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ABSTRACT

This study aims to optimize tensile strength in Stereolithography (SLA) 3D printing by investigating the
effects of print orientation and layer orientation on mechanical properties. Employing a multilevel
factorial design, we systematically analyzed various print and layer orientations using both experimental
and computational methods. The experimental component, performed with an Instron 5566 machine,
identified a print orientation of 22.5 degrees and side orientations as optimal, achieving a tensile strength
of 72.01 MPa. Computational simulations using ANSYS software supported these findings, showing a
close correlation between experimental and simulated results. This research not only advances
theoretical understanding of SLA 3D printing processes but also offers practical insights for optimizing
tensile strength in manufacturing applications. By integrating experimental and finite element analysis
(FEA) results, which predicted a maximum stress of 71.97 MPa under a 686 N load, the study contributes
valuable knowledge for enhancing additive manufacturing practices and informs future research on
parameter optimization.

Keywords : SLA 3D Printing, Tensile Strength, Printing Process Parameters, Finite Element Analysis.

1. Introduction

Additive manufacturing, notably three-dimensional (3D) printing, has revolutionized the
manufacturing industry by enabling the creation of complex and customized components from
digital designs. This technology contrasts sharply with traditional subtractive methods that
involve removing material from a solid block. By building objects layer by layer, 3D printing
offers unparalleled design flexibility, rapid prototyping, and on-demand production, which have
transformed various sectors including aerospace, medical, and automotive industries (Zhou &
Wang, 2023; Rose & Bharadwaj, 2023). The ability to produce intricate geometries and tailor-
made parts with ease underscores the disruptive nature of this technology (Doungkeaw et al.,
2023; Tariq et al., 2023).

Despite its advancements, the quality and performance of 3D-printed components are
significantly influenced by several factors, including material properties, printing parameters,
and post-processing techniques. One critical aspect that affects mechanical properties and
structural integrity is print orientation how the object is aligned relative to the build platform
during printing (Dzogbewu et al., 2020; Nazir et al., 2023). However, determining the optimal
print orientation remains challenging due to its interaction with part geometry, material
characteristics, and application requirements (Marsavina et al., 2022; Jirkd et al., 2023). This
study addresses a notable gap in the literature regarding the systematic exploration of how print
orientation angles affect the mechanical properties of 3D-printed materials. This gap is
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significant as it influences both the performance of the final product and the efficiency of the
manufacturing process. In industries where reliability and strength are crucial, such as aerospace
and medical applications, an incomplete understanding of print orientation can lead to
suboptimal designs and potential failures (Sossou et al., 2018; Kafle et al., 2021).

Previous research has explored various aspects of additive manufacturing, including
material selection and process optimization (Fayazfar et al., 2018; Arefin et al., 2021; Ngo et al.,
2018). However, while studies such as those by Caminero et al. (2019), Subbiah (2020),
Fernandez-Vicente et al. (2016), and Lalegan et al. (2020) have highlighted the impact of print
orientation on mechanical properties, they have often focused on materials and processes
different from SLA technology. This study aims to bridge this gap by examining the influence
of varying print orientation angles specifically within SLA 3D printing contexts. Additionally,
by integrating finite element analysis (FEA), the research introduces a novel approach to
predicting tensile load capacity, thus extending previous findings and providing a more
comprehensive understanding of SLA-printed materials. This approach contrasts with but
complements existing studies by enhancing the accuracy of structural behavior predictions.

The primary objective of this study is to systematically investigate the effect of layer
orientations on the mechanical properties of SLA-manufactured polymer materials. Utilizing a
multilevel factorial design, the study will explore five orientation angles (0°, 22.5°, 45°, 67.5°,
and 90°) and two print orientations (flat and side) to provide insights into optimizing tensile
strength and structural integrity. The findings aim to address challenges related to achieving
consistent mechanical performance in 3D-printed components, particularly in high-reliability
applications. Furthermore, the study will contribute to existing methodologies by offering a
validated framework for using FEA to predict tensile load capacity, thereby improving design
and manufacturing processes (Asif et al., 2019). The research framework is illustrated in Figure
1.

Fig. 1. The research framework of investigating tensile strength for SLA 3D Printing,

2. Material and methods
2.1 Tensile Testing Procedures

Tensile testing was conducted in strict accordance with the protocols specified in 1SO
527, ensuring that the procedures followed are well-established and standardized for evaluating
the tensile properties of plastic materials. For this study, Type 1BA specimens were selected as
per the standard's guidelines, providing consistency in the testing process and enabling reliable
comparisons of the mechanical properties across different print orientations. The geometric
characteristics of these specimens are visually represented in Figure 2, which provides a detailed
view of their configuration and dimensions.
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Fig. 2. Geometry of 1ISO 527 type 1BA specimens (Sagias et al., 2018).
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The testing was performed using the Instron 5566 testing machine, which has a load
capacity of 500 N. This equipment was chosen for its precision and reliability in mechanical
testing. A consistent testing rate of 0.5 mm/min was maintained throughout the experiments,
which is a standard practice to ensure accurate and reproducible results. This rate is critical in
controlling the strain rate applied to the specimens, influencing the tensile strength
measurements.

During the testing, the symbol A, represented the preliminary cross-sectional area of the
specimen, while L denoted the distance between the grips of the unloaded specimen. To ensure
accurate displacement measurements, we used the coefficient ¢ = 0.082, previously determined
by Cosmi et al. (2018), to correct for displacement at the grips instead of the gauge length. The
acquisition frequency (f) and extensometer resolution (r) were also carefully monitored to
ensure precision in recording the tensile strength data.

The stress-strain curves generated from the tests were analyzed to determine key
mechanical properties, including maximum stress and Young’s modulus. As per ISO 527
standards, Young’s modulus was calculated as the slope of the regression line formed by data
points within the strain range of e; = 0.05% and e, = 0.25%. The elongation speed (v) was
adjusted according to the 1SO standard formula to ensure an adequate number of data points
within this range, facilitating accurate and reliable determination of Young’s modulus for the
polymeric material under investigation. Stress (o), strain (&) were determined using the
following equations:

g=_ 1
_ AL (2)
€= (L(1-e))
v=1kx 3
Lo

2.2 Printing Conditions

SLA fabrication, as shown in Figure 3a, starts by pouring photopolymer liquid resin into
a tank positioned above a movable platform submerged just beneath the liquid surface. Guided
by computer algorithms, specific areas of the resin solidify upon exposure to a UV laser,
typically with layer thicknesses of 35-50 micron. After each layer solidifies, the platform
descends by the layer thickness, and any remaining volume is replenished with liquid resin. The
process continues with successive layers solidified using the UV laser technique, aided by the
resin's adhesive properties ensuring seamless layer adhesion. Supports prevent displacement
during layer formation and are removed post-fabrication. Customized photopolymer resins serve
as the primary material, often requiring additional curing through UV bath treatment. The SLA
3D printer, Photon Mono 4K (3,840 x 2,400 px) by Anycubic, as seen in Figure 3b, features XY
resolution of 35-micron, layer resolutions from 10 to 20 micron, and dynamic Z resolution from
10 micron. Printing dimensions at 165 x 132 x 80 mm. Operating at 50 mm/hr., it utilizes LCD-
based SLA printing with a Monochrome LCD light source, ensuring prolonged lifespan and
includes an automatic shutdown mechanism upon opening the top UV blockage cover.
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Fig. 3. illustrates the SLA system, as depicted in reference (Ahmed et al., 2022). (a) portrays the process of 3D
printing based on SLA, while (b) showcases the SLA-based 3D printer.

Utilizing UV-sensitive resin as the printing material, renowned for its ability to produce
robust plastic parts suitable for a wide range of applications, specifically tailored for
compatibility with Anycubic printers (Ertugrul et al., 2023). The UV-sensitive resin, sourced
from Anycubic, China, adheres to rigorous quality standards. Detailed material properties of the
UV-sensitive resin in its green state, sourced from the company's datasheet, are presented in
Table 1 for reference.

Table 1 - Properties of Anycubic 3D Printing UV Sensitive Resin.

Properties Value
Viscosity (MPa/sec) 552
UV wavelength (nm) 405
Liquid density ( g/cm®) 1,100
Constant density ( g/cm?) 1.184
Tensile strength (MPa) 234

Modulus of elasticity (GPa) 2.3
Elongation at Break (%) 14.2

We utilized the Anycubic 3D Printing UV Sensitive Resin, a UV-curable resin
specifically designed for use in visible-light SLA 3D printers. The composition of this resin
includes hyperbranched acrylate (20-60%), polyfunctional alkoxylated acrylate (10-55%),
monofunctional acrylate (20-50%), visible-light initiator (0.2-10%), sensitizer (0.1-5%),
fluorescent brightener (0.1-3.5%), UV color paste (0.5-10%), and defoamer (0.1-5%). These
components are mixed in precise proportions, followed by heating and stirring to produce the
final resin. This specific resin was chosen for its rapid curing properties, excellent toughness,
and ease of preparation, making it highly suitable for producing detailed and mechanically
robust parts in visible-light SLA 3D printing.
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Fig. 5. Different orientation angles with print orientations (side).

The layer height was set at 0.05 mm, a parameter selected to balance print speed with
surface quality and dimensional accuracy. This choice of layer thickness is critical because it
influences the resolution of the printed object, with finer layers generally resulting in smoother
surfaces and better mechanical properties due to improved layer adhesion. In our study, this
parameter was vital in ensuring that the tensile strength measurements accurately reflected the
inherent properties of the material rather than being confounded by surface imperfections.

Specimens were printed at various orientations (0° to 90° in 22.5° intervals) to investigate
the effect of orientation on tensile strength, with each orientation representing the angle between
the specimen axis and the vertical direction (z-axis). Printing at multiple orientations allowed us
to assess the anisotropy of mechanical properties, which is known to be influenced by the
direction of layer stacking relative to the applied load. By analyzing these orientations, we
aimed to determine how the alignment of layers affected the tensile strength, particularly in
relation to potential weak points at layer interfaces.

After printing, all specimens underwent a cleansing process with IPA alcohol for 10
minutes, followed by post-curing under 405 nm UV light for 30 minutes using
the Anycubic Wash & Cure 2.0 machine. The post-curing process was crucial in enhancing the
mechanical properties of the resin by ensuring complete polymerization, which directly affects
the tensile strength and overall durability of the printed parts.

Finally, the specimens were stored for 30 days under ambient room conditions, away
from direct light and UV exposure, to stabilize their properties before testing. This storage
period allowed us to minimize the effects of any residual stresses or incomplete curing that
could skew the tensile strength results.

SIRISEE | .

Fig. 6. SLA 3D printed resin samples different angles and flat orientations.
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Fig. 7. SLA 3D printed resin samples different angles and side orientations.

Figures 4-7 illustrate the different orientation angles and print orientations (flat and side)
as well as the SLA 3D printed resin samples after the post-curing process. These visual
representations highlight the importance of orientation and post-processing in determining the
final mechanical performance of the specimens.

2.3 Experimental Design

The experimental methodology employed in this study was structured to identify
statistically significant variables influencing ultimate tensile strength in 3D-printed specimens,
utilizing Minitab 19 software (Minitab, Ltd., Coventry, UK). The study focused on evaluating
the effects of orientation angles (A) and print orientations (B) on tensile strength. The
experimental design included three replications for each condition, enhancing the statistical
robustness of the findings.

A total of 30 unique combinations of experimental conditions were systematically
generated, as outlined in Table 2, to explore the influence of these factors comprehensively.
Each combination was tested using 30 specimens. The specimens were designed with specific
dimensions in figure 2 and a standardized dog-bone shape, following the guidelines outlined in
ISO 527 type 1BA to ensure consistency and comparability of results.

During the printing process, specimens were oriented at five distinct angles (0°, 22.5°,
45°, 67.5°, and 90°) relative to the build platform, with two different print orientations: flat and
side (Shim et al., 2020; Saini et al., 2020). This setup was devised to comprehensively capture
the potential variations in mechanical properties due to orientation.

Experiments were conducted under controlled environmental conditions, with the
temperature maintained at 25°C and relative humidity at 50%, ensuring that external factors did
not introduce variability into the results. The printing material used was a standard
photopolymer resin and the specimens were printed using the Photon Mono 4K SLA printer,

with layer resolutions of 0.05 mm.
Table 2 - Multilevel factorial design of relevant factors and their levels.
Factors Levels Unit
1 2 3 4 5
Orientation angles 0 225 45 675 90 degree
Print orientations  flat side - - - type

2.4 Modelling with FEA in ANSYS

In conducting finite element modelling to simulate various experimental tests such as
tensile, bending, and plate penetration modes, it is imperative to account for several factors that
influence the behavior of the model and subsequent simulation outcomes. One of the key
considerations is accurately modelling the material's behavior, as it governs the structural
response within the computational framework. In this study, we meticulously examined the
material's behavior across both elastic and plastic ranges, encompassing evaluations of large
deformation behavior and material non-linearity. We evaluated the multilinear isotropic
hardening elastic-plastic model within ANSYS to define stress-strain behavior, with the elastic
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portion characterized by modulus and yield stress, and subsequent stress-strain points
representing the remaining curve. While we adopted the Von Mises yielding criterion for the
model, we acknowledge its varying accuracy for plastics, particularly in scenarios involving
hydrostatic stress components, which are less common in plastic components with small
thickness values. Furthermore, we investigated the impact of utilizing different Poisson's ratio
values and conversion methods from engineering stress-strain values to more accurate "true”
data. Regarding modelling test loading conditions, considerations extended to encompassing the
various contact areas between metallic testing devices and plastic specimens, as well as inherent
symmetries in modelling geometries. Additionally, we examined the influence of employing
different friction coefficients between metallic and plastic components. Moreover, the selection
of appropriate element types played a critical role, with multipurpose specimens and square
plates being capable of being modelled using either 3D solid or shell-type elements.

2.5 FEA Model Setup

The finite element analysis (FEA) for this study was performed using Ansys 2023 R1
software, which was chosen for its robust capabilities in simulating the mechanical behavior of
complex structures and materials, particularly in the context of additive manufacturing. The
geometric representation of the 3D-printed samples in the FEA model was based on the actual
dimensions and shapes of the tensile specimens used in the experimental tests. This ensured that
the simulation closely mirrored the physical characteristics of the printed samples, allowing for
more accurate predictions of their mechanical behavior.

2.5.1 Boundary Conditions and Loading Scenarios

In the FEA model, the base of the specimen was fixed to replicate the grip conditions
during the tensile tests, preventing any movement and providing a stable reference point for the
applied loads. A distributed tensile load was applied to the opposite surface of the model,
simulating the forces experienced during the actual tensile testing. This load was incrementally
increased until the maximum principal stress in the model reached the minimum mechanical
strength of the SLA 3D-printed resin. This approach ensured that the simulation captured the
critical stress points and provided a realistic assessment of the specimen’s load-bearing
capacity.

2.5.2 Element Types and Mesh Considerations

Various element types commonly used for analyzing thermoplastic components were
employed in the simulation. These included solid hexahedral elements with and without mid-
side nodes, shell-type quadrilateral elements without mid-side nodes, and solid tetrahedral
elements with mid-side nodes. The choice of these elements was based on their ability to
accurately model the complex stress-strain behavior of the material, especially in regions prone
to stress concentrations. The static structural mechanical analysis module in ANSYS utilized
wedge elements measuring 1 mm in size for the 3D-printed specimens. This fine mesh,
combined with higher-order solid elements containing intermediate nodes, was crucial for
accurately capturing the material's response to tensile loading, particularly in the necking region
(Arriaga et al., 2007).

The FEA model consisted of 1,520 elements and 9,053 nodes, providing a detailed and
precise simulation of the tensile behavior. The results obtained from the 3D mesh employed in
the ANSYS simulations are depicted in Figure 8, showcasing the solid model used for
simulating the tensile tests.
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Fig. 8. FEA solid model for simulating tensile testing.

2.5.3 Validation and Challenges

To ensure the accuracy of the FEA model, a validation process was conducted by
simulating the uniaxial tensile test, for which experimental stress-strain data points had been
collected. The force-displacement curve obtained from the simulation was compared to the
experimental results. The close alignment between the two curves confirmed the validity of the
model for uniaxial tensile mode. However, accurately reproducing the significant "necking”
phenomenon during the simulation posed challenges, as it introduced instability in the model
due to the sharp decrease in stiffness at maximum load. By utilizing a fine mesh and higher-
order solid elements with intermediate nodes, the simulation achieved improved accuracy in
replicating this singularity, providing a more reliable prediction of the material’s behavior under
tensile loads.

3. Results
3.1 Tensile testing analysis

The experimental setup employed for conducting tensile testing on the Instron 5566
machine, specifically for one of the orientation angles and print orientation configurations (side-
flat), is illustrated in Figures 9. Stress-strain curves corresponding to each orientation are
depicted in Figures 10. Notably, the failure load exhibits a noticeable increase from 0 to 22.5
degrees, attributed to the print layer's angled alignment relative to the loading direction.
Subsequently, a decrease in failure load is observed as the orientation angle progresses from
22.5 to 45 degrees, indicating an off-axis orientation of the print layer relative to the applied
load direction, thereby promoting shear failure along the weaker build layer direction.
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Fig. 9. illustrates stress-strain curves obtained during tensile testing for all orientation angles, including (a) side
orientations. (b) flat orientations.
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Fig. 10. Tensile testing results for all the orientations angle angles, including (a) side orientations. (b) flat
orientations.

This trend continues with further decreases in failure load as the orientation angle
increases to 67.5 degrees, reaching a minimum at 90 degrees where the print layer is
perpendicular to the applied load direction. Specimens constructed parallel to the tensile test
direction exhibit flexible yet robust bonding, while those built perpendicular to the test direction
demonstrate diminished mechanical properties, consistent with prior research findings.
Additionally, variations in print orientations significantly impact specimen strain or extension
during testing, with extensions increasing from 0 to 45 degrees due to print layers aligned with
the load direction. Conversely, extensions decrease as print orientation shifts from 45 to 67.5
degrees, reaching a minimum at 90 degrees where the print layer aligns perpendicularly to the
load direction. Maximum tensile strength values across different orientations and print
orientations are visually represented in Figures 10.

3.2 Analysis of variance (ANOVA)

Table 3 presents the obtained tensile strength values (in MPa) across various testing
conditions. An analysis of variance (ANOVA) depicted in Table 4 was conducted to ascertain
the relative significance of each primary factor. Evaluation of the dataset's fit involved scrutiny
of R-squared and adjusted R-squared statistics. Furthermore, statistical significance was
attributed to each main effect and its interaction if the p-value fell below 0.05. The analysis
revealed that orientation angles (denoted as A) and print orientation (denoted as B) exerted a
discernible influence on tensile strength, with the interplay between these variables being

particularly noteworthy.
Table 3 - Tensile strength of SLA 3D printed resin specimens result for the testing conditions.
Condition Factor A Factor B Tensile Strength (MPa)
Rep.l Rep.2 Rep.3

1 0.0 Side 63.25 6355 66.87
2 0.0 Flat 61.78 6218 64.98
3 225 Side 7235 7201 7237
4 22.5 Flat 7113 70.89 71.04
5 45.0 Side 67.54 6585 64.35
6 45.0 Flat 66.98 64.61 63.28
7 67.5 Side 61.74 60.56 59.87
8 67.5 Flat 60.88 59.76 58.45
9 90.0 Side 6145 6152 63.22
10 90.0 Flat 60.46 60.18 62.81

Table 4 - Analysis of variance (ANOVA) for tensile strength.
Source DF AdjSS Adj.MS F-Value P-Value

Model 9 484425 53.825  28.85 0.000
Linear 5 483982 96.796  51.89 0.000
Factor A 4 474247 118562 63.55 0.000
FactorB 1 9.736 9.736 5.22 0.033
2 Way 4 0.443 0.111 0.06 0.0993
AB 4 0.443 0.111 0.06 0.0993
Error 20 37312 1.866

R-sq = 92.85% R-sq (adj) = 89.63%
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The R-squared (R?) value indicates that the model accounts for 92.85% of the variability
observed in tensile strength, indicating a strong fit between the model and the data. The residual
plot for tensile strength and the normal probability plot of the residuals, depicted in Figure 11,
illustrate certain characteristics. In the residual plots, the residuals of the response variable are
uniformly scattered around zero, suggesting randomness and absence of systematic error.

The observation points displayed in the normal probability plot exhibit a random
distribution, indicating that the process parameters investigated in this study follow a normal
and independent distribution when compared to the model fits. Moreover, the histogram of
residuals demonstrates approximate symmetry. Analysis of residuals against the order reveals
no discernible pattern, further supporting the model's validity and the absence of systematic bias
in the data.
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Fig. 11. The residual plot of tensile strength.

Figure 12 presents a Pareto chart utilized for quantifying the size and significance of
effects. This chart illustrates the absolute values of standardized effects, arranged in descending
order from largest to smallest. Standardized effects, represented by t-statistics, assess whether
an effect is statistically different from zero, the null hypothesis. In the Pareto chart, bars
corresponding to factors A and B intersect the reference line at 2.09, indicating statistical
significance at the 0.05 level with the current model terms. Within the specified range, the order
of influence for these factors is A>B.
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Fig. 12. Pareto chart of the effect of tensile strength.

As indicated by the statistical model analysis, variable A appears to hold the highest
level of significance, suggesting it may exert the most pronounced influence. Conversely, the
relationship between variable B emerges as the second most significant factor. Utilizing the
response optimizer function depicted in Figure 13, the optimal conditions for maximizing
tensile strength were identified. These conditions entail orientation angles set at 22.5 degrees,
combined with a print orientation of "side," resulting in a tensile strength of 72.24 MPa.
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Fig. 13. Optimal tensile testing condition of experimental boundary.

3.3 Validation experimental results

To validate the optimal factors influencing the tensile strength of SLA 3D printed resins
test specimens identified through the response optimizer function, another experimental test was
conducted. Specifically, the specimens were positioned in the slicing program with orientation
angles set at 22.5 degrees and a print orientation of “side,” as illustrated in Figure 14.
Subsequently, five test specimens were printed, as depicted in Figure 15, to ascertain the tensile
strength value. This procedure was 2 replications resulting in a total of 10 specimens.

Fig. 14. orientation angles set at 225 degrees and side orientation.

Fig. 15. SLA 3D printed resin samples angles 22.5 degree and side orientations.
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Fig. 16. Boxplot assessing temporal differences between control variables and tensile strength.

Following the experimental printing, an analysis was conducted to compare the tensile
strength values obtained from the experiment with the response values generated by the
Response Optimizer function. This comparison aimed to determine if the results aligned in the
same direction with statistical significance. Utilizing the One Sample T-Test, variations in data
between the validation tensile testing and the response values obtained from the Response
Optimizer function were assessed. Formulating both primary (Ho: p = 72.2433) and secondary
hypotheses (H,: 1 = 72.2433), the analysis aimed to discern any statistically significant
differences in tensile strength at a 95% confidence level. The results, detailed in Table 5 and
illustrated in Figure 16, revealed a P-value = 0.130 greater than 0.05 (equivalent to 1),
indicating no statistically significant difference in tensile strength between the validation testing

and the response values generated by the response optimizer function.
Table 5 - The test results serve to validate the effectiveness of the optimal condition.
N Mean StDev SE Mean 95% CI for p
10 72.016 0431 0.136 (71.708, 72.324)

Null hypothesis H,: u=72.2433

Alternative hypothesis H,: p #72.2433
P-Value = 0.130

3.4 Finite Element Analysis

In addition to the experimental approach for assessing strength, a computational model
was constructed using the ANSYS software. Computer simulations offer the capability to
forecast and analyze the behavior of materials and structures under diverse conditions. This
software relies on finite element analysis, a numerical technique employed to address complex
engineering and mathematical challenges by subdividing continuous systems into more
manageable elements. However, it is crucial to recognize that the accuracy of simulations
hinges significantly on the precision of input data and assumptions made during the modeling
process. The uniaxial test stands as a prevalent practice within the realm of mechanical material
testing, aiming to evaluate a material's mechanical attributes under varied forces. It yields
pertinent insights into the material's response to external loads, thereby facilitating the
determination of diverse mechanical properties. Such insights play a pivotal role in material
assessment, design considerations, and the assurance of safety and reliability across a spectrum
of engineering applications.

The validation tests on 10 specimens incorporated Young's modulus, calculated as the
arithmetic mean. Table 6 outlines additional values pertaining to the boundary conditions. The
mechanical properties outlined in Table 6 were derived from the mechanical testing conducted
subsequent to post-curing, using information sourced from the technical datasheet of UV-
sensitive resin (Giannopoulos et al., 2021). The resin is characterized by a Poisson ratio of 0.35
and a density of 1.18 g/cm®.
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Table 6 - Linear parameters of SLA 3D printed resin specimens.

Properties Value (Unit)
Tensile strength 72.016 MPa
Young ‘s modulus 1.12 GPa
Poisson ratio (Giannopoulos et al., 2021). 0.35
Density (Braileanu et al., 2020). 1.18 g/cm®

The mechanical properties of the SLA 3D printed resin were determined through
mechanical testing and subsequently integrated into the Finite Element Analysis (FEA)
program. The optimal mechanical strength, represented by a tensile strength of 1.73 MPa, was
identified. In the FEA simulation, the base of the 3D model was securely fixed, while a
distributed tension load was randomly applied to the surface of the specimen, as depicted in
Figure 17.

A: Static Structural
Static Structural
Time: 1.5
2/17/2024 9:01 PM

. Force: 686. N
- Fixed Support

0.00 25.00 50.00(mm)
L SEE— S
1250 37.50
Fig. 17. specimen boundary conditions for tension.

A: Static Structural

Equivalent Stress

Type: Equrvalent (von-Mises) Stress
Unit: MPa

Time: 15

2/17/2024 8:50 PM
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56556
52.702
48,849
4499
4114
37.285
33431
20577
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18015 0.00 25.00 50.00(mm)
14.161 Min e — S——
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Fig. 18. Illustrates the outcome of the finite element analysis (FEA): the equivalent stress under the applied load of
686 N.
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Fig. 19. illustrates the outcome of the FEA simulation: the equivalent strain resulting from the applied load of 686 N.

Upon subjecting the 3D model to a series of tension loads, it was observed that the
maximum stress of 71.972 MPa occurred at a tension load of 686 N, aligning with the optimal
mechanical strength of the SLA 3D printed resin in Figure 18. Consequently, it is advised that
the maximum load not exceed 686 N or 68.6 kg. Additionally, the elastic strain under the
applied load was measured at 0.064 mm/mm, as illustrated in Figure 19.

4. Discussions
4.1 Investigation into the Impact of Printing Orientation on Tensile Strength in SLA 3D
Printing

In our investigation on the influence of print orientation on tensile strength in SLA 3D
printing, we observed significant variations in tensile strength across different orientation
angles. For instance, specimens printed at an angle of 22.5 degrees exhibited the highest tensile
strength, reaching up to 70 MPa (Temiz et al., 2023). This aligns with findings from Saini, who
reported similar trends in their study (Saini et al., 2020). However, Martin-Montal found
optimal tensile strength at a different orientation angle of 45 degrees, underscoring the
complexity of this relationship. Understanding these nuances is crucial for optimizing part
design and manufacturing processes in various industries (Martin-Montal et al., 2021). These
findings highlight the importance of strategic part orientation in SLA 3D printing to achieve
desired mechanical properties. By leveraging insights from our study and comparing them with
existing research, engineers and designers can enhance product performance, minimize material
waste, and drive innovation in additive manufacturing. Continued research in this area will
further advance our understanding of print orientation's impact on mechanical properties, paving
the way for more efficient and effective 3D printing applications.

This table 7 illustrates the variation in optimal print orientation and corresponding
tensile strength reported across different studies. While our study found the highest tensile
strength at a 22.5-degree print orientation, (Smith et al., 2020) reported optimal strength at 45
degrees, and (Johnson et al., 2018) observed peak strength at 30 degrees. These discrepancies
highlight the complexity of print orientation's impact on mechanical properties and underscore
the need for further research to elucidate optimal printing strategies for achieving desired

mechanical performance in SLA 3D printing.
Table 7 - Comparison of tensile strength based on print orientation in SLA 3D Printing.

Study Print Orientation  Tensile Strength (MPa)
Our Study 22.5 degrees/side 72.01
Temiz et.al. (2023)  22.5-45 degree/side 64.73
Saini et al. (2020) 22.5 degrees/flat 70.05
Farkas et al. (2018) 45 degrees/side 85.9

4.2 Influence of Layer Orientation on Mechanical Properties
In examining the influence of layer orientation on mechanical properties in additive
manufacturing, our study revealed nuanced variations in mechanical performance based on the
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orientation of printed layers. Specifically, we found that altering the layer orientation angle
resulted in significant changes in mechanical properties such as tensile strength and Young's
modulus. This aligns with the findings of Aravind, who similarly reported varying mechanical
properties based on layer orientation in their study on SLA 3D printing (Aravind et al., 2020).
However, Hozdi¢ observed contrasting results, suggesting that the optimal layer orientation for
mechanical strength may differ based on factors such as material composition and printing
parameters (Hozdi¢ et al., 2024).

Comparing these findings underscores the importance of considering multiple factors
when determining the optimal layer orientation for desired mechanical properties. While our
study and that of Aravind et al. (2020) indicate consistent trends in mechanical performance, the
disparities observed in Pandzic study emphasize the need for further research to elucidate the
complex relationship between layer orientation and mechanical properties (Pandzic et al., 2021).
By integrating insights from these studies, engineers and researchers can refine additive
manufacturing processes to achieve superior mechanical performance in a wide range of
applications.

4.3 Comparison of Experimental and Computational Results

In comparing our experimental results with computational simulations, we uncovered
intriguing insights into the accuracy and reliability of predictive models in additive
manufacturing. Our study revealed a close agreement between experimental and computational
results, particularly in predicting the mechanical behavior of 3D printed specimens under tensile
loading conditions (Yang, et al., 2018). This finding is consistent with the research conducted
by Soufivand, who similarly reported strong correlations between experimental and
computational results in their study on FEA-based simulations of additive manufacturing
processes. However, discrepancies between experimental and computational results were
observed in certain cases, highlighting the inherent challenges in accurately modeling complex
material behaviors and printing processes (Soufivand et al., 2020).

Contrasting findings were noted in the study by Cuan-Urquizo, where significant
deviations between experimental and computational results were reported, particularly in
predicting the mechanical properties of printed parts under varying loading conditions. These
disparities underscore the importance of refining computational models and input parameters to
enhance predictive accuracy in additive manufacturing simulations. Despite these challenges,
our study underscores the potential of computational simulations as valuable tools for predicting
mechanical performance in additive manufacturing, albeit with careful consideration of model
assumptions and limitations. Continued research in this area will be pivotal in advancing the
reliability and applicability of computational modeling in additive manufacturing processes
(Cuan-Urquizo et al., 2019).

4.4 Implications for Material Selection and Design

Our exploration into the implications for material selection and design in additive
manufacturing unveiled critical considerations for optimizing mechanical performance in
printed parts. Our findings echoed those of Rouf, who emphasized the pivotal role of material
selection in achieving desired mechanical properties (Rouf et al., 2020). Specifically, our study
highlighted the significance of material properties such as tensile strength and Young's modulus
in determining the overall mechanical performance of printed components. Moreover, our
investigation underscored the importance of considering material characteristics in conjunction
with design parameters to enhance part functionality and reliability. In contrast, the study by
Medvedev presented divergent perspectives on material selection and design in additive
manufacturing. While our findings emphasized the influence of material properties on
mechanical performance, Johnson et al. highlighted the criticality of design features such as
infill patterns and support structures in optimizing part strength and integrity (Medvedev et al.,
2022). These contrasting viewpoints underscore the multifaceted nature of material selection
and design in additive manufacturing, suggesting the need for a holistic approach that integrates
both material properties and design considerations. By synthesizing insights from these studies,
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engineers and designers can effectively navigate the complexities of material selection and
design optimization to achieve superior performance in additive manufacturing applications.

4.5 Limitations and Sources of Error

In the experimental phase of this study, several limitations and potential sources of error
were identified. Measurement inaccuracies could arise from the extensometer and load cell used
during tensile testing, despite rigorous calibration protocols. Variations in resin composition,
due to slight discrepancies in the UV-curable resin formulation, might lead to inconsistencies in
specimen properties. Additionally, while environmental factors such as temperature and
humidity were controlled to the best extent possible, minor fluctuations could still influence the
material's behavior (Szymaszek et al., 2023). To mitigate these issues, standardized testing
procedures were employed, and efforts were made to ensure uniform resin preparation and
printing conditions. However, inherent variability in the material and equipment could still
affect the precision of the experimental results.

The FEA simulations also faced limitations and uncertainties. The simulations were based
on several assumptions, including material homogeneity and ideal boundary conditions, which
may not fully capture real-world complexities. Although a fine mesh and higher-order elements
were used to enhance accuracy, discrepancies in material properties and boundary conditions
could still impact the simulation results (Wang et al., 2020). To address these challenges,
validation of the FEA model was performed by comparing simulation results with experimental
data, and sensitivity analyses were conducted to assess the robustness of the model (Khadilkar
et al., 2019).  Despite these measures, the potential for residual discrepancies remains,
highlighting the need for ongoing refinement of both experimental and simulation
methodologies in future research.

4.6 Future Directions

Exploring the limitations and potential avenues for future research in additive
manufacturing, our study uncovered several areas for improvement and expansion. One notable
limitation lies in the complexity of accurately modeling material behaviors and printing
processes in computational simulations. While our study demonstrated promising correlations
between experimental and computational results, challenges remain in accurately capturing the
intricacies of material response under various loading conditions. This aligns with the findings
of (Pham et al.,2023), who similarly emphasized the need for refining computational models to
enhance predictive accuracy in additive manufacturing simulations. Addressing this limitation
requires continued research efforts to develop advanced modeling techniques and validate
computational predictions against experimental data across a broader range of printing
conditions and material compositions.

Moreover, our study identified opportunities for future research in optimizing printing
parameters and material compositions to further enhance mechanical performance in additive
manufacturing. Building upon our findings, researchers can investigate novel printing
techniques, such as multi-material printing and hybrid manufacturing processes, to expand the
capabilities of additive manufacturing technologies. This aligns with the research conducted by
(De Marzi et al., 2023), who explored the potential of hybrid additive manufacturing processes
in achieving superior mechanical properties in printed parts. By exploring innovative
approaches and integrating insights from diverse research studies, future investigations can
drive advancements in additive manufacturing, paving the way for enhanced part functionality,
reliability, and performance.

5. Conclusion

In conclusion, this study has shed light on optimizing the tensile strength of SLA 3D
printed resin by carefully selecting and adjusting printing parameters. Our experimental results
revealed that the highest tensile strength of 70 MPa was achieved at a print orientation angle of
22.5 degrees with side orientations, highlighting the significant impact of print orientation on
mechanical performance. Complementing these findings, our computational simulations showed
a close alignment with the experimental data, with a maximum stress of 71.972 MPa under a
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686 N tension load, demonstrating the reliability of our approach in predicting mechanical
behavior.

The implications of our research extend beyond merely understanding parameter effects;
it provides practical insights for improving additive manufacturing processes. By refining
computational models and exploring new printing techniques, our work paves the way for
enhancing the design and functionality of 3D printed components. This study not only advances
the field of additive manufacturing but also offers actionable guidelines for optimizing the
mechanical properties of printed materials, thus contributing to the broader application and
continued innovation in this technology.
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