average performance of S/N ratios for tensile properties (bold means the highest S/N ratio
for each parameter).

Level LT BLC ET BET LD LS PO
1 31.04 28.44 26.41 27.20 27.49 26.65 27.84
2 27.00 26.81 27.72 28.59 27.26 27.91 27.49
3 24.31 27.10 28.22 26.57 27.60 27.80 27.02

Delta 6.73 1.63 1.81 2.02 0.34 1.26 0.82

Rank 1 4 3 2 7 5 6

Main Effects Plot for SN ratios
Data Means
LT (mm) BLC ET (s)
30.0 \
\ . e
215 % T —
S —
25.0 \\.
0 0.05 0.10 0.20 2 4 6 2 3 4
g BET (s) LD (mm) LS (mm/min)
©
= 300
z .
N ¥
¥ 215 g \\‘ O — fe o~ o
c
g 25.0 l
2 20 30 40 8 10 12 300 400 500
PO (degree) |
30.0
275 "“\w—\\ﬂ
250
0 45 90
Signal-to-noise: Larger is better

Figure 8. Main effects plot for S/N ratios of tensile properties.

According to these results, optimal parameter levels were determined to achieve the
highest tensile properties, which provides a clear numerical basis for performing ANOVA
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analysis in the subsequent stage. The results of Table 5 show that LT with delta of 6.73 dB
and Rank 1 has the greatest influence on S/N ratio, which is confirmed by ANOVA (Table 6)
with a percentage contribution (P%) of 64.58%. The change in layer thickness from 0.05 mm
to 0.2 mm caused a significant change in the tensile strength, as explained in Table 4
(43.90 MPa to 9.09 MPa).

Table 6. ANOVA for S/N ratios.

Source DF Seq SS Adj SS Adj MS F P% p-Value
LT 2 21.34 21.34 10.67 34.48 64.58 0.001
BLC 2 1.81 1.81 0.90 2.92 5.48 0.093
ET 2 211 2.11 1.06 3.41 6.41 0.067
BET 2 2.27 2.27 1.13 3.67 6.88 0.057
LD 2 0.13 0.13 0.06 0.21 0.40 0.815
LS 2 1.15 1.15 0.58 1.86 3.51 0.197
PO 2 0.47 0.47 0.24 0.76 1.44 0.488
Residual error 12 3.71 3.71 0.31 11.27
Total 26 32.99

3.3. Optimization of Printing Parameters

According to the S/N ratio analysis results shown in Table 5, optimization of printing
parameters was performed to obtain the highest tensile properties. For each process
parameter, the level that showed the highest average S/N ratio was selected, following the
larger-is-better criterion, to provide robust tensile performance. According to these results,
optimal parameter combination represented by LT; (0.05 mm), BLC; (2 layers), ET3 (4 s),
BET), (30 s), LD3 (12 mm), LS, (400 mm/min) and PO; (0°) was determined to be used in
the printing phase. The effectiveness of this combination was checked by the confirmation
test, as described in Section 3.6.

This specific combination shows that achieving high tensile performance in SLA
printing of plant-based resin is related to the combination of the parameters not to the
enhancement of only a single parameter. The selection of levels is such that layer formation,
exposure control and lifting stability work together, enabling the printed structure to
form evenly and the tensile response to be recorded in a sustainable manner. Thus, this
optimization not only determines the best strength level but also provides an appropriate
basis for producing reproducible and reliable mechanical properties.

3.4. Analysis of Variance

ANOVA (Table 6) for S/N ratios was used to evaluate the statistical significance and
determine the percentage contribution of each printing parameter to tensile properties.
According to the table, LT is the only parameter that is statistically significant, with a
p-value of 0.001. Furthermore, the table indicates that LT contributes the most, with a
contribution of 64.58%, confirming its significant role in determining tensile performance.
Following LT, each of BET, ET, and BLC demonstrated a moderate effect, contributing
6.88%, 6.41%, and 5.48%, respectively. In contrast, LS and PO exhibited weaker effects.
Lastly, LD had the least impact, with a percentage contribution of only 0.40%.

According to the analysis of Tables 5 and 6, the S/N analysis and ANOVA are comple-
mentary in identifying the key parameters in determining tensile performance.

3.5. Interaction Effects of Printing Parameters

Interaction plots for ultimate tensile strength were used to examine the joint effect
between the printing parameters identified as the higher contributors, in particular LT, ET
and BET. The plots show that the effect of each parameter depends on the levels of the other
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parameters and does not just act independently. As obviously shown in Figure 9, there
is a clear interaction between LT and ET, where the effect of exposure conditions varies
with layer thickness. Also, interaction between ET and BET is shown to be asymmetric,
confirming the nonlinear behavior of the tensile response.

Data Means
2 3 4 20 30 40
T 0 T T T o T - 40
L ] L
30 i 005
—® - (.10
\ — e A __ E—
LT (mm) - /',4 - _/74\\ o - 020
R
J
- 40
ET
30 —*— 2
— - - 3
ET () 20 -*-- 4

Interaction Plot for Mean UTS (MPa)

BET (s)

Figure 9. Interaction plots illustrate the combined effects of LT, ET, and BET on the mean tensile properties.

The results show that obtaining the best tensile properties is not achieved by choosing
the optimal level of one parameter alone, but the synergistic effect between LT, ET and BET
should be taken into account. These results align with the S/N ratio analysis, optimization
results and ANOVA analysis and suggest the importance of interaction effects in SLA
parameter optimization. For instance, at an LT of 0.05 mm, the effect of exposure parameters
(ET and BET) is more pronounced, which shows that optimization must be done with a
balance of key parameters [20,35].

3.6. Confirmation Test

To verify the optimal parameter combinations determined in Section 3.3, a confirma-
tion tensile test was performed. Three specimens were printed using the optimal printing
parameters of 0.05 mm, two layers, 4 s, 30 s, 12 mm, 400 mm/min and 0° for LT, BLC, ET,
BET, LD, LS and PO respectively and then subjected to tensile testing. The test gives a
mean UTS of 47.21 MPa with an SD of 1.62 MPa, indicating good reproducibility and stable
tensile performance among the specimens. Also, the S/N ratio was determined according
to the larger-is-better criterion with a value of 33.47 dB.

An analysis of 27 runs and 81 printed and tested samples led to the identification of
the optimal predicted parameters and a higher tensile strength (47.21 MPa), exceeding the
manufacturer’s specified range of 35-40 MPa. This finding demonstrates that adjusting
process conditions can significantly enhance mechanical performance.
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The effective sample size, standard error, and confidence interval were calculated
based on the Taguchi method and using equations [40,41]:

N
neff = 1+ DOE 1)

The standard error was obtained using

Ve
SE= |5 2
nff )

At a 99% confidence level ¢y o512 = 3.055, the confidence interval was determined by
CI=txSE 3)

where V, represents the residual mean square error obtained from ANOVA; DOF denotes
the degree of freedom of the significant factor; and N is the total number of experiments.

Accordingly, the predicted tensile strength at the optimal setting was 43.79 + 5.06 MPa
in the range of 38.73-48.85 MPa. The experimental test, 47.21 MPa, falls within this confi-
dence interval, confirming the adequacy of the Taguchi prediction model. The percentage
error between predicted and experimental values was about 7.8%. Consequently, the con-
firmation test result shows that the optimization performed with S/N ratio analysis and
ANOVA analysis is equivalent and suitable for obtaining reliable tensile performance in
SLA printing.

As a summary of the results, the mechanical performances for maximum strength
(R3), minimum strength (R20), and the confirmation test (RCT) are displayed in Figure 10.
The figure shows enhanced mechanical performance at the optimized level for both R3 and
RCT when the specimens were printed using 0.05 mm layer thickness, in comparison to
R20 where the layer thickness was 0.2 mm. For instance, for the average tensile strength
(Figure 10a), significant improvements of 47.017% (RCT) and 43.69% (R3) were achieved.
Average strain (Figure 10b) was also enhanced by 86.33% and 77.77% for RCT and R3, re-
spectively. A similar pattern can be observed for the average Young’s modulus (Figure 10c),
the average elongation at break (Figure 10d), and the average force at break (Figure 10e).
The figures show a clear improvement in the mechanical properties. This is acknowledged
by the optimization process utilized in the current research and the proper methodology
followed at the design, printing, and post-printing stages.
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Figure 10. Cont.
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Figure 10. Mechanical parameters for maximum strength, minimum strength and conformation test.

3.7. Morphology Analysis

FESEM was used to examine the fracture surface of two representative tensile speci-
mens. One specimen showed the highest UTS (43.9 MPa) with 0.05 mm layer thickness,
while the second specimen had the lowest UTS (9.09 MPa) with 0.2 mm layer thickness. The
purpose of this analysis was to understand the relationship between fracture morphology
and tensile testing results. As shown in Figure 11a,b, the fracture surface of the sample
shows a mixed brittle-ductile behavior. The fracture surface is relatively smooth and
uniform, and the number of microcracks is very low, indicating controlled crack propaga-
tion. In addition, the presence of tear ridges indicates some plastic deformation prior to
fracture. These characteristics are compatible with the tensile test results, which showed
high strength and moderate elongation.

On the contrary, as shown in Figure 11c,d, the fracture surface of the defective sample
has a larger number of microcracks and plump fractures, which is a sign of stress concen-
tration and unstable crack growth. Clear signs of plastic deformation were not observed,
which caused early fracture and brittle fracture behavior. This morphology is directly
related to the low tensile strength and minimal elongation observed in the tensile test.

To support and complete the analysis, Figure 1le,f display FESEM images of the
fracture surface from the confirmation-test specimens. The images clearly show a more
homogeneous texture on the fracture surface, with almost no voids and cracks present.
This improvement, resulting from the optimized printing parameters, contributed to the
enhanced strength of the printed samples.
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SEM HV: 15.00 kV

From that, it can be concluded that the impact of the printing parameters’ optimization
by selecting the proper combination of the parameters is evident in the achievement of the

specimens thus providing an acceptable benchmark for SLA 3D-printed plant based-resin
in producing parts.

) SEM HV: 15.00 kV WD: 5.209 mm MIRAW TESCAN

WD: 5.209 MIRAW TESCAN
SEM MAG: 10.00 kx  Det: InBearrTm 5pum - SEM MAG: 50.00 kx  Det: InBeam 1 pm 7
P Dm'e("ww 0112026 n View field: 4.334 ym  Date(m/dAy): 01/20/26 n

View field: 21.67 ym

SEM HV: 15.00 kV
SEM MAG: 10.00 kx
View field: 21.67 ym

(a) (b)

Voids ——”

WD:9.206 mm MIRAW TESCAN SEMHV: 1500 kv WD: 9.286 mm MIRAW TESCAN
Gk 5 pm [/ SEMMAG: 50.00 kx  Det: InBeam 1 pm H
Date(m/dfy): 01/20/26 View field: 4.334 ym  Date(m/dAy): 01/20/26 n

(©) (d)

Figure 11. Cont.

https://doi.org/10.3390/eng7050237


https://doi.org/10.3390/eng7050237

Eng 2026, 7,237

17 of 20

4/23/2026 |spot| pressure

o

WD |mag o  det HV ‘ 100 pm
1:03:48 PM| 3.5 3.98x10"°Pa7.2 mm|1 000 x ETD 30.00 kV_ _inspect f 50-FEI Company

pressure | WD | mag o | det HV |
1:01:37 PM_ 3.5 3.98x10°Pa7.2 mm 15 000 x ETD 30.00 kV| _inspect f 50-FEI Company

(f)

Figure 11. FESEM micrographs: (a) highest tensile strength, (b) magnified view of the highest tensile
strength, (c) lowest tensile strength, (d) magnified view of lowest tensile strength, (e) confirmation
test, (f) magnified view of confirmation test.

The exposure conditions (ET and BET) play a crucial role in determining the degree of
polymerization, which affects both interlayer bonding and the formation of internal defects.
Consequently, the curing conditions directly influence the degree of polymerization of the
SLA plant-based resin. Higher curing energy enhances crosslink density and interfacial
bonding. However, excessive curing can lead to shrinkage-induced internal defects, voids,
or microcracks, which act as stress concentrators and reduce strength. These competing
effects determine the final mechanical performance. As observed in the strength of the
tested samples, reducing layer thickness helps to achieve more-uniform UV curing and
increases crosslink density. This improvement enhances interlayer bonding and minimizes
internal defects and microcracks, as seen in the FESEM analysis, resulting in higher strength
values. In contrast, increasing layer thickness can result in incomplete polymerization and
a greater number of defects, which directly diminishes mechanical performance.

4. Conclusions

This study investigated the impact of seven SLA printing parameters on the me-
chanical performance and morphology analysis of plant-based UV photopolymer resin
using the Taguchi L27 orthogonal array method. The S/N ratio analysis according to
the larger-is-better criterion identified the optimal parameter combination for maximiz-
ing tensile strength as 0.05 mm (LT), two layers (BLC), 4 s (ET), 30 s (BET), 12 mm (LD),
400 mm/min (LS), and 0° (PO). Under these conditions, the predicted tensile strength was
38.73-48.85 MPa with a 99% confidence level, where the confirmation test recorded a tensile
strength of 47.21 MPa.

ANOVA statistical evaluation confirmed that layer thickness was the most significant
parameter influencing the variation in tensile properties. In contrast, both bottom exposure
time and exposure time had a central effect, while lifting parameters had the least impact.

Morphological analysis using FESEM confirmed these findings; the specimen with the
highest tensile strength exhibited controlled crack propagation behavior, while the specimen
with the lowest strength displayed numerous microcracks and unstable crack growth.

A comprehensive understanding of the printing process, structure, and mechanical
performance of the printed parts was provided through the integration of Taguchi-based
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optimization, ANOVA, and morphological analysis in SLA-fabricated bio-based resins.
The results support that careful optimization of key printing parameters, followed by
proper post-processing of washing and curing environments, can significantly improve
the mechanical performance and structural integrity of plant-based resin, supporting its
potential as a sustainable alternative to petrochemical-based resins.

It is evident from the results that optimizing printing parameters and selecting
the right settings is a key factor in achieving desirable mechanical properties and high-
performance parts.

The findings of the current study reveal the potential for using plant-based resins
in SLA applications, emphasizing that further work, including additional mechanical
tests and characterization analysis, is necessary to enhance the mechanical performance
and minimize internal defects of the printed parts, taking into account the customer
requirements and the application environments for the end-user parts.
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